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Preface 
 

Internal combustion engines have experienced an enjoyed monopoly for almost a 
century as power sources of road transport vehicles.  But, in the same period, vehicle 
ownership and mileages increased to a level that the resulting petroleum based fuel 
consumption, urban air pollutants and green house gas emissions (the challenging 
triad) have became great concern especially for past a few decades.  There have been 
several regulations issued to be remedy for the challenging triad, but even in the most 
developed countries, the challenging triad has been still one of the biggest threats for 
sustainable transport and development of urban agglomerations. 

Development in internal combustion engines and their fuels was very fast in the early 
decades of the 20th century, but today internal combustion engines are at their mature 
levels that any further development to increase engine efficiency and minimize the 
emissions is expected to be very little if ever possible.  Any improvement in engine 
and fuel technology for better efficiency and emissions either increases the cost to 
uncompetitive levels or brings additional environmental problems when especially 
considering life cycle of the engines and fuels. 

Electric vehicles, on the other hand, are becoming promising alternatives to be remedy 
for the challenging triad and sustainable transport as they use centrally generated 
electricity as a power source.  It is well known that power generation at centralized 
plant is much more efficient and its emissions can be controlled much easier than 
those emitted from internal combustion engines that scattered all over the world.  
Additionally, an electric vehicle can convert the vehicle’s kinetic energy to electrical 
energy and store it during braking and coasting.  

All these benefits of electrical vehicles are starting to justify, a century later, attention 
of industry, academia and policy makers again as promising alternatives for urban 
transport.  Nowadays, industry and academia are striving to overcome the challenging 
barriers that block widespread use of electric vehicles.  Lifetime, energy density and 
power density, weight, cost of battery packs are major barriers to overcome.  In this 
sense there is growing demand for knowledge to overcome the barriers and optimize 
the components and energy management system of electrical vehicles. 



X Preface 
 

In this book, theoretical basis and design guidelines for electric vehicles have been 
emphasized chapter by chapter with valuable contribution of many researchers who 
work on both technical and regulatory sides of the field.  Multidisciplinary research 
results from electrical engineering, chemical engineering and mechanical engineering 
were examined and merged together to make this book a guide for industry, academia 
and policy maker.   

To be effective chapters of the book were designed in a logical order.  It started with 
the examination of historical development of electrical vehicles. Then, an overview of 
the electrical vehicle technology with the benefits and barriers was presented.  After 
that current state of the art technology and promising alternatives for electrical vehicle 
components were examined.  Finally, to establish the required knowledge for 
overcoming the major barriers electrical vehicles, the state of the art curriculum from 
technician to PhD education was introduced.   

As the editor of this book, I would like to express my gratitude to the chapter authors 
for submitting such a valuable works that already published or presented in 
prestigious journals and conferences.  I hope you will get maximum benefit from this 
book to take the urban transport system to a sustainable level.   

 
Seref Soylu, PhD 

Sakarya University 
Department of Environmental Engineering, Sakarya,  

Turkey 
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A Survey on Electric and Hybrid  
Electric Vehicle Technology 

Samuel E. de Lucena 
Unesp – São Paulo State University 

Brazil 

1. Introduction 

Internal combustion engine vehicles (ICEVs) have experienced continuous development in 
manufacturing technology, materials science, motor performance, vehicle control, driver 
comfort and security for more than a century. Such ICEV evolution was accompanied by the 
creation of a huge network of roads, refuelling stations, service shops and replacement part 
manufacturers, dealers and vendors. No doubt, these fantastic industrial activities and 
business have had a central role in shaping the world and, in many aspects, the society as 
well. Today, the number of ICEV models and applications is astonishing, ranging from 
small personal transport cars to a hundred passenger buses, to heavy load and goods 
transportation trucks and heavy work caterpillars. Modern ICE vehicles encompass top 
comfort, excellent performance and advanced security, for relatively low prices and, 
needless to say, have become since the beginning the most attractive consumer products. 
However, despite approximately a century-long industry and academia struggle to improve 
ICE efficiency, this is, and will continue to be, incredibly low. As illustrated in Fig. 1, solely 
circa 30% of the energy produced in the ICE combustion reaction is converted into 
mechanical power. In other words, approximately 70% of the energy liberated by 
combustion is lost. In fact and worse than that, the wasted energy of thermal motors, as ICEs 
may be called, is transformed into motor and exhaust gases heat. The exhaust gases are a 
blend formed mostly of carbon dioxide (CO2) and, to a lower extent, nitrogen oxides (NOx), 
hydrocarbons (CxHy), carbon monoxide (CO) and soot. Carbon dioxide is known to block 
the earth’s radiation emissions back into the outer space thus promoting global temperature 
rise – the so-called greenhouse effect. This, climate researchers say, is silently creating other 
global catastrophic changes, as for example, sea level rise. Air pollution in big cities is 
another serious problem caused by exhaust gases, which leads to respiratory system 
diseases, including lung cancer. Disturbing noise level is another issue related to big fleet of 
ICEVs in big cities. Yet, this brings about another headache for city administrators and 
authorities: the daily jamming, though this last nuisance might be alleviated only by mass 
transport systems (i.e., subways and trains).  
Whether none of the above listed problems ever existed, yet a challenging situation had to 
be dealt with urgently: the finite amount of fossil fuel available for an ever-increasing world 
fleet. As petrol wells vanish, this commodity price skyrockets, also motivated by political 
tension around production areas in Middle East. On the other hand, renewable energy 



 
Electric Vehicles – The Benefits and Barriers 

 

2 

sources, like ethanol produced from sugarcane or maize crops, are an alternative solution 
being tried in some countries. In Brazil, for instance, sugarcane bio-fuel is an established 
option, with more than two decades on the road, with ICE automobiles prepared to run 
interchangeably on gasoline or ethanol automatically. Any driver could choose which fuel 
type to use at the refuelling station, much based on their prices. There is a criticism over this 
solution as regards to the demands on food availability and prices, once crop fields are used 
to produce bio-fuels instead of food. Greenhouse effect gas generation and air pollution 
problems are still present though to a somewhat lower extent.  
 

 
Fig. 1. ICEs are very inefficient energy converters as compared to electric motors 

An accurate look at Fig. 1 reveals that electric motors are far superior to ICE and could do an 
excellent job in propulsion of vehicles, helping to solve the serious climate, air pollution and 
noise problems created by ICEVs. As a matter of fact, electric vehicles (EVs) were invented 
in 1834, before ICE vehicles, being manufactured by several companies of the U.S.A, 
England, and France (Chan, 2007). Fig. 2(a) shows a picture of commercial EV in 1920. Poor 
performance of their batteries contrasting to fast development of ICE technology, extremely 
high energy density and power density of gasoline and petrol, and the abundance and low 
price offer of fossil fuel, all conspired against those days’ EVs that rapidly became defunct. 
Interestingly, more than 150 years later, triggered by the world energy crisis in the 1970s, 
EVs entered the agendas of world’s greatest carmakers, governments’ energy and climate 
policy, and of worldwide non-governmental organizations worried about environmental 
pollution and greenhouse effect.  
Today, although their sales are negligible in relation to that of ICEVs, pure EVs and hybrid 
EVs (HEVs), i.e., those that combine ICE with electrical machines fed by batteries or fuel 
cells (hydrogen derived electricity), are offered by world’s greatest carmakers. The 
performance of HEVs, from the driver’s standpoint, rivals or outdoes that of modern ICEVs. 
Their energy consumption ranges from circa 10% to 70% lower than that of an equivalent 
ICE car, depending on their power, battery size, control strategy, etc. For the sake of 
illustration, until 2008, Toyota Prius, the world’s first commercially mass-produced and marketed 
HEV, sold over 500,000 units on the world’s market (Xiang et al., 2008). Fig. 2(b) shows a 
photograph of a modern 2010 Toyota Prius HEV whose selling price begins at 23,000 USD. 
The dramatic gain in energy efficiency, besides much lower or zero gas emission and noise-
free operation, is due to the much higher efficiency of electric motors and control strategies 
such as regenerative braking and storage of excess energy from the ICE during coasting.  
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(a)  
(b) 

Fig. 2. a) 1920 Detroit Electric b) 2010 Toyota Prius (HEV) [Toyota Motor Co., 2011] 

There are many reasons for EVs and HEVs to represent so low a share of today’s car market. 
For EVs, the most important are their shorter range, the lack of recharging infrastructure, 
and higher initial cost. Though HEVs feature range, performance and comfort equivalent or 
better than ICEVs, their initial cost is higher and the lack of recharging infrastructure is a 
great barrier for their diffusion. Nevertheless, the energy efficiency of the latter, though far 
higher than that of ICEVs’, seems not capable of solving the greenhouse gas emissions by 
world vehicle fleet. And this situation is expected to become worse and worse, given that 
world fleet is expected to triple by 2050, in relation to 2000, due to massive car use in 
countries such as China, India and Brazil. To limit the planet’s average temperature to 2-2.4 
˚C above the pre-industrial era level, scientists calculate a needed reduction of 50-85% in 
CO2 emissions in all sectors by 2050. EVs may play a fundamental role in this struggle, given 
that the transportation sector is one of the largest emitters of CO2 (Bento, 2010). To that end, 
industry, government, and academia must strive to overcome the huge barriers that block 
EVs widespread use: battery energy and power density, battery weight and price, and 
battery recharging infrastructure.  
This chapter presents a synthetic review on the technology of modern EVs. This includes the 
types and classification of EVs, electric motor kinds employed by EV manufacturers, power 
electronics driver topologies, control strategies, battery types and performance, and 
infrastructure demands. 

2. General classification of electric vehicles 

A more universal classification of the many different types of electric vehicles will certainly 
appear, perhaps in a near future, as a result of their mass production, originating from 
carmaker associations and research teams efforts worldwide. As a matter of fact, a literature 
review makes it clear that a nomenclature convergence is already easily perceived. This 
nomenclature is stronger and more definitive when EVs classification is carried out based on 
either the energy converter type(s) used to propel the vehicles or the vehicles’ power and 
function (Chan, 2007; Maggetto & van Mierlo, 2000). When referring to the energy converter 
types, by far the most used EV classification, two big classes are distinguished, as depicted 
in Fig. 3, namely: battery electric vehicles (BEVs), also named pure electric vehicle, and hybrid 
electric vehicles (HEVs). BEVs use batteries to store the energy that will be transformed into 
mechanical power by electric motor(s) only, i. e., ICE is not present.  In  hybrid electric 
vehicles(HEVs), propulsion is the result of the combined actions of electric motor and ICE. 
The different manners in which the hybridization can occur give rise to different 
architectures: series hybrid, parallel hybrid, series-parallel hybrid, and complex hybrid, 
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which are here detailed in separate sections. As the reader may expect, there is no universal 
architecture that can be considered superior in all practical aspects: energy efficiency, 
vehicle performance and range, driver comfort, manufacturing complexity, and production 
cost. Therefore, in practice, carmakers may choose different architectures to achieve 
different goals and meet distinct transport segment requirements.  
 

 
Fig. 3. Classification of EVs according to the type(s) and combination (if any) of  energy 
converters used (electric motor & ICE) 

Under the large umbrella of HEVs, there is another category (not shown in Fig. 3) that 
utilizes a fuel cell instead of an ICE together with the electric motor, always in the series-
hybrid architecture. This is the fuel cell vehicle (FCV). The following rationale is to justify 
FCVs absence in Fig. 3 and in the rest of this chapter. The hydrogen-based chemical reaction 
of FCVs generates the electricity either to be used by the EM or stored in battery or 
supercapacitor. The by-product of hydrogen and oxygen reaction is simply pure water, 
which renders FCVs emission-free and consequently an environmentally friendly 
technology (Gulhane et al., 2006). A recent research about the dynamic competition for 
market between plug-in HEVs (PHEVs) and FCVs showed that the early deployment 
PHEVs is almost certain to close the market for FCV in the future (Bento, 2010). Another 
study shows that from 2006 onwards auto makers decreased sharply the prototyping 
activities with FCVs and much of the public funding in the U.S.A. and other industrial 
countries shifted from FCVs to BEVs and PHEVs. Despite some controversy over the 
reasons, which range from the lack of a hydrogen infrastructure, absence of a technological 
breakthrough in hydrogen technology, to very high cost production of FCVs (Honda FCX 
Clarity, an FCV most close to market, costs circa 1 million USD, clearly not an attractive 
pricing), as a matter of fact these vehicles do not seem an option anymore (Bakker, 2010). 
Nevertheless, hopefully fuel cells may play a very important role in replacing ICE of 
stationary machines. 
A second useful classification for HEVs (Fig. 4) places them into the following three 
categories, according to the electric motor power under the hood: micro hybrid, mild hybrid, 
and full hybrid (Chan, 2007). In effect, this classification is a measure of the hybridization 
degree of the HEV (Maggetto, 2000). In other words, it indicates how much important is the 
role played by the electric motor in the car propulsion. Micro hybrids use electric motor of 
about 2.5 kW at 12 V. The EM is only a helping hand to the ICE, in the start and stop 
operations, which dominate in city driving.  Even in this  driving  mode, energy savings is of 
only about 5% to 10%. This is a very poor economy, obviously with a negligible impact on 
fossil fuel dependence, metropolitan area air pollution and greenhouse gas emissions, the 
challenging triad. C3 Citroen is a commercial example. EM in mild hybrids is of 10-20 kW at 
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100-200 V. As expected, energy savings is greater and reaches about 20%-30%. Commercial 
models are Honda Civic and Honda Insight. Though fuel (and thus operational) economy 
may compensate for their greater initial cost as compared to ICE equivalents, turning mild 
HEVs attractive for consumers, from the aforementioned triad’s viewpoint, even if 
massively adopted, they could not be a remedy, given the targeted global CO2 reduction 
and, even worse, if one takes into account that world fleet (vastly of ICE vehicles) is 
increasing more and more, as new consumers come into life in emerging countries. For the 
sake of illustration, only in Brazil, passenger car fleet doubled in the last decade. The last 
member of this category is the full hybrid, which embeds an EM of circa 50 kW at 200-300 V 
and, in city driving, yields energy saving of 30%-50%, thanks to complex control algorithms 
that manage to operate the ICE, when needed, always at maximum efficient region, 
directing the excess energy to batteries. Energy is also recovered and saved into the battery 
and/or supercapacitor, during coasting and regenerative breaking. Toyota Prius is a 
genuine member of this family. Though full hybrids can be an auxiliary player to combat the 
triad, their efficiency figures are much less than needed to curb the triad by themselves, for 
the same reasons discussed above. At best, in this author’s opinion, they serve to delay the 
climate tragedy and to give some psychological relief to their owners. 
 

 
Fig. 4. Classification of EVs according to the hybridization degree (EM: electric motor) 
(Chan, 2007) 

A last classification for HEVs divides the automobile market into a number of categories (or 
segments) mostly based on their prices (Maggetto, 2000). Five segments are identified, as 
depicted in Fig. 5. HEVs of the second family-car segment are for frequent use in town and 
move a relatively low daily distance. If propelled mainly by ICE, in urban areas, the overall 
efficiency is very low. Conversely, if propulsion relies only on electric motor, high efficiency 
can be reached, and an effective combat to the triad (greenhouse gas emission, air pollution, 
and fossil fuel dependence) might be given. The ICE (with its fuel tank) might serve as a 
range extender, in practice, an efficient manner to null drivers’ anxiety of being run out of 
charge. Even though this classification has been used for HEVs, it is interesting to extend it 
to BEVs since, as discussed just above, the latter can play a very important role in alleviating 
problems in metropolitan areas and world climate changes. The intermediate car segment is 
planned to be frequently the family’s unique car. Therefore, it must be appropriate for use in 
town and present also a good road performance. Toyota Prius can be allocated in this 
segment. HEVs of the high class car segment are not convenient for city use. They feature 
extraordinary road performance,  excellent  technical  performance  and  perfect comfort.  Of 
course, the excellent technical performance does not take into account the environmental 
viewpoint. The small delivery vehicle segment is intended mainly for city use. However, 
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unlike the second family car segment, vehicles of the former segment must be capable of 
moving a great number of relatively short-distance trips everyday. Therefore, high 
efficiency would be welcome, from the environmental, climate and fuel economy 
viewpoints. The city bus segment is dedicated to urban public transport, including tourist 
transport in urban areas. Vehicles of this segment feature low speed and circa 250-km 
driving range. Once more, the higher the hybridization degree the better for the 
environment and climate. Chinese manufacturer Dongfeng argues that its EQ6121HEV 
hybrid bus achieves 80 km/h and reduces in 30% greenhouse gas emission and in 20-30%, 
fuel consumption (Xiang et al., 2008).  
 

 
Fig. 5. Classification of EVs according to the market segment 

3. Architecture of BEVs and HEVs 

As cars go electric, new design methodologies and power train topologies come to life to 
optimize them according to criteria such as energy efficiency, types of energy sources, types 
of energy storage devices, hybridization rate, driving range, power performance, driver’s 
comfort, production cost, ownership cost, and so on (Chen et al., 2009). As market has 
different demands in distinct regions of the world, and in every region there are different 
market segments as already discussed, it is normal that a great number of BEVs and HEVs 
models exist and will continue to increase (Xiang et al., 2008; Gulhane et al., 2006). 
Automakers strive to create car models that better fulfil the market needs, while maximize 
their income.  

3.1 BEVs architectures 
Fig. 6 illustrates one of the simplest topology for battery-electric vehicles. The energy stored 
in the battery (or in a battery pack) is used by the power converter to drive the electric 
motor. This, in turn, drives the two wheels by means of a fixed or changeable gear and a 
power splitting differential gear. The power converter unit may include a dc-dc converter 
and a motor driver. It all depends on the motor type and ratings and on the battery voltage, 
energy and power density. For maximum efficiency, the vehicle’s kinetic energy must be 
converted to electrical energy by the motor/generator and stored in the battery pack via the 
power converter, whenever the break pedal is pressed and during coasting. Of course, the 
electronic detail of the power converter  (e.g., topology, control strategy)  is a function of  the 
employed motor type, battery technology and ratings, etc. Anyway, in order to regenerate 
energy, the power converter must be able to control the power flow in both directions: from 
the battery to the motor as well as from the motor to the battery. If the battery type cannot 
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be fast charged with the recovered kinetic energy, either a supercapacitor or a flywheel may 
be used for temporary energy storage. If possible, the changeable (or fixed) gear may be cut 
out, to diminish the mechanical parts counting. In this case, it is replaced by more complex 
variable speed controller for the motor.  
 

 
Fig. 6. One-motor BEV 

Pure electric vehicles may adopt two (or four) in-wheel motors in their powertrains, as 
sketched in Fig. 7. In this case, every motor is driven by a dedicated power converter that 
must control wheel’s speed and torque. Moreover, a central electronic controller must 
coordinate speed differences (in steering wheels), whenever needed or as a result of wheel 
slippage, as long as a differential power splitting device is no more present. As expected, the 
simplification of the mechanical design is attained at the expense of increased complexity of 
the power electronics and controllers.  On the other hand, augmenting the motor number, 
for a desired vehicle power and performance, leads to significantly smaller motors and, 
what is less obvious, to lower rated power switches and passive electronic parts, which 
influence on drive cost and reliability. One interesting operating mode for multiple-motor 
BEVs is that the vehicle can continue to operate, though at a somewhat reduced power, if 
one of the motors (in case of two-motor BEVs) gets out of service. Comparing Figs. 7 and 6, 
one notices that in-wheel motor propulsion topology reduces radically EV’s number of 
mechanical links. 
 

 
Fig. 7. Two-motor BEV 

To this date, owing to battery limitations such as high initial cost, relatively low energy and 
power density, and excessive weight, BEVs are not as attractive as HEVs, because of limited 
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driving range, performance and comfort. Nevertheless, as BEVs are the only zero-emission 
cars, they must be viewed as an effective tool to combat greenhouse gas emissions, air 
pollution and petrol dependency. There are arguments to reinforce the idea that strong 
governmental incentive policies should be adopted in as many countries as possible to 
benefit owners of BEVs. Examples of such incentives are: government rebate to each BEV 
owner (say 10% of vehicle price), exemption of purchase tax, exemption of road 
maintenance fee, road passing fee and parking fee. In some countries some of these actions 
are under way (Xiang et al., 2008). Data of the U. S. Department of Transportation reveal 
that 50% of daily vehicle travel is less than 48 km and average daily vehicle trip is about 16 
km (Kruger & Leaver, 2010). Today’s batteries feature enough energy to easily enable second-
car family BEVs (though this class was originally proposed to HEVs) to travel these distances 
without recharge. Therefore, there is room for a massive production (and adoption) of pure 
electric vehicles. However, the massive use of BEVs will be no good from the carbon 
emission viewpoint, if fossil fuel (coal or petrol) is used to generate the electricity that is 
ultimately put into the car batteries. To be effective, car batteries must be recharged with 
energy coming from carbon-free resources (such as solar, wind, hydro, and nuclear). On the 
other hand, every country must study its grid capacity to deal with a big number of new 
(and of special profile) consumers. The impact of massive use of BEVs on the power grid 
might be considerable. Yet, in the future, BEVs can serve as distributed energy storage 
devices that may play an important role in regulating energy demand.  

3.2 HEVs architectures 
While BEVs are propelled by electric motors only, HEVs employ both ICE and electric motor 
in their powertrains. The way these two energy converters are combined to propel the 
vehicle determines to the three basic powertrain architectures: series hybrid, parallel hybrid, 
and series-parallel hybrid. Complex hybrid refers to architectures that cannot be classified as 
one of these three basic types.  

3.2.1 Series HEV 
As depicted in Fig. 8, in series HEVs the wheels are only driven by the electric motor that 
also operates as generator during break and coasting, augmenting thus the overall energy 
efficiency. This topology simplifies the powertrain design, since clutch and reduction gear 
are not necessary. Speed and torque control is carried out by controlling the electric motor 
only, which is a very efficient power converter. The ICE’s role is charging (or recharging) 
the battery and supplying energy to the electric motor, always being operated at 
maximum efficiency. This is another strategy that helps increasing the overall energy 
efficiency. Series HEVs are said to be ICE-assisted electric vehicles, for obvious reasons. 
An ICE, one generator and one motor are one of the main disadvantages of series HEV. 
Moreover, as the vehicles must be capable of cruising with maximum load against a 
graded road, all the machines, i.e., the ICE, the generator and, of course, the electric 
motor, must be powerful enough, which will result in relatively over-dimensioned 
machines. This leads to cost increase. As Eq. 1 indicates  (Chen et al., 2009),  given  the  
constants  for initial  rolling force, F0, the rolling coefficient, r, the drag coefficient, d, the 
total mass (vehicle’s mass plus the passenger and luggage masses), m, and the gravity, g, 
the resistance force, Fres, the electric motor must be capable of surpassing increases with 
vehicle’s speed, V, and the road’s grade, .  
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Fig. 8. Architecture of series HEV 

 Fres = F0 + rV + dV2 + mg sin 

On the other hand, as indicated by Eq. 2, the motor’s torque is proportional to the inertia, J, 
and the first derivative of angular speed, , i.e., the angular acceleration. Eqs. 1 and 2 are 
interrelated to each other by the ratio of wheel to transmission radii. These two equations 
govern the vehicle’s dynamic performance (acceleration power) and cruising speed. It is 
easy to note how stronger should be the powertrain if a desired series HEV had its 
maximum speed specification changed from, say, 80 km/h to 120 km/h. But, is such a 
performance always needed? As the ICE does not add its effort to aid in propelling the 
vehicle, this architecture is appropriate for small HEVs, as for instance, those of the micro 
category or second-family car segment already mentioned, for which cruising speed can be 
very modest. 

 Tm = J(d/dt) 

Before proceeding to next section, it is worth making it clear that HEVs of all architectures 
can be recharged in two very distinct ways, as shown in Fig. 9: the so-called plug-in hybrids 
(PHEV) and the conventional HEVs. While PHEVs can have their batteries recharged 
directly from the power grid, which is an enormous advantage, the conventional HEVs have 
their batteries recharged by means of the ICE. In this case, the advantage is the 
omnipresence of gas stations. Studies indicate that conventional HEVs are potentially less 
eco-friendly than PHEVs. While the latter can take advantage of the ubiquitous power grid, 
 

 

 
Fig. 9. Recharging methods for HEVs 
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the impact they can cause to the grid is far from being negligible and depends on the way 
charging and discharging (as PHEVs can return stored energy to the grid) are done: 
controlled or not by utilities companies (Clement-Nyns et al., 2011; Sioshansi et al., 2010; 
Kruger & Leaver, 2010). Moreover, if the electrical energy generated to the grid comes from 
fossil fuel plants, then to a great extent the environmental and climatic appeal of these 
vehicles is no more valid. 

3.2.2 Parallel HEV 
In parallel HEVs, propulsion can be the result of torque generated simultaneously by ICE 
and the electric motor. As illustrated in Fig. 10, this technology provides for independent 
use of the ICE and electric motor, thanks to the use of two clutches. One of the key features 
of parallel HEVs is that, for a given vehicle performance, the electric motor and ICE too, can 
be significantly smaller than that achieved with series architecture, what allows for a 
relatively less expensive vehicle. On the other hand, wheel propulsion by the ICE leads to 
superior dynamic performance of this topology. Complex powertrain controller may enable 
up to the following six different operation modes: electric motor on and ICE off; ICE on and 
electric motor off; electric motor on and ICE on, with both of them cooperating to propel the 
vehicle; ICE on supplying power to drive the vehicle and to drive the electric machine that, 
in this case, runs as generator to recharge the batteries with energy coming from the fuel 
tank (maximum overall energy savings can be achieved by running the ICE at maximum 
efficiency speed, while pumping the excess energy to the batteries); ICE on and dedicated to 
recharge the batteries through the electric machine (i.e., the vehicle is stopped); regenerative 
breaking, with energy being stored in the batteries (or in a supercapacitor), via the electric 
machine. This profusion of operation modes can be conveniently handled by the controller 
to optimize the driving performance or fuel savings, for example. Parallel HEVs are said to 
be electric motor-assisted ICE vehicles and their architecture are most appropriate for 
vehicles of the high class car segment and full hybrid. As already commented, powertrain 
sizing is carried out based on the desired dynamic performance for the vehicle, cruising 
speed, and a set of parameters such as maximum road grade, car weight, load, and so on. As 
expected, this activity counts heavily on computer simulation programs, before prototyping 
begins (Wu et al., 2011).  
 

 
Fig. 10. Architecture of parallel HEV 
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3.2.3 Series-parallel HEV 
At the expense of one more electric generator and a planetary gear, a quite interesting 
architecture for the powertrain is obtained (Fig. 11), which blends features of both series and 
hybrid topologies, and is conveniently named series-parallel architecture. Though more 
expensive than any of the parent architectures, series-parallel is one of the preferred 
topologies for HEVs, specially when automakers target excellence in dynamic performance 
and high cruising speeds for their models. Like parallel HEVs, the hybridization degree is 
adjusted as a trade-off of performance, cruising speed, fuel economy, driveability, and 
comfort. As can be concluded by a rapid exam in Fig. 11, half of dozen or more operation 
modes are possible for series-parallel HEVs, which put pressure over the controller 
development and test. Needless to say, these are devised and developed with the help of 
computer simulators and experience. 
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Fig. 11. Architecture of series-parallel HEV 

3.2.4 Complex HEV 
Fig. 11 sketches an architecture named complex HEV. This name is reserved to the 
topologies that cannot be classified as a combination (or rearrangement) of the basic 
architecture types analysed to this point. As can be seen in Fig. 11, two bidirectional power 
converters are utilized, one for the main electric motor, and another one for the auxiliary 
electric motor. Unlike in series-parallel HEVs, both these motors can propel the wheels 
concomitantly. In other words, three different torque sources add up to drive the wheels, 
thus leading to a better foreseeable dynamic performance vehicle and clearly higher cruising 
speed car. At times, the secondary electric machines operates as generator, in order to 
recharge the battery or to save into this the excess ICE energy, as this can run at optimal 
speed generating more power than needed by the vehicle. Once more, the number of 
possible operation modes for the complex HEVs  is half  a dozen  or greater. Component 
sizing (electric motors/generators, ICE, gears, battery, power converters, etc) is a very 
complex task. Control program development and test are highly challenging. 
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Fig. 12. Architecture of complex HEV 

4. Electric motors for EVs 

Squirrel cage rotor, three phased, asynchronous induction motors absolutely dominates the 
industrial applications scenario, as is largely known. Their relative low-cost, high robustness 
and good dynamic performance make them a good candidate for driving EVs as well. As a 
matter of fact, they are utilized in a number of commercial EVs. However, the dynamic 
performance needed by EVs is met by induction motor at a relatively high price, for the 
necessary vector control is a highly complex technique. Furthermore, there are drive 
alternatives, as illustrated in Fig. 13, that better satisfy specific EVs’ demands such as high 
torque and power density, high efficiency over a wide torque and speed range, and wide-
constant-power operating capacity (Chau et al., 2008; Gulhane et al., 2006). Permanent 
magnet brushless dc motor (PMBL) is a very promising technology that has been  in  wide  
 

 
Fig. 13. Electric motor for Evs 
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use with EVs. It seems this drive type will be a major market leader, though automakers 
outside China should be cautious and seek drive alternatives, as long as world reserves of 
rare earths used in the permanent magnets are practically totally situated in China, whose 
government could apply export restrictions. Hybrid-field excited PMBL offers superior 
performance, as field can be strengthened and weakened. The penalty for this choice is 
higher production cost and increased control complexity.  
A last electromagnetic torque generator option for EVs is the brushless switched-reluctance 
(BLSR) motor. The very low production cost of BLSR motors (even lower than that for 
induction motors), together with some other important characteristics (e.g., wide speed 
range), make them a serious candidate for driving EVs. Nevertheless, they are plagued with 
(acoustic) noise and high fluctuation in torque, which might be compensated for with a 
more complex (and expensive) controller.  

5. Power electronics driver topologies for EVs 

Power converters are highly specialized circuits constructed with high power electronic 
switches and analog and digital control circuitry, to convert one unregulated dc (direct 
current) voltage level to either a regulated and different dc voltage level or a regulated ac 
(alternate current) voltage level. The former are called dc-dc converters, whereas the latter 
are named dc-ac converters (often called frequency inverters). In buck converters the output 
voltage level is lower than the input voltage level, whereas boost converters supply an 
elevated output voltage level relative to their inputs. Buck-boost converters may either 
reduce or elevate the output voltage in relation to their inputs, depending on the control 
signal duty cycle. Fig. 14 illustrates the application of power converters in a commercial 
HEV. Converters are used to charge the battery pack from the grid voltage (in PHEV), to 
recharge the battery pack from the fuel tank (ICE and generator involved), to save energy 
into the battery pack (or ultracapacitor) during regenerative braking and coasting, as 
already discussed. They are used to drive the electric motor(s) and to feed the vehicle loads 
such as HVAC (heating, ventilation and air conditioner).  
 

 
Fig. 14. Power converters in a 2001 Toyota Prius HEV [Automobile Research Bolletin, 2008] 
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As illustrated in Fig. 15, classical power converter topologies, which are adequate to EVs, 
include the (transformer) isolated and non-isolated types and a family of bidirectional 
converters. Key characteristics of power converters for EVs are high efficiency (typically 
higher than 90%), high reliability, electromagnetic compatibility, and miniaturization (Bellur 
& Kazimierczuk, 2007). High-voltage, high-power, high temperature, fast switching and 
very low on-resistance semiconductor switches are of paramount importance in converters 
for EVs. These modern switches are metal-semiconductor oxide field-effect transistors 
(MOSFETs) and insulated-gate bipolar transistors (IGBT). Overall speaking, MOSFETs are 
faster than IGBTs, whereas these are capable of supporting high currents than MOSFETs. A 
number of world-class semiconductor manufacturers (such as International Rectifier, 
Motorola, and ST Microelectronics) develop special power switches and auxiliary circuits 
(as gate drivers) appropriate for EV applications. Safety is a very critical issue in EVs, for the 
voltages of up to 600 V under the hood are lethal.  
 

 
Fig. 15. Power converters for EVs 

6. Control strategies 

Control is a fundamental part of a successful EV design. Control engineering has matured 
for decades and nowadays counts on sophisticated microcontrollers and digital signal 
processors hardware and advanced integrated development environments. Despite all the 
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available powerful tools and techniques, “efficient” control of EVs continues to challenge 
engineers and researchers, for the EVs embrace nonlinear processes (like battery behaviour), 
devices that are difficult to model (such as the ICE), and some conflicting goals, as for 
instance control for energy efficiency and control for better dynamic performance. It is not a 
coincidence that this area is one of the most prolific in the technical literature. Advanced 
digital control technique, such as optimal control and fuzzy control, are used by researchers 
and carmakers as they strive to improve EVs behaviour (Ambühl et al., 2010; Ohn et al., 
2010). 
Fig. 16 shows a power converter (frequency inverter) and a controller developed to equip a 
small off-road electric vehicle that is traditionally propelled by an ICE (Lucena et al., 1997). 
The ICE was replaced by a 3-phase induction motor and a gearbox. High voltage, high 
power, fast switching MOSFETs were arranged to allow for the generation of 3-phase PWM 
voltage to feed the induction motor. Integrated bootstrap gate drivers facilitated MOSFET 
control by a microcontroller. The PWM was synthesized with the aid of a look-up table 
containing constant voltage-to-frequency ratio sinusoidal PWM, to implement constant 
torque at a wide speed range (Fig. 17). The control program featured slow start function to 
limit current in switches and motor. The control signal comes from a potentiometer attached 
to the accelerator pedal.  
 

 
Fig. 16. Power converter and controller for 3-phase induction motor 
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Fig. 17. Induction motor torque versus stator frequency curves at different speeds 
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7. Battery types 

Hopefully research on batteries will end up by boosting their energy and power densities as 
well as significantly decreasing their production cost. In a nutshell, these are the main 
barriers for mass diffusion of BEVs, PHEVs and conventional HEVs. Though today’s 
technology is appropriate to EVs, from the technical viewpoint (driving range and vehicle 
performance), cost is still quite high for consumers.  
As to the most promising technology for batteries, there seems to be no consensus among 
researchers. Some believe lithium-ion batteries will dominate the market for EVs (Burke, 
2007), whereas others point out that nickel-metal hydride batteries are the best option (Wu 
et al., 2011). Meanwhile, commercial EVs are utilizing the following electrochemical 
technologies: Li-ion battery pack (388 V, 360 Ah), lead-acid batteries (12 V, 170 Ah), iron-
lithium batteries (30 kWh) and sodium sulphate batteries (Xiang et al., 2008).  
Carbon/carbon ultracapacitors feature capacitance as high as 4000 F with voltage rating up 
to 3 V per cell (Gulhane et al, 2006). These very high specific-power energy-storage devices 
can be fully charged within a few seconds and are ideal for regenerative breaking and high 
acceleration of the vehicle, as they are much faster than batteries. Sadly, their low energy 
density does not enable them to be the principal storage devices.  
Commercially available EV charging stations are spreading in countries like the U.S.A. (Fig. 
18) that provide for simultaneous multiple vehicle charging per station, and authentication 
using RFID, IC Cards and Synchronized Cell Phone. Home charging stations are also 
available, as well as solar photovoltaic charging station. Perhaps the latter is a seed for the 
carbon-free world of the future.  
 

 
 
 
 

 
 

(a) 

 

 
(b) 

 

 
(c) 

Fig. 18. Commercial charging stations for EVs: a) Home battery charging station (240 V, 40 
A), b) commercial battery charging station (240 V, 40 A), c) solar powered battery charging 
station [EV-Charge America, 2011] 

8. Conclusion 

World concerns on climate change and the rapid vanishing of global crude-oil stock, besides 
air quality degradation caused by exhaust gas and car noise in megacities, guarantee a 
steady struggle to replace world noisy ICE-based fleet by a silent EV-based one in the 
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coming decades. To that end, in spite of the enormous progress in EV technology, the 
following barriers are still to be overcome, before widespread use of EVs: first, the price of 
EVs, mainly due to battery cost, has to be lowered – which can be the result of present and 
future investigations on battery technology; secondly, the driving range of EVs has to be 
significantly extended, at reasonable battery prices; finally, huge investments in 
infrastructure for EVs have to be carried out. The latter is a very complex problem, which 
deserves cooperation of governments, carmakers, technical societies, researchers, etc, to 
establish standards, for instance, for battery charging infrastructure and power grid energy 
taxes.  
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1. Introduction 

Mobility of persons and goods is a crucial component of the competitiveness of the 
economy; mobility is also an essential citizen right. Effective transportation systems are 
important for social prosperity, having significant impacts on economic growth, social 
development and the environment. The goal of any sustainable transport policy is to ensure 
that our transport systems meet society's economic, social and environmental needs.  
In 2006 the transport sector consumed 31% of the total final energy consumption (of which 
82% is due to road transport) and was responsible for 25% of CO2 emissions (EU-27). In 2007 
road transport constituted about 83% of passenger total transport demand. Road transport 
accounts for 71% of transport related CO2 emissions and passenger cars constitute 63% of 
these road transport related CO2 emissions. Currently, road transport is also totally 
dependent (>90%) of fuel oil making it very sensitive to foreseeable shortage of crude oil, 
besides largely contributing to air pollutants such as NOx, PM10 and volatile organic 
compounds. 
It is estimated that more than 80% of the developed world population lives in an urban 
environment and therefore it is in this environment where a larger concentration of vehicles 
are found. As example there were about 230 million passenger vehicles in the EU-27 in 2007  
and the new vehicle sales were nearly 16 million vehicles in that year. Consequently the 
urban population is very much at risk by directly suffering the impact of conventional 
vehicles because their closeness to the pollutant source. Air pollution is one of the important 
external costs of transport as it impacts on the health of the population (it is estimated to be 
0.75% of the EU GDP). On the other hand, the large concentration of vehicles causes traffic 
congestions in metropolitan urban areas that can be considered a threat to economic 
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competitiveness (a recent study on the subject showed that the external costs of road traffic 
congestion alone amount to about 1.25% of the EU GDP) and it also increases the 
inefficiency of an overcrowded transport infrastructure. 
Electric vehicles (EV) might offer a step change technology based on the much higher 
efficiency of electric motors compared to ICEs as well as the potential to de-carbonise the 
energy chain used in transportation and in particular in the well to tank pathway (JRC et al., 
2008, Thiel et al., 2010). This will also open the possibility to use alternative energy paths to 
secure mobility and making the road transport more independent from crude oil. 
This chapter analyses the possible role that EVs (it includes Battery Electric Vehicles –BEV, 
and Plug-in Hybrid Vehicles – PHEV) might play within the urban environment in the 
short, medium and long term, discusses the expected gains in environmental performance, 
presents the main bottlenecks in its deployment and addresses the possible additional cost 
bare by the technology. 
The chapter also examines the possible business models and policy options that might be 
put in place in order to support a faster market intake for the electrification of the urban 
transport. 
However, the potential of EV to reduce the impact of transportation varies from impact to 
impact and also depends on the time scale. In other words it does not represent the “silver 
bullet” to face the problem of environmental decay and transportation inefficiencies (traffic 
congestions) in our metropolitan areas and as such, it needs to be considered as an option in 
a wide range of possibilities at our disposal to meet this challenge. These options include 
also non-technological alternatives that together with the technological ones need to be 
considered in a holistic approach. 
The chapter finalises with a summary and recommendations on how EVs can be brought to 
the forefront of urban/city vehicles as a good option to reduce the impact caused by 
transportation in the urban environment. 

2. Technical characteristics of available electric vehicles 

Recently customers are continuously impacted by announcements of new electrical vehicles 
models by the automotive industry that seems to be putting a large effort in bringing to the 
market electrified vehicles. The analysis of the technical features of the electric vehicles 
already available or that will be available in the next years is fundamental in order to 
understand their potential penetration. The understanding of their characteristics (range, 
battery capacity, energy consumption and others) as well as its limitations will define the 
type of customers attracted to this technology as well as the type of operations these vehicles 
will undertake. The automotive industry plans for the roll-out of EV have been recently 
reviewed in different literature sources (City of Westminster, 2009, Hacker et al, 2009). How 
these plans will materialise in the short to medium term will depend on both the 
manufacturing capacities and on the number of car models proposed to the consumer. This 
last aspect will indeed determine the variety of choices offered for the consumer, and thus 
the probability of purchase of BEVs and PHEVs. 
A non-exhaustive list of available vehicle models is reported in Table 1. The data presented 
in the table are consistent with both; what is declared by the manufacturer and what can be 
found in the open literature.  
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 Brand Model Capacity 
(kWh) 

Range 
(km) 

Consumption 
(kWh/100km) 

Vehicle 
segment 

C
ar

s 

Audi e-Tron EV 42.40 248 17.10 Large 
BMW MINI-E 35.00 180 19.44 Small 
BYD Auto BYDe6 72.00 400 18.00 Large 
Chery 
Automobile S18 EV 15.00 135 11.11 Small 

Chrysler Dodge Circuit EV 26.00 175 14.86 Large 
CODA Sedan-EV 33.80 180 18.78 Large 
Daimler SmartED 14.00 125 11.20 Small 
Detroit e63 25.00 180 13.89 Mid-Size 
Fiat Panda 19.68 120 16.40 Small 
FIAT 500 22.00 113 19.53 Small 
Ford Focus Ev 23.00 160 14.38 Mid-Size 
Ford Transit Connect 24.00 160 15.00 Mid-Size 
Heuliez WILL EV 18.00 300 6.00 Small 
Hyundai i10 Ev 16.00 140 11.43 Small 
Lighting GTS 35.00 175 20.00 Large 
Loremo EV Loremo Ev 10.00 150 6.67 Mid-Size 
Lumeneo Smera EV 10.00 150 6.67 Small 
Mercedes SLS eDrive 48.00 160 30.00 Large 
MILES ZX40S/ZX40ST 10.00 105 9.56 Small 
Mitsubishi i-MIEV 20.00 160 12.50 Small 
NICE Micro-Vett 10.50 80 13.05 Small 
Nissan Leaf 24.00 160 15.00 Mid-Size 
Peugeot iOn 20.00 140 14.29 Small 
Phoenix SUV/SUT 35.00 209 16.73 Mid-Size 
Pininfarina Bluecar 30.00 250 12.00 Small 
Citroen C-Zero 16.00 110 14.55 Small 
Renault Kangoo 15.00 160 9.38 Small 
Renault Zoe ZE 15.00 160 9.38 Small 

Renault TwingoQuickshift 
E 21.45 129 16.60 Small 

Renault Fluence 30.00 160 18.75 Mid-Size 
REVA NXR 14.00 160 8.75 Small 
REVA NXG 25.00 200 12.50 Small 
Rud. Perf. 
Roadstar Spyder 16.00 125 12.80 Large 

SUBARU R1e 9.00 80 11.25 Small 
SUBARU Stella 9.00 80 11.25 Small 
Tata Motors Indica EV 25.00 200 12.50 Small 

TESLA Roadster/Model 
S 55.00 300 18.33 Large 
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Think City 28.50 180 15.83 Small 
Toyota FT-Ev 11.00 150 7.33 Small 
Volkswagen E-Up! 18.00 130 13.85 Small 
Volvo C30 BEV 24.00 150 16.00 Mid-Size 
Zenn CityZENN 52.00 400 13.00 Small 

       

 Brand Model Capacity 
(kWh) 

Range 
(km) 

Consumption 
(kWh/100km) 

Classific-
ation 

LD
V

s 

Alke ATX 8.40 70 12.00 LDV 
Piaggio Porter 25.74 110 23.40 LDV 
Melex XTR 4.32 60 7.20 LDV 
Modec Delivery 50.00 100 50.00 LDV 

Table 1. Main features of the fully electric vehicles (cars and light duty vehicles) already 
present in the market or expected to be commercialised in the near-term (energy 
consumption is not well-to-wheel). Technical information has been retrieved from different 
official and non-official sources. Official sources have been reported in the references. 

3. Electrical vehicles and the urban environment 

It can be said that the main reason for urging towards the introduction of Electric Vehicles in 
the private vehicle market is its possibility to reduce the pollutant emissions in the urban 
environment. This consideration only partially holds for greenhouse gases and in particular 
for the carbon dioxide (CO2). Indeed considering that a high percentage of electric energy is 
produced by means of power plants using fossil fuels and that the impact of greenhouse 
gases has to be seen at a global level, it is worth estimating the possible reduction (if any) of 
the total CO2 emitted by the vehicle fleet in an urban environment. It is obvious that to be 
able to do this an estimation of the electric vehicle market penetration and its evolution in an 
urban environment is required. 

3.1 Market penetration of electric vehicles 
The deployment of electric vehicles will depend on a large variety of factors. This includes 
the performance and costs of batteries, the access to the distribution grid and its efficiency, 
the type of business model implemented to supply the consumer with reliable batteries and 
electricity, the acceptance by the consumer of new vehicle types and possible implied 
driving habits. 
This diversity of, and interlinks between these factors make any market projection extremely 
difficult and impossible to define one single scenario about the penetration of electric 
vehicles. Several sets of assumptions can be made on the above-mentioned aspects, resulting 
in different expectations on the market penetration of electric cars. 
In the open literature it is possible to find studies in which the market penetration 
estimation is very optimistic. In Clement et al. (2007-2008), PHEVs reach the 28% of the total 
Belgian vehicle fleet in 2030. In Hadley and Tsvetkova (2008), it has been estimated that by 
the year 2020, PHEVs will achieve a constant 25% market share, reaching the number of 50 
million of vehicles in 2030 in the USA. Other studies also confirm these estimations although 
present fleet composition does not seem to support these penetration scenarios; however, as 
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already stated above, the problem has too many degrees of freedom (as outlined also in 
Simpson, 2006). 
More recently two studies addresses within the broader aim of the work the market 
penetration of electrical vehicles. In the first one (Perujo and Ciuffo, 2010) the approach was 
to make three scenarios and it was constraint to the case study of the city of Milan and its 
metropolitan area:  
Scenario (1) assumed in 2010 that 0.5% of the vehicle fleet is made up of electric vehicles. 
Then the number of vehicles evolves in time assuming that the forecasted market share 
follows a logistic trend calibrated on the trend that methane (CNG) and Liquefied 
Petroleum Gas (LPG) powered vehicles have had in the period 2000-2009. This assumption 
is based on the idea that from the consumer perspective the electric technology has fairly the 
same appeal as the other “alternative” ones.  
Scenario (2) assumed in 2010 that 1% of the vehicle fleet is made up of electric vehicles. Then 
the number of vehicles evolves in time assuming that the forecasted market share follows a 
logistic trend double than the one calibrated on the trend that CNG and LPG powered 
vehicles had in the period 2000-2009. This assumption is based on the idea that from the 
consumer perspective the electric technology has fairly the same appeal than the other 
“alternative” ones apart from the fact that electric vehicles do not suffer from the limited 
availability of service stations. 
Scenario (3) did not considered a specific future trend, the impact of different percentages of 
electric vehicles on the whole fleet at a 2030 time horizon were evaluated (from 10 to 30%). 
This evaluation was carried out in order to show the impact on the electric supply system of 
a wider penetration of electric vehicles on the vehicle market, also according to the scenarios 
forecasted in Clement et al. (2007-2008) and in Hadley and Tsvetkova (2008). 
With these assumptions the authors arrived to an EV-fleet share in the area of study in 2030 
of 1.55 and 3.09% for scenarios (1) and (2) respectively. 
The second study addresses the market share at European level. Having developed an 
enhanced version of the TREMOVE 3.1 model, Nemry and Brons, (2010) constructed and 
compared four market penetration projections  taking into account two major drivers, i.e. 
technology progress of batteries and access to charging infrastructure. For each of them, two 
extremes scenarios (conservative and ambitious) were considered. The four projections are 
compared with a reference scenario in which the electric vehicle market doesn't develop. 
The energy efficiency of ICE cars gradually improves in accordance to the EU target on CO2 
emissions.  This means that by 2015 and 2020, new ICE cars average emissions in the EU 
would are respectively 135 g CO2/km and 115 g CO2/km. Then, from 2025 onwards, the 
emissions are limited to 95 g CO2/km. 
In all four scenarios, the market deployment of pure electric cars and plug-in cars is 
endogenously determined by the cost efficiency (especially fuel costs and 
investment/maintenance costs) and by their effective range (determined by both battery 
capacity and access to charging). 
Scenario assumptions on batteries cover two extreme future trends. In the conservative case, 
technical progress is slow and limited to a better durability while the usable SOC window 
remains unchanged. A continuous cost reduction is assumed, up to ~300 €/kWh. In the 
ambitious case progress is faster and more radical (200 €/kWh by 2030). Technology 
progress results in a much better durability and, also a higher useable SOC window. 
With respect to infrastructure charging, given the already planned investments in various 
countries, the access to charging facilities is expected to increase in the future. At least, 
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current charging possibilities – mainly at home, where garages exist - are already or will be 
extended in a relatively short term. These existing national plans are implicitly considered in 
the most conservative scenario but are not assumed to get much more ambitious in the 
future. In the second scenario (ambitious scenario), an even larger scale infrastructure 
charging deployment is assumed for all countries. It is to be noted that the potential role of 
fast charging is neglected in both scenarios. 
Without surprise, the estimated market shares drawn by Nemry and Brons (2010) of electric 
cars (BEVs and PHEVs) are shown to increase when charging infrastructure deployment 
and battery progress are fast and significant. Charging infrastructure deployment, through a 
wide access to the grid at home and in other places (especially work places) contribute to 
offer to more car buyers a wide range of car options able to meet their need – not only 
conventional car but also electric cars. Battery progress seems to be the second-order driving 
factor and contributes to make the electric cars more performing and cost efficient so that it 
can better compete with its conventional counterparts. 
The expected trends on these two aspects explain that in all cases the BEVs sales shares 
remain limited until 2020 (0.5% to 3%). On the contrary, PHEVs, rapidly penetrate as soon as 
they are available on the market. This results from the fact that battery and charging 
infrastructure represent higher constraints for BEVs. 
The EV-fleet share calculated (modelled) by both studies are consistent in the time horizon 
2020-2030 albeit the area of study (metropolitan area of Milan and the EU) are quite diverse 
and the bases for the scenario choice are different. 

3.2 Potential EV impact on the overall CO2 emission in an urban environment 
In 2009, both the European Union (EU) and G8 leaders agreed that CO2 emissions must be 
cut by 80% by 2050 if atmospheric CO2 is to stabilise at 450 parts per million (CO2 
equivalent) keeping the global warming below what it is considered to be the safe level of 
2ºC. But 80% decarbonisation overall by 2050 requires 95% decarbonisation of the road 
transport sector. 
There are many options to achieved decarbonisation (through efficiency, biofuels and 
electric power-trains including hydrogen). However with a forecasted large increase of the 
number of passenger cars (rising up to 273 million only in Europe – and to 2.5 billion 
worldwide) by 2050, full decarbonisation may not be achievable through the expected 
improvements in the traditional internal combustion engine or alternative fuels alone. 
Furthermore if this scenario is combined with the increasing scarcity and cost of energy 
resources, it seems that electrification of road transport using low-carbon electric power-
trains and hydrogen fuel cells is vital to ensure the long-term sustainability of mobility in 
Europe (European Commission, 2010a) 
It is obvious that electric vehicles do not have tailpipe emissions of pollutants i.e. CO, NOx, 
THC, NMHC, particles or others (aldehyde and VOCs). However, the electricity needed to 
propel the vehicle needs to be produced somewhere and that energy production depending 
upon the type of power station used will contribute to the overall environmental impact of 
EV. Nevertheless, it can be argued that the pollutants mentioned above have a local impact 
and therefore the use of EV in the urban environment will contribute to a drastic reduction 
of those pollutants in the urban air. One major benefit of electric vehicles is the 
"displacement" of harmful air pollutants from urban to rural areas, where population 
exposure is lower. Noise levels are also lower, particularly in urban driving conditions.  
However, the GHG (here we are mainly referring to CO2) emissions have a more global 
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effect and therefore the energy production needed to be used in EVs have a role in the 
overall global CO2 balance. This section addresses the levels of CO2 reduction that the 
introduction of electric vehicles could provide depending upon the different EV penetration 
levels in an urban vehicle fleet. 
This duality of electrification of road transport and emissions from the power sector has 
been studied by Unger et al. (2009). They compared the overall impact on climate and air 
quality by using energy resources for electric power for vehicles with zero carbon intensity, 
such as wind and solar power, and those from standard power plants. Their study suggests 
that a 50 per cent reduction in road transport emissions as a result of using more electric 
vehicles will result in a cooling effect on the climate. Their conclusion is based on different 
combinations of the warming and cooling effects due to the contribution of road transport 
and power plants to climate change by emitting long-lived CO2 and short-lived pollutants. 
Non-CO2, short-lived pollutants also contribute to air pollution and include ground-level 
ozone and the fine aerosol particles: sulphates, organic carbon and black carbon. CO2, ozone 
and black carbon contribute to global warming, but sulphates and organic carbon reflect the 
sun's heat back into space, causing a cooling effect. They considered scenarios over 20-year 
and 100-year periods. For all scenarios, they estimated whether emissions from road 
transport and power generation would have a warming or a cooling effect on the climate. 
For both cases (no carbon base and standard power plants) a net overall cooling effect is 
achieved, albeit in the first case the level of cooling achieved is higher and in a shorter 
period.  
The effect on CO2 reduction of different penetration level in the urban fleet has been studied 
recently for the case of Milan and its hinterland (Perujo & Ciuffo, 2010). They used for their 
calculation the Italian electricity mix that consist of 81% non-renewable sources, thus 
causing important emissions of CO2 to the atmosphere, and assuming that for 2030 the CO2 
emissions due to electric energy production will not change as compared with the present 
values (worse case scenarios as it is expected that the mix will change to lower CO2 
intensities). A similar approach was used for the evaluation of the CO2 emissions generated 
by a number of vehicles equal to the number of electric vehicles estimated for the year 2030 
in the different scenarios (resulting from the estimated EV share in the passenger cars fleet 
as reported above). In this case, however, due to the constant technological improvements, it 
was not realistic to think that in 2030 the vehicles’ CO2 emissions will have the same levels 
as today. For this reason they evaluated three cases: a) 2030 emission factors equal to 2005 
ones (considering only EURO IV technology); b) 2030 emission factors reflecting European 
2012 objective to have an average of 120 g CO2/veh*km on the passenger cars fleet and a 
50% emission reduction for LDVs, and c) 2030 emission factors reflecting European 2020 
objective to have an average of 95 g CO2/veh*km on the passenger cars fleet and a 50% 
emission reduction for LDVs. This three scenarios goes from a very pessimistic one (scenario 
a) to a very optimistic one (scenarios b) and c)), since the European objectives refer to a 
standard driving cycle whose emission factors are lower than those deriving considering an 
urban real driving cycle. 
The results of this exercise showed that even in the most optimistic case, the emission due to 
ICE vehicles is much higher than emissions due to the electrical power generation. In 
particular the abatement of CO2 emissions ranges from the 90% in the scenario a) case, to 
the 70% with the most optimistic scenario c). 
Furthermore, the authors also estimated the average vehicles’ emissions value under which 
the introduction of electric vehicles would not lead to any emissions abatement. An emission 
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value for CO2 of 40 g CO2/km for ICE vehicles was estimated, which is much lower than that 
reported in previous studies (e.g. Mackay, 2009). It is worth underlying that these results 
strengthens the claim that the potential impacts on emission abatement of introducing electric 
vehicles is larger than further development of engines only apparently ‘‘clean’’. 
The authors also indicated that in order to reach a 20% of global CO2 emissions reduction, in 
2030 the electric vehicles should represent approximately the 25% of the entire fleet of 
passenger cars and light duty vehicles. Although it could seem quite difficult to be reached, 
this target may represent a practical objective for policy makers. 

4. Cost of EV as compared with other technologies 

Consumers buy a new vehicle because many and diverse reasons, including purchase price 
(one of the main concerns of the majority of buyers when approaching to purchase a new 
vehicle), depreciation rate, styling, performance and handling, brand preference and social 
image. However, car owners tend to underestimate the costs of running a vehicle. Although 
they are very well aware of fuel costs, road tax and insurance, they do not always account 
for servicing, repair and cost of depreciation. Therefore, if one is interested in comparing the 
cost of EV with other competing vehicle technologies the parameter of interest should be the 
Total Cost of Ownership (TCO). The TCO takes into consideration not only the purchase 
price but also the running cost of the vehicle (i.e. the cost of maintenance, replacement and 
repair costs, reliability, insurance premiums, taxes, and fuel/energy cost) in other words it 
describes the costs associated over the vehicle’s entire lifetime.  
At present the additional purchase costs of a plug-in hybrid electric vehicle as compared 
with a gasoline one is almost 11000 € and for the case of a pure battery electric vehicle the 
amount is more than 15000 €, this cost takes into consideration the underlying specific 
battery costs that is assumed to be 600 €/kWh for hybrid vehicles as well as the PHEV and 
BEV. This indicates that the high cost driver for both PHEV and BEV is the battery. In 
reality, the hybrid vehicles will likely use power batteries, while the batteries in the PHEV 
and BEV will likely be more biased towards higher energy capacity (JRC et al., 2008, Thiel et 
al., 2010). At the moment the additional cost born by BEV and PHEV is a challenge for the 
uptake of this class of vehicles.  
Many studies have been published trying to look into the future (2020, 2030 horizon) cost of 
electric vehicles. Most of them include essentially three types of scenarios that can be 
described generally as a low, medium and high EV uptake (see for example McKinsey, 2009 
and Deutsche Bank, 2008). 
A recent study (Thiel et al., 2010) makes forecasts of the cost of EV in the above indicated 
scenarios by taken into consideration the indicative improvement levels in vehicle 
technology for both EVs and ICEs (including a broad spectrum of vehicles technologies: 
gasoline, gasoline hybrid, diesel, diesel hybrid, PHEV and BEV). They considered that ICE 
powered vehicle would have 15% better energy efficiency in 2020 than in 2010, while for the 
BEV and PHEV no further efficiency improvement was anticipated for 2020 versus 2010 as 
these vehicles probably feature all near-term conceivable advanced efficiency measures. 
In the 2030 time horizon no further energy efficiency improvements were assumed for any 
vehicle type as they considered that possible incremental improvements were equal for ICE 
powered vehicles, PHEVs and BEVs in this time frame. Hence, in the relative comparison 
this would not change the picture. 
Learning effects and cost reduction by economies-of-scale are related to the volume 
production of vehicles. For 2010 it can be considered that all the compared vehicle types 
would have annual sales volumes above 100,000 units. This number needs to be understood 
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as a proxy for wider market introduction as the 100,000 unit volumes might not be reached 
by every compared vehicle type exactly in 2010, but for some only in the following years. 
However, this would not change the comparison as the 2020 snapshot has to be understood 
as a proxy for the medium term and the 2030 snapshot should be seen as a longer term 
outlook. With realized production volumes for the years subsequent to 2010 the authors 
(Thiel et al., 2010) obtained learning effects that should reduce the costs of the newly 
introduced components. For the non-hybridized ICE vehicles, a learning rate of 5% was 
applied only on the newly introduced powertrain/vehicle components. The considered 
components were those contemplated in a previous study (JRC et al., 2008) and they are 
amongst others: (i) additional exhaust aftertreatment measures due to stricter emission 
limits, (ii) starter based stop–start systems, (iii) more sophisticated injection systems for 
gasoline direct injection but also downsized diesel engines and (iv) turbocharger for the 
downsized gasoline engine. The 5% learning rate was also applied on 50% of the costs of the 
ICE engine in the case of the PHEV as a dedicated range extender design of the ICE engine 
creates cost reduction possibilities. For PHEV and BEV, a learning rate of 10% was applied 
on the battery, electric motors and other vehicle upgrade costs that are directly linked to the 
electrification of the vehicle. 
The possible cost reduction achievable by learning effect for the components necessary for 
vehicle electrification (i.e. cooling system upgrade, high voltage wiring, electric power 
steering, electric drive AC compressor, power electronics and modifications to enable 
regenerative braking) were based on the cumulative global sales volumes of the respective 
components. For the year 2020 only one volume scenario was used, while for 2030, two 
volume scenarios were used, a medium volume scenario and a high volume scenario for the 
number of BEVs and PHEVs. 
These numbers are based on the assumption of 61 million new vehicle sales in 2010, 75 
million new vehicle sales in 2020 and 90 million new vehicle sales in 2030, globally. The 2010 
figures were used as a starting point for the subsequent calculation of the cumulated 
volumes (McKinsey, 2009). The 2020 new sales volume of the BEV and PHEV were also 
derived from McKinsey, 2009 using their mixed technology scenario. Advanced gasoline 
and diesel vehicles are already on the market today and it was assumed that they continue 
to penetrate the market reaching each 5 million global sales by 2020. For 2030 it was 
assumed that advanced diesel and gasoline new sales reach 15 million vehicles each. For 
these vehicle types, no distinction was made between the high and medium scenario. 
The above assumptions, scenarios and learning rate leads to significant cost reductions for 
the BEVs and PHEVs. In the 2030 high scenario, their calculated purchase costs are already 
very close to the one of the diesel hybrid. However the additional purchase costs for EV 
versus the advanced gasoline vehicle in the 2030 high volume scenario is still over 2800 €. 
This value implies that the specific costs for the battery pack would reach a level below 200 € 
per kWh for the BEV and PHEV. 
The above analysis only considered purchase costs, however concerning the TCO it must be 
recognized that apart from taxes and incentives, many of the above listed additional factors 
that influence the TCO most probably play further against the BEV and PHEV in the 
beginning. For example, the higher vehicle component costs in the BEV and PHEV lead to 
higher replacement costs and these again adversely influence insurance premiums. 
However, through continuous improvement and learning effects these disadvantages versus 
the conventional vehicles presumably reduce over time. 
If one considers the long term energy prices (the cost of crude oil will always increase) the 
payback time for off-setting the higher initial investment for the car owner through the 
savings that will be achieved in the use phase as a result from the lower use of energy and 
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lower energy prices for this technology can also be estimated. With a very much 
conservative calculation of 2030 oil price of 62.8 US $ per barrel crude oil (2010: 54.5 US $ per 
barrel; 2020: 61.1 US $ per barrel, all given in 2005 $) the estimated payback time for EV are 
about 20 years for 2010; however, for the time horizon 2020 the time is reduced to about 8 
years while in 2030 (medium scenario) this become 6 years and for the high scenarios it 
reaches below 5 years. If the longer term oil price is significantly higher (as it can be 
expected) than the assumed 62.8 US $ per barrel, the payback period would further improve 
for the BEV and also the PHEV. 

5. Challenges in the deployment of electric vehicle fleets 

A number of factors can hamper or attenuate a larger scale deployment of electric vehicles. 
They can be grouped into factors that influence on the one hand the attractiveness of the EV 
for potential customers and subsequently the field experience of the EV users, and on the 
other hand the commercial interest of the industry to invest in EV development, 
manufacturing, sales as well as in re-charging and maintenance networks.  
The customer interest will be amongst others determined by: 
- Purchase price or lease costs 
- Total cost of ownership 
- Market offers (brands, models, trim levels etc.) 
- Driving experience 
- Convenience of re-charging 
- Safety perception 
- Familiarity with EV technology 
The commercial interest of the industry will be constrained by: 
- Potential EV market size and its uncertainty 
- Profit margin 
- Investment needs 
- Supply risks 
- Risk averseness. 
Most experts are in agreement that the technology costs and here mainly the battery costs 
make the currently offered EVs uncompetitive for the mainstream market when compared 
with conventional vehicles, even when total cost of ownership (TCO) is taken into 
consideration. Once, this initial barrier can be overcome learning effects and further 
technology progress could lead to acceptable payback periods for rational customers in the 
long term (Thiel et al., 2010). An important factor for the TCO is the residual value of the car. 
The residual value of EVs is strongly influenced by the expected durability and lifetime of 
the batteries. Appropriate warranty schemes can help to alleviate related customer concerns. 
As many private customers do not necessarily perform a TCO calculation but focus very 
much on the purchase price during their purchase decision, the higher purchase price will 
remain an attenuating factor in the longer term. 
Driving range limitations of fully electric vehicles are a critical factor when comparing to 
conventional vehicles. Although this factor might not play a big role in the urban and sub-
urban context for most of the vehicle users today, it can prevent potential customers from 
choosing an EV if they are unwilling to compromise vis-à-vis current conventional vehicle 
ranges. Fast charging or battery swapping could be one possibility to overcome this 
negative aspect of today’s EVs. Other driving aspects like limited top speed and other 
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typical characteristics of EV driving are not expected to create major acceptance problems 
for EVs, in particular in the urban and sub-urban context. 
EVs are a new vehicle propulsion technology that requires the set-up of a new re-fuelling or 
in this case re-charging infrastructure in parallel to the vehicle technology deployment. 
Research work by Flynn (2002), and Struben and Sterman (2008) have studied in more detail 
the interaction between infrastructure and vehicle deployment. The main lessons that can be 
learned from these studies are that a strong synchronisation is needed regarding an 
adequate coverage of re-charging points and the deployment of electrified vehicles. As 
electricity distribution systems are abundant especially in urban and sub-urban areas, the 
main challenges remain with the actual set-up of re-charging points and associated to this 
the setting up of standardised re-charging interfaces, vehicle to grid communication 
protocols as well as billing procedures and payment schemes. All these aspects need to be 
carefully addressed to ensure convenient EV re-charging for the EV user. In the urban 
context adequate re-charging solutions need to be found for city dwellers that have no 
possibility to re-charge their EV at home. 
An important aspect for the potential EV users is that the EVs fulfil the same high safety 
standards as the conventional vehicle options. The fact that the recently launched EVs fulfil 
all pertinent safety standards for vehicles and also achieved a high EURO-NCAP rating 
should positively influence the safety perception of EVs. Nevertheless, some further work 
needs to be done on improving or creating EV safety, electromagnetic interference and 
health standards. 
Before a larger deployment of EVs is reached, the familiarity of the broader public with this 
new propulsion technology can be a challenge. The familiarity can be increased through 
dedicated marketing and media campaigns before a critical mass of EVs is on the road and 
word of mouth enhances further the public attention.  
As already outlined in chapter 3.1, the future market size of EVs is unknown and 
predictions are highly uncertain. In the past, there have been examples of unsuccessful 
attempts to bring BEVs into the market. Some of these attempts were accompanied by 
optimistic outlooks on the future deployment of electromobility; however, a broader EV 
roll-out did not become reality (Frery, 2000). This uncertainty reduces the willingness of the 
industry to invest into EV and its related infrastructure. As the automotive industry and the 
needed infrastructure investment is capital intensive, the industry players are rather risk 
adverse in this context.  
The profit margin for the first EVs will be low. As a matter of fact, it can be expected that the 
first generation of EVs that are currently deployed will constitute a negative business case 
for the industry that can be justified as an upfront investment into a potential future growth 
market. Although, as seen in chapter 2, many manufacturers are preparing for entering the 
EV market, they will try to limit their investment risk by deploying a limited number of 
models in the beginning. This limits the offered choices and can turn away potential 
customers that have a certain affinity to specific brands or models. Another possibility for 
the manufacturers to limit their investment needs in the beginning is to share common 
component sets across brands (e.g. Mitsubishi i-MIEV, Citroen C-Zero, Peugeot iOn) or to 
focus their deployment on selected lead-markets. The latter option will on the one hand 
limit the necessary investments in the dealer and maintenance network, but on the other 
hand also reduce the number of potential customers. The re-charging infrastructure 
providers will also want to ensure an adequate return on their investment which could 
potentially lead to unsatisfactory infrastructure coverage in the beginning. 
Supply chains need to be built up for the new EV specific technologies and components. 
This can slow down the ramp-up of the EV deployment in the beginning but should not 
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lead to a sustained supply bottleneck. Material bottlenecks are expected to become an issue 
for permanent magnet motors (e.g. neodymium) and some cathode materials for lithium ion 
batteries (e.g. Cobalt) (European Commission, 2010b). 

6. Policy options and business model for EV penetration 

It may be considered that the trend towards transport electrification is on its way and is 
irreversible. This is for instance suggested by the fact that every large automotive company 
has or is currently developing electric models and that a considerable number of countries 
have established plans to foster the development and deployment of EVs. 
However, overcoming the challenges discussed in the previous section is essential to 
enabling a viable market for electric-drive vehicles. This requires strategic planning, public 
intervention and synergies with private initiatives. 
Developing advanced common standards for safety, environmental performance and 
interoperability are seen as indispensable (European Commission, 2010a).  
Both public and private initiatives are needed, and given that electric cars are expected to 
deploy faster in urban and sub-urban zones, such intervention would, at least in a first stage 
focus on such areas.  
Public-private collaborative strategies at different levels (supra-national, national and local) 
are needed to address different types of barriers. For instance, within the Public Private 
Partnership (PPP) “European Green Car Initiative” (EGCI) which is part of the European 
Economic Recovery Plan1 these barriers are addressed through a mix of R&D funding and 
other instruments. A broad range of improvements of performance, reliability and 
durability of batteries need to be achieved to increase the attractiveness, range and 
affordability that will condition the consumer willingness to purchase electric-drive cars. 
In parallel to those R&D funding initiatives, charging infrastructure needs to be deployed 
progressively, taking into account of travel patterns, achievable autonomy ranges, urban 
land use constraints and time availability for car charging at the different parking places, 
e.g. residential, workplaces, commercial centres, shopping, cinemas.  
In Europe, several national or local governments have adopted charging infrastructure plans 
(e.g. Portugal, Denmark, Netherlands, Spain, Germany). As it is hard to predict how fast 
and to which extent the market will grow, achieving any "optimal" deployment is 
improbable. Continuous monitoring of the market, including on consumer attitudes should 
however guide public planning. Surveys often represent the available basis for establishing 
such plans. In a survey carried out on behalf the South and West London Transport 
Conference (Sweltrac), towns - followed by home, work and supermarkets – appeared to be 
the most popular location for charging points (SWELTRAC, 2007)2. In many cases, 
Governments plans are targeting specific areas and networks (first residential areas and 
urban zones) and niche markets. Several plans concentrate in cities (Berlin3, Paris4, London).  
Besides charging spots in towns, incentives can also be created to broaden the access to the 
grid at home and at work place. For instance, the French Government plans to require, by 
2012, new apartment's buildings with parking to include charging stations. It also plans to 

                                                 
1 http://www.green-cars-initiative.eu/public/ 
2 SWELTRAC, 2007, Provision of Electric Vehicle Recharging Points Across the SWELTRAC Region 
3 Two projects planned covering 100 electric vehicles and 500 charging points (Daimler and RWE) 
4 A network charging was already installed by EDF over the last ten years (84 charging points through 
20 Arrondissements in Paris) 
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make the installation of charging sockets mandatory in office parking lots by 2015. Member 
States are introducing incentives to companies to install recharging spots (21.5% tax 
exemption is granted in Belgium). The requirement of installing charging infrastructure 
could also be integrated into sustainability housing plans and renewable energy targets (see 
for instance Sheffield – UK).   
Progress on battery performance, especially on energy density should help reducing the 
upfront costs of electric vehicles. In the meantime, innovative policy instruments and 
business models need to be envisaged and put into place for improving affordability and 
reducing risk perception associated with a non mature technology could be facilitated with 
different instruments.  
Various business models are being explored and tested involving the automotive industry 
and new emerging business companies in order to spread the costs of batteries over several 
years. This includes Battery leasing, Mobile phone style subscription service. Vehicle leasing 
and Car-sharing also constitute solutions.  
Subsidies targeted to niche markets (e.g. taxi fleet), and specific provisions for electric in 
public purchase procurement (Green Public Procurement) could be used as an instrument in 
favor of technology learning, experience acquiring of user attitudes, and consumer trust to 
the new technology.  
For the short term, generalizing such subsidies to the mass market may be both unrealistic 
given available public budget and counterproductive, especially as long as technology 
maturity is not fully achieved. Also, it is to be expected that ICE cars will still represent an 
important fraction of the future fleet (by 2030 and even beyond), this also means that their 
energy performance will largely determine the energy consumption and CO2 emissions of 
the transport sector, especially road transport.  
For the longer term, a consistent overall fiscal and regulatory framework will be needed to 
both encourage the most energy efficient technology options and secure public budgets, in 
accordance with the new fuel consumption revenues. 
Long term prospect is also needed with respect to the reliability and sustainability of the 
supply chain, especially regarding raw materials such as Lithium and rare materials. 
These different policies and initiatives will need to be designed and implemented in the 
light of continuous experience on the new electric car market, both at producer and supply 
sides and at consumer side. Demonstration projects can help improving knowledge and 
understanding about consumer behaviour.  

7. Sustainability of urban transport 

In previous sections we have seen how the electrification of the road transport and in 
particular its use in the urban environment has the potential to reduce the CO2 and other 
pollutants emissions in our cities. However this technological change only address one of 
the three pillars of sustainability; i.e. the environmental dimension, while the other 
dimensions, economy and society, needs also to be addressed if the challenge of 
sustainability will be met.  
The concept of sustainable transport is derived from the general term of sustainable 
development. Sustainable transportation can be considered by examining the sustainability 
of the transport system itself, in view of its positive and negative external effects on: the 
environment; public health; safety and security; land use; congestion; economic growth; and 
social inclusion (OECD, 2000). 
The social dimension of sustainability of transport is at the core of the main reason for the 
transport system to exist - to provide access to: resources, services and markets (central 
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components for the generation of welfare). While the notion of economically sustainable 
transport relies on full cost accounting and full cost-pricing systems reflecting economic 
factors which originate from transport activity inhibiting sustainable development (namely, 
externalities; spillover effects and non-priced inter-sectorial linkages; public goods; 
uncompetitive markets; risk and uncertainty, irreversibility and policy failures) (Panaytou, 
1992). Other definitions of economically sustainable transport state that transport must be 
”cost-effective and responsive to continuously changing demands in a way that commercial 
and free market can operate without significant adverse externalities and distributional 
consequences” (UN, 2001). 
To achieve sustainable transport a wide range of positive and negative effects (contribution 
to climate change, congestion, local air pollution and noise) need to be addressed. Research 
on public attitudes to transport (Goodwin and Lyons, 2010) identifies congestion as a key 
issue and behaviour change to address environmental issues. 
In order to address these negative effects three measures can be identified: (i) pricing 
measures, most typically road pricing; (ii) alternatives to car based transport (here 
investment in public transport is a key theme); and (iii) new technologies and fuels. 
The use of pricing measurements will reduce transport demand and/or ensure that the 
demand is “optimal” hence positively impacting on congestion of urban roads. However in 
order to make pricing generally accepted, alternatives to car based transport needs to be 
considered. This could include for example increased public transport levels which might 
ensure that modal shift from car will be met. This measure will contribute to the public 
perception that non-coercive or “pull” measures are fairer, more effective and 
correspondingly more acceptable in comparison with “push” measures such as pricing (e.g. 
Eriksson el al, 2008). 
Furthermore, measures to reduce distance travelled, for example through telecommuting or 
spatial planning, are identified as helping to reduce kilometres travel by personal cars and 
therefore positively impacting on achieving carbon reduction in the transport sector as well 
as improving congestion levels in cities and generally on roads. 

8. Conclusion  

With more than 80% of the European population concentrated in an urban environment, the 
need to insure their mobility while at the same time to safeguard their health and their 
environment becomes a paradox. Several overarching European policies both in the energy 
and transport front are trying to change the mobility versus environment conflict. 
Electrification of road transport in the urban environment has the potential to significantly 
reduce the CO2 emissions (and other pollutants) in the roads of our cities as well as our 
nearly complete reliance on fossil fuels. This is based on the much higher efficiency of 
electric motors compared to ICEs as well as the potential to de-carbonise the energy chain 
used in transportation and in particular in the well to tank pathway. BEVs are much more 
favourable from a CO2 Well-to-Wheel emission perspective and PHEVs are a good option as 
an intermediate step. 
However, the high cost penalty that is linked to BEVs and PHEVs will remain a problem 
until 2030 when learning effects could have reduced the cost penalty to a level that would 
guarantee acceptable payback periods shorter than six years for the BEV and a level that is 
comparable to other hybrids cost penalties for the case of the PHEV. If the replacement costs 
for components or insurance premiums are higher and stay higher than for conventional 
cars, it could take a longer time until a competitive level for the TCO is reached. Therefore a 
consistent overall fiscal and regulatory framework will be needed to both encourage the 



 
Electric Vehicles in an Urban Context: Environmental Benefits and Techno-Economic Barriers 

 

33 

most energy efficient technology options and secure public budgets, in accordance with the 
new fuel consumption revenues.  
Moreover, to reach a larger deployment of EVs, the familiarity of the broader public with 
this new propulsion technology need to be addressed. The familiarity can be increased 
through dedicated marketing and media campaigns before a critical mass of EVs is on the 
road and word of mouth enhances further the public attention. 
Finally, a word of caution: supporting an extensive use of EV will not contribute per se to 
the development of a sustainable transportation system. Indeed it can contribute to reduce 
the environmental pressure due to road transportation, but this represents only one aspect 
of the sustainable development. In order to really address the paradigm of sustainability it is 
definitely necessary to implement appropriate measures to reduce the usage of personal 
transport means (personal car) in favour to collective public transport. This means changing 
the decisional perspective from a sustainable transport to a sustainable mobility stand point.  
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1. Introduction 

Fundamental trade-offs between gasoline and electric vehicles. In contrast to either the 
internal or external combustion engine, the fundamental advantage of electric vehicles (EVs) 
powered by electricity stored on-board in batteries has always been quiet, efficient, 
emissions free operation. Although emissions do result from fossil fueled generation of 
electricity, these emissions are removed in both space and time from the point of operation 
of the EV. High low revolution per minute (rpm) torque, with excellent initial acceleration is 
another advantage. 
The fundamental disadvantage is storage capability. The fuel tank for an internal 
combustion engine in a “conventional” automobile (CV) can store far more energy, in a much 
smaller space than a battery pack, at a much lower initial cost. The gasoline vehicle can 
therefore refuel far more rapidly and travel much further on a single refill. Low top speed 
relative to gasoline vehicles is also a disadvantage. 
An important attribute of electric vehicles is a relatively high peak power capability for 
short bursts of a few seconds. However, the peak power level tends to be much higher than 
the sustainable power.  
The storage disadvantage of EVs becomes much less important when the vehicles are driven 
at low average speeds within urban areas. At such speeds, it can take a long time to deplete 
the battery pack. Further, as average speed declines, the average energy requirement per 
hour of operation drops off considerably more rapidly than for conventional gasoline and 
diesel engines, extending the hours that can be driven on a full charge. Unfortunately, at 
these speeds the fuel saved per hour of operation relative to gasoline and diesel is less than 
at higher average speeds (Vyas, Santini and Johnson, 2009), and this can require 
considerably more hours of vehicle use to pay off battery pack costs. Thus, to get the fuel 
saving per hour of operation up, intensive intra-urban operation of EVs outside of the 
densest city centers can be more financially attractive (Santini et al, 2011).  

2. Waves of History I: 1890s through the 1930s 

Personal use electric vehicles. In the United States in the 1890s and early 1900s, EVs 
competed successfully with gasoline and steam cars predominantly in the Northeastern 
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U.S., the most densely developed part of the nation, but also in Chicago. The highest volume 
manufacturer of EVs at the turn of the century was the Pope Manufacturing Company of 
Hartford Connecticut (Sulzberger, 2004). New York was then and remains today the most 
densely developed metropolitan area in the United States. In 1900 the nationwide 
registration of 4192 vehicles in the U.S. was 1681 steam, 1575 electric and 936 gasoline (Mom, 
2004, p. 31). According to Sulzberger, in 1899 electric vehicles outnumbered gasoline by two 
to one in the major metro areas – New York, Boston, and Chicago. A total of 2370 vehicles 
were in these three metro areas, so the start of the motor vehicle in the U.S. was clearly in 
relatively affluent, large major cities. The technological historian G. Mom (2004) indicated 
that the dollar value of production of electric cars in 1900 was more than half of the total, 
despite the share of unit volume being 38%. Half of all passenger cars were produced in 
New England. However, over the next two decades production of motor vehicles in the U.S. 
moved westward and significantly toward gasoline.  
When EVs were in the market from the 1890s to 1920s, they consistently served urbanized 
areas, rather than rural households and businesses. A caveat, however, is that for the 
personal EV in the U.S. in about 1914 the share of “home kept” electrics rose as city 
population dropped, as did the market share of EVs (Mom, 2004, p. 254). A logical 
deduction is that home kept EV share increased as city density decreased and as the share of 
single family dwelling units rose. The availability of a parking spot within or beside the 
electrified dwelling unit was then, and can be expected to be in the future, a major 
determinant of market success for personal use EVs. Mom concluded that the electric car of 
1914 “functioned as the affluent suburban family’s second car” (p. 254) having been 
identified as “an environmentally friendly secondary car” (p. 250). At this time the EV in the 
U.S. held a share of the market similar to hybrids today (<3%, far below the turn of the 
century), but it was a shrinking rather than rising share. Mom also noted that in 1916 the EV 
was no longer successful in the Northeast ― “the electric passenger car seemed to prefer the 
medium-sized town in the Midwest.” (Mom, p. 261). Midwest EVs were supported by 
“active central stations” that were Electric Vehicle Association of America members. By 1920 
the personal use EV was no longer sold in New York, the densest and largest of U.S. cities, 
with steep hills and long commutes from the suburbs to downtown being blamed (Mom, p 
262). 
Vyas, Santini and Johnson (2009) drew attention to the suburban target market for personal 
use EVs a century later, pointing out that the suburbs of U.S. metropolitan areas are where 
affluence is greatest, as are the numbers and proportions of garages and multi-vehicle 
households. Ironically, although the Western U.S. (California) and Northeast have adopted 
regulations designed to encourage EVs, and the U.S. West Coast is aggressively pursuing 
electric infrastructure, the largest shares of single family dwelling units are found elsewhere 
― in the South and Midwest regions (Vyas. Santini and Johnson, p. 60). Typically, regardless 
of region, about half of all garages and carports are found in suburbs, and half of the 
households with two or more vehicles are found there. Only about one fifth of either 
garages or multi-vehicle households are found in center cities (Vyas, Santini and Johnson, p. 
61). For the EV market, Santini et al (2011) recently deduced that charging infrastructure 
costs can be significant, so electric commuting with both house and workplace charging is 
probably not the least cost market. They therefore examined vehicles not driven to work, on 
the assumption that the home charger could be used more than once a day. They estimated 
that only those EVs driven more intensively than average could be financially desirable. 
Greater affluence is associated with higher annual distance driven. 
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Mom concluded that 1910 infrastructure and maintenance costs were an important 
drawback for the individual household. Despite the fact that “most newly built (italics mine) 
houses came complete with a connection to the electricity grid” … the battery and its 
charging equipment had an important indirect effect” … pushing … “purchase and 
maintenance costs of the electric passenger car far above an acceptable level for middle-class 
gasoline vehicles.” (Mom, pp. 286-287). He also noted that at the time the middle class – the 
utilitarian user - could only afford one car and therefore could not make a “fleet” choice, 
purchasing and using both a gasoline and electric vehicle for their respective advantages.  
Mom noted that the motorization of areas outside cities was far slower in Europe than in the 
U.S. The mild success of the personal passenger car EV in the U.S. from about 1905 to 1920 
accompanied the wave of gasoline vehicle motorization and regional growth in the 
Midwestern U.S. Recent investigation of household charging infrastructure cost suggests 
that installation of suitable charge circuits is far less expensive when designed into new 
houses than when houses are retrofitted (Santini, 2010). Thus, the growing Midwest would 
have had the opportunity to install charging infrastructure as it grew and its expanding 
major cities electrified. Nevertheless, by the early 1920s the personal electric vehicle in the 
U.S. was rapidly shrinking toward zero production. The counterintuitive computation that 
Santini et al (2011) made for the 4-5 passenger personal use EV of 2020 was that the rate of 
utilization (hours of driving) in dense center cities would not be adequate to pay off the 
added costs of the pure electric vehicle. This is a quantitative candidate explanation for the 
1900-1920 failure of the personal-use EV in Europe while it succeeded mildly in the U.S. 
Congested stop and go driving has financial advantage for the EV only if it is driven many 
hours per day, such as by a commercial delivery vehicle.  
When commercial applications of horses, EVs and gasoline trucks were studied in the U.S. 
in 1912, it was concluded that horse wagons remained the most cost effective option up to 19 
km per day (Mom, p. 223). If the attainable average speed on the local roadway network in 
most European nations was then less than about 15 km/h, and if daily travel for personal 
activities was between one and one and a half hours, then the implication is that it would 
have been a financially correct decision at the time for European households to continue to 
use horses rather than either gasoline or electric vehicles. In reference to first generation 
electric taxi cab capabilities for Berlin and Cologne in 1907, Mom notes that “first generation 
taxicabs could go 15 km/h” which compared unfavorably to the 40-50 km/h for gasoline 
taxis that could only be achieved in practice at night (Mom, p. 142). It was also clear that the 
speed competition drove up the costs of operating EVs, since a 25 km/h top speed required 
pneumatic, rather than hard tires; a stronger heavier frame; and a larger battery pack to 
provide needed power. This increased consumption from 220-250 Wh/km to 350-425 
Wh/km (Mom pp. 142-143). It was estimated that only larger fleets of taxicabs could afford 
to own and operate electric vehicles, a finding perfectly consistent with a conclusion that a 
less intensively used electric vehicle in a household fleet of one would not be economic, as 
Mom reiterated in his conclusions (p. 291).  
The electric passenger car in 1913-14 was far more successful in the United States than in 
Europe. Mom reports a count of about 1600 electric passenger cars in Europe in 1914, 
compared to 20,000 in the U.S. Passenger cars were about 56% of European electric cars and 
trucks with more than three wheels, while the U.S. share was about 67% (Mom, p. 252). 
Although the peak number of electric passenger cars produced in the U.S. in 1915, at 4,715 
(Mom, p. 254), was well in excess of the production of 1900, at 1575 (Mom, p. 31), and can be 
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called a success, the sales of 611,695 gasoline cars in the first nine months of 1915 (Mom, p. 
283) was an overwhelmingly greater increase relative to the 936 gasoline cars produced in 
1900 (Mom, p. 31). At this point, 43% of gasoline vehicles were sold with an electric starter, 
which had been introduced in 1912. According to Mom, “it is not correct to claim that the 
electric starter motor meant the deathblow for the electric car. But it did mean the last nail in 
its coffin” (Mom, p. 283). 
In the U.S., the Ford Model T (initiated in 1908), which did not adopt an electric starter, had 
accounted for more than half of total vehicle sales during most of its lifetime. However, 
during the early 1920s its market share began to erode as more powerful cars with electric 
starters gained market share at its expense. The “T” had also been designed for low speed 
operation on poor dirt roads, having large diameter wheels and a high ground clearance. 
The 1920s saw increasing adoption of gasoline taxes to support state road building (Majahan 
and Peterson). The needs of the electric vehicle for reliable tires with low rolling resistance 
had led to development of the bias ply tire, a technology that was then adapted for use by 
gasoline vehicles in 1915 (Mom, p. 260). As noted by Loeb (1995), the electric starter, which 
itself had been developed for hybrids (Mom, p. 282) allowed reliable starting of engines 
with power well in excess of that of the 15 kW Model T. The electric starter ultimately 
allowed higher cranking power than a human arm could provide, allowing reliable starting 
of an engine with a much higher compression ratio, which in turn enabled more efficient 
gasoline engines, once octane enhancers had been added to gasoline (Loeb, 1995). The 
higher average speeds attainable by gasoline vehicles with more powerful engines, good 
roads, better tires and reduced ground clearance (thus reducing aerodynamic drag) most 
likely played a role in the 1920s demise of the personal electric vehicle, whose sustainable 
top speed was inherently limited. 
The widespread 1912-16 adaptation of a cost effective combination of electrical and 
mechanical features in the predominantly mechanical gasoline vehicle signaled the end of 
the electric passenger car about a decade later. While attempts to combine electric and 
mechanical drive in hybrids failed in the marketplace, about a century later the new 
question is whether an increase in electrification of the gasoline vehicle, in the form of 
hybrids and the plug-in hybrid will again keep the market potential of the pure electric 
vehicle to less than 3% of the U.S. and European markets in coming decades. Mom, quotes a 
vice president for research from Ford in his closing pages, saying that “the most cost-
effective and efficient road to a greener world is through the gradual electrification of 
vehicles … rather than switching to an all-electric powertrain.”(Mom, p. 299). Mom praises 
the electric car for pressuring the gasoline vehicle to adapt and be better, advocating 
exploration of alternative powertrains. However, he does not quote a contrary opinion from 
another auto executive advocating the desirability of a technological jump to the all-electric 
powertrain. 
Trucks and taxis. The demise of the personal use EV did not mean the demise of the EV. 
Mom demonstrates that commercial trucks, and industrial (non-road) trucks continued to 
grow in use during most or all of the 1920s and in some applications on into the 1930s. The 
electric taxi was abandoned mid-1920s-decade. From the early 1900s, growth rates for 
commercial trucks in New York and Chicago were dramatic (Mom, pp. 211, 228) and 
considerably faster than for passenger cars. The pattern had a similarity to that of the 
personal use vehicle. Motorization of services that had been provided largely by horse 
wagons and horse driven taxis was generally rapid, so that absolute totals of both electrics 
and gasoline business vehicles grew rapidly. The share of the motorized services held by 
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electricity was considerably higher than in personal use vehicles ― “a quarter of the entire 
American truck fleet” in 1912. In 1914 a quarter of all U.S. electric trucks were in New York 
City, and those represented 39 percent of New York’s fleet of motorized trucks  
(Mom, p. 228).  
In general, this was accomplished by much greater utilization of the electric vehicles and the 
battery packs in the business vehicles than was the case for personal use vehicles. Many of 
the business fleets in both the U.S. and Europe used battery swapping, with more than one 
battery pack per vehicle (Mom, p. 94, 231). The importance of assuring intensive use via 
reliable operation, with low maintenance, led to expenditures on well trained battery 
maintenance staff and also more expensive, more reliable batteries in commercial 
applications. Mom said that “for the electric car owner … the character of the lead battery 
formed a virtually insurmountable barrier … looking after the battery … really needed the 
constant attention of a physician and a trained nurse.” (Mom, p. 287). As of about 1911, 
commercial fleets found the “tubular lead and Edison batteries to reduce maintenance, 
though at a much higher cost. The commercial vehicle fleets made intensive enough use of 
their batteries to make this trade-off pay off. A private owner could not (Mom. P. 288). This 
shows the potential problem of mistranslating good reliability in fleet applications to an 
argument that a technology will also be reliable in the hands of an individual consumer.  
Commercial fleets frequently charged battery packs overnight, very often at much lower 
cost per kWh than for daytime charging. With battery swapping, a 24 hour operation could 
be implemented with overnight charging and maintenance and checking on one battery 
when out of the vehicle while the other battery was in use. With swaps made in a matter of 
minutes, it also allowed the vehicle to stay in service for many hours of operation per day, 
rather than slowly recharging during the day. This significantly increased fuel saving per 
vehicle per day, helping pay off the investment.  
Even so, the key to economic viability was to find the appropriate field of application. A 
1924 book on the merits of the electric truck was written by E.E. La Schum of the American 
Railway Express Company. In this book La Schum was effusive in his praise for the electric 
truck, “the speediest of trucks where stops or delivery are frequent and traffic congested.” 
(Mom, p. 245). He predicted that electric trucks, which then were used in a normal range of 
48 km (perhaps about 7 km/h for an 8 hour workday, less if the truck were used on two or 
more shifts with battery swapping) would increase their competitive daily range to 64 km 
and more. At the time the American Railway Express Company had 1225 electric trucks, 575 
other electric vehicles, 8200 horse wagons, and 2,500 gasoline trucks. The superior average 
speed of the electric truck, when stops were involved, probably included an advantage of a 
quicker start once the driver returned to the truck, in part because the electric did not have 
to be put into gear with a manual transmission, nor shifted. If the competing gasoline truck 
were turned off at stops in order to save fuel, this would also slow the start-up process upon 
return to the truck. 
Santini et al (2011) recently estimated that financial viability of hypothetical 2020 mass 
market pure electric passenger cars with from 120-160 km of range would require full 
depletion of the pack and some recharging during the day under recent U.S. average 
gasoline prices and electricity rates. Typical passenger cars would not be driven enough to 
cause full depletion of such an EV. Only those driven far more hours per day than average 
could fully deplete the pack on a normal day, enabling additional gasoline saving via a daily 
recharge. Santini et al note that such vehicles are far more likely to be driven in suburbs than 
center cities. Identical electrical rates of $0.10 per kWh were assumed for both nighttime and 
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daytime charging. However, the goal of the U.S. Federal Energy Regulatory Commission is 
to enable and encourage implementation of time-of-day pricing in the U.S. This will increase 
summertime average daytime electric rates to above $0.20/kWh, but will lower overnight 
rates by only a few dollar cents. Should time of day rates become common, second charges 
during the day might actually lead to higher energy costs per mile for the second charge 
than if a full hybrid gasoline vehicle were used.  
High daytime electric rates were a problem in the past. Mom noted that public garages that 
had to return fully charged vehicles to customers suffered when the customer demanded 
delivery “during expensive peak hours” (Mom, p. 217). In fact, utilities (central stations in 
Mom’s terminology), under the guidance of Samuel Insull, chose to offer “multistep” rates 
to stimulate charging overnight charging between 10 pm and 7 am. Today’s term is “off-
peak” or “time-of-day” rates. The truck was preferred as a customer over the passenger car 
because the “truck used 400 to 933 times more energy than a light bulb” while the car 
“consumed only 107 times more energy” (Mom, p. 208). In part, this difference was due to 
the greater hours per day of operation of the truck, not only the greater vehicle mass.  
Mom found that electric vehicles serving business were consistently found in fleets of much 
larger size than were gasoline vehicles (Mom, p. 246). These fleets found it necessary to hire 
“competent men to take care of the batteries” (Mom, 229; see also p. 216). Costly 
maintenance made it imperative to spread the maintenance expertise costs over a number of 
vehicles. The idea of implementing battery rental services that thereby spread the cost of 
maintenance over a large number of vehicles of several different owners was tried in the 
“Hartford system” set up in 1910 (Mom, p. 230). This system, which involved a fixed fee and 
a mileage charge, with battery pack exchange using packs charged overnight, was 
implemented in many cities by 1916, though only hundreds of vehicles were involved. 
Battery pack exchange was also common in taxi fleets in Europe, though this was 
implemented by the taxi fleet itself, not as a rental service such as the Hartford system. 
Another cost that promoted larger fleets was the per vehicle infrastructure cost involved in 
setting up in-house charging facilities for relatively few vehicles. However, if the 
infrastructure costs could be paid, a large fleet could then get a discounted electricity price. 
At “a purchase of 50 kW or more and a garaged fleet of 75 to 150 electric cars”, 
Commonwealth Edison of Chicago offered a rate of $0.02/kWh (Mom, p 254). 
In Detroit in 1914 a taxi company tried the innovation of “curb boosting” ― recharging of 
taxis while waiting at taxi stands. This idea was also implemented in Chicago and St. Louis 
in 1917, but it involved considerably fewer vehicles than the Hartford battery rental system 
and did not become common practice. Daytime rates for electricity may have been a 
deterrent. 
Britain came late to the electric delivery truck, but found the very successful market niche – 
low speed urban delivery with many stops. In particular, milk trucks, which made quiet, 
clean early morning deliveries, became electrified in large numbers. Growth was dramatic 
from 1934 through 1949, by which time nearly 20,000 electric trucks were in service (Mom, 
p. 268). 
Today, it is recognized that a portfolio of powertrain technologies is likely to be necessary in 
coming decades, as nations of the world slowly switch transportation from oil to other fuels. 
In effect, this process took place from 1895-1945 as nations switched from the grain fed horse 
and from the coal fed iron horse (steam locomotive) to the automobile. The electric 
passenger car and truck competed against horse drawn vehicles to a much greater extent 
than it competed with the iron horse, which dominated intercity travel. For commercial 
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trucking services, a careful, but optimistic assessment was made by researchers from the 
Massachusetts Institute of Technology, indicating that the electric truck was more costly 
than horse drawn wagons at short distances up to 19 km, but less costly than a gasoline 
truck up to its maximum range of 72 km (Mom, p. 223). The study optimism criticized by 
Mom involved an assumption of a cost of electricity only available to large fleets served by 
large central stations supportive of electric drive. The key point here is that the electric 
vehicle did not supplant the current technology ― horse wagons ― when delivery wagons 
were used in short daily distances.  
Mom, discussing the 1915 time period, said that “only after the electric vehicle had broken 
the most ardent resistance of the horse economy could the gasoline rival invade the city” (p. 
293) and “the gasoline car even stole the entire city car concept” (p. 298). The position here is 
that this is an overstatement at the least, and perhaps simply incorrect. The personal electric 
car did not work in dense urban environments with multi-family rental housing units, 
where short distances to needed services made the electric vehicle far more expensive than 
walking, the horse taxi, or other public transportation. The American Railway Express 
Company ― a company that very carefully evaluated the most viable applications of 
electricity to its fleet and adopted electricity with enthusiasm ― retained more horse wagons 
than gasoline and electric trucks combined in 1924. Thus, it seems dubious to assert that the 
horse economy had been broken in 1915, much less by 1924, when the personal electric 
passenger car ― which apparently never succeeded in large dense center cities ― was no 
longer available. It would appear that the horse economy was probably fully broken later by 
the gasoline vehicle, well after the horse economy had held its own against the electric 
vehicle. 
This interpretation of the past is identical to the conclusion that Santini et al (2011) reached 
with regard to the probable status of the hypothetical electric passenger car of 2020. The less 
expensive existing technology – gasoline in the 2020 case – is financially superior in the 
event of a low daily utilization rate. Accordingly, the financially viable four-five passenger 
electric car of 2020 was found to be a heavily utilized suburban vehicle, not a “city car”, 
contrary to recent graphics generated by several automakers (Berretta, 2009; Satyapal and 
Aceves, 2009; Suckow, 2009; Yokoyama, 2009). The fact that the personal use electric 
passenger car failed earlier in New York City than elsewhere in the U.S. was not a 
coincidence. That Mom concluded that the personal use electric vehicle was a second car for 
the urban affluent also was not a coincidence. 
In Europe, electrification of taxi fleets was often promoted by municipalities via regulation, 
so financial viability was not the only criterion. The regulations were adopted in order to 
prevent the noisy and smelly gasoline vehicle from capturing the downtown urban market. 
Although Mom did not associate the city regulations with preferences of affluent customers, 
it seems likely that relatively affluent business leaders had a strong influence on these 
decisions. Taxis were more likely the for-fee transportation service chosen by the urban 
affluent, while the typical urban resident most likely used trolleys and wagons (Omnibuses). 
Generally speaking, the downtowns of the largest metro areas within a nation are habited 
on a business day by some of the nation’s most affluent citizens. New York City certainly 
falls into this category within the United States. Thus, to the extent that the electric truck and 
electric taxi were chosen instead of horse taxis and wagons, and instead of gasoline taxis and 
trucks, there was most likely a relationship to the preferences of the affluent for better 
hygiene (vs. horse taxis and wagons) and quieter operation (vs. gasoline taxis and trucks). 
Reduction of odor was probably a goal in both cases. 
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Mom called the commercial truck competition the “decisive battle”, emphasizing that it was 
fought in the city. Advantages for particular niches were: “easy speed control (sweeping 
and sprinkling trucks), trouble free stop-start operations (door-to-door delivery, garbage 
trucks), absence of smell and noise (ambulances, transportation of food supplies)” (Mom, p. 
285). To the smell and noise list taxis may be added. This decisive battle was largely (though 
not completely) lost by the 1930s. The gasoline vehicle improved so dramatically in the 1925-
35 period (Naul, 1978; Naul, 1980) that it eclipsed both the horse and the electric vehicle, 
which will be discussed below. 
Thus, the hypothesis is that the positive environmental features of the electric vehicle 
accounted for its limited success among the well-educated affluent in leading industrialized 
nations from 1895-1935, but its expense and other shortcomings prevented it from ever 
becoming a standard vehicle serving the majority of the population. Mom noted that many 
electric vehicle advocates thought that a part of the problem was behavioral ― that 
consumers who did not purchase electrics were unwise, uneducated, or perhaps uncivilized. 
An alternative hypothesis is that the market worked well and there were very sound 
reasons, based on fundamental financial and systems engineering principles and perfectly 
reasonable consumer preferences, which accounted for the degrees of success and failure 
exhibited by electric drive.  

3. Causes of Success or Failure 

This examination and interpretation of the first waves of limited success for the electric 
vehicle hints that a study of history tells us that the past problems of electric vehicles are 
fundamental, and implies there is a significant risk that history will repeat itself and the 
pure electric vehicle will not represent a significant competitor to adapting gasoline or diesel 
passenger vehicles and trucks. However, it is important to concede that there are some 
significant differences in the present, so the outcome may not be the same.  
For interpretation of this discussion, it is useful to summarize the three vehicle failure vs. 
success factors identified broadly by A. Loeb in 1995, and in more detail by Mom in 2004 ― 
(1) power, (2) energy storage, and (3) adequacy of infrastructure. In the case of 
infrastructure, multiple types of infrastructure-related constraints were discussed by Mom – 
roads, electricity, water (with reference to the failure of steam cars), maintenance, refueling 
methods (exchange charging systems for business vehicles), safety of interacting modes 
operating at different speeds, flexibility of destination options.  
By the 1920s, the electric passenger car was relegated to being marketed as a “lady’s car” for 
the affluent. “It was called a lady’s car’ it was said it wouldn’t run up hills; it was said it 
couldn’t go fast enough … I would ride in an electric car if it were not for the fact that all my 
neighbors coming to the city pass me with their gasoline machines.” (Mom, pp. 280-281).  
Within the section on limited energy content, Mom paraphrased the 1928 statements of an 
executive of Accumalatorenfabrik AG, a German battery manufacturing company that had 
existed since 1887 ―” the electric car fell into disuse for private purposes, because it 
presented problems when one wanted to use it as a touring car.” (Mom, p. 288). For a 1914 
400 km publicity run between Boston and New York, the “aerodynamic runabout” Bailey 
Roadster spent almost half of the 23 hours in five “boosts”, implying recharging at about 80 
km intervals. In the same paragraph it is stated that the manufacturer claimed that the 
Bailey had a range between 130 and 190 km (Mom, p. 256). This highlights the problem of 
electrics for intercity travel ― such travel results in highest electricity consumption per km 
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and lowest range, and a need to recharge frequently at a time when vehicle occupants place 
a high premium on average speed to destination (Santini, 2010).  
Gasoline vs. Electric Vehicle Supporting Infrastructure. With the exception of the detailed 
explanations of Mom, historians generally regard range and cost as the primary reason that 
EVs failed, while CVs succeeded. However, A.P. Loeb (1995) also emphasized the absence of 
fueling infrastructure for the EV, vs. presence of supporting infrastructure for the gasoline 
powered vehicle, as an unrecognized cause of a very rapid U.S. expansion of gasoline fueled 
vehicles by 1904. In 1900, there were 4192 vehicles registered in the U.S. (Sulzberger, 2004). 
In 1905, there were 78000 (Melaina, 2007). The vast majority were fueled by gasoline. Loeb 
(1995) stated that the “issue was settled by 1904-5”. Mom does not quantify electricity 
availability constraints until one is far into his book. He notes that in 1917 “7 million of the 
22 million houses in the United States were connected to an electricity grid” (Mom, p. 233). 
Loeb noted that the rapid expansion from 1901 to 1904 was largely due to sales of the two-
passenger, single cylinder gasoline fueled Oldsmobile. This important “take-off” of the 
gasoline vehicle in the U.S., well before the singularly successful Model T (1908) and the 
electric starter (1912) were introduced, is not mentioned by Mom.  
As noted earlier, the year 1900 concentration of steamers within Boston, New York and 
Chicago was even greater than for electrics. Although also capable of using widely available 
petroleum products, steam cars proved to be limited in range and overall average speed by 
the availability of water. Winter temperatures below freezing were clearly problematic, as 
was high mineral content in the Midwest (Mom, p. 291). Sulzberger (2004) reports that the 
range of an early steam car, before requiring replenishment of water, was 25-30 miles, no 
more than an electric vehicle of the time. The development of condensers to allow reuse of 
water and a range of 150 miles were implemented too late ― in the 1920s ― and added cost. 
Loeb credits superb road infrastructure in France for early emergence of automobiles there. 
Mom noted that the improving roadway infrastructure in the U.S. appeared to be an 
enabling technology for expanding truck services (heavier vehicles than passenger cars) in 
the 1920s, while the previously existing roadway infrastructure had been adequate for well 
adapted light passenger cars. “A direct relation could be demonstrated between the number 
of trucks and the length of the paved roads in cities with more than 30,000 inhabitants.” 
(Mom, p. 238). Although the improved U.S. roads were clearly not necessary for success of 
light gasoline passenger cars (the Model T in particular), they were probably sufficient 
(along with other developments) to help cause the demise of the electric passenger car. 
Majahan and Peterson (1985) examine the diffusion of the state gasoline tax in the United 
States, showing that it swept the nation in the 1920s. It seems doubtful that business truck 
interests alone could account for this sweeping support of improved roads. Thus, private 
vehicle users must have seen a benefit. I presume that the benefit was higher speed and 
greater reliability (reduced tire failures). The practical realization of the benefits of dramatic 
increase of power and top speed of gasoline vehicles from the mid-1920s to mid-1930s 
(Naul, 1978, 1980) ― unmatched by electrics ― was undoubtedly enabled as a practical 
matter by the improved roads that were built in the 1920s. 
Over a decade after Loeb’s examination of the role of gasoline infrastructure, Melaina (2007) 
provided more extensive details of early gasoline refueling infrastructure. He asserts that “a 
key issue during early phases of infrastructure development is the requirement to provide a 
fuel inexpensively and in small volumes from many locations dispersed across large 
geographic regions.” Melaina shows clearly that gasoline was a relatively simple add-on to 
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an extensive delivery infrastructure for kerosene. “100 refineries and vast networks of bulk 
storage facilities and tank wagons” existed. In 1906 Standard Oil operated 3573 bulk 
stations, receiving barrels and tank wagon loads, distributing refined products (mostly 
kerosene) locally. Gasoline, used as a solvent, was widely available to both urban and rural 
populations before the automobile. Gasoline was in excess supply, effectively a waste 
product, often dumped into nearby rivers. 
That the electric vehicle market could not have grown as rapidly as gasoline vehicles in a 
largely rural nation should not be surprising. In 1907 less than 10% of households had 
electricity (U.S. Department of Commerce, 1975). Another problem of the time was that the 
competition between AC and DC electricity had not yet been resolved, making national 
standardization of charging infrastructure very unlikely. Perhaps the fear of electrocution, 
used by Edison to promote continued use of DC electricity instead of the ultimate switch to 
AC played a role in the reluctance of individuals to assume the risk of field repairs of a 
malfunctioning electric vehicle, while familiarity with powered steam farm equipment 
made the gasoline vehicle transition seem more manageable. The war of the currents was 
underway during the 1890s and was not settled until after the turn of the century 
(Wikipedia, 2011). 
Melaina’s infrastructure requirements for successful introduction are encouraging for 
implementation of electric drive over 100 years from the first attempt. Nearly 100% of 
households in Europe and the U.S. now have electricity. The distribution system cannot 
deliver energy to electric vehicles at anywhere near the rate of gasoline, but small amounts 
can be delivered over several hours, at the dwelling unit, in the same way that cans of 
gasoline were originally stored at the house to fuel early gasoline cars. Because of the advent 
of air conditioning, afternoon summertime cooling requirements in the U.S. have led to 
construction of many very efficient combined cycle natural gas power plants which sit idle 
overnight and in off seasons.  
Technological developments in drilling technology have only recently led to significant 
increases in estimates of the proven reserves of U.S. natural gas, and great optimism about 
its potential elsewhere. Thus, as gasoline was in excess in 1900, U.S natural gas producers, 
along with utilities that own natural gas powerplants, are looking for new customers. 
Further, a movement toward the “smart” grid, with time of day rates encouraging use of 
electricity overnight via reduced price, can encourage electric vehicle use, although the 
required metering is not inexpensive. In any case, it is clear that for plug-in electric drive 
today, initial infrastructure is not the limiting factor it was in 1900. 
Melaina observed that the emergence of the refueling station followed the emergence of the 
gasoline car by a couple of decades. He noted that “non-station refueling methods allowed 
vehicles to be mass-produced without sales being inhibited by consumer concerns over 
limited refueling availability” (Melaina, 2007, p. 4922). Cans, barrels, and home refueling 
pumps emerged concurrently with gasoline vehicles. Next came refueling at repair shops 
and curbside dispensers (both will be used to support EVs). The ability to “fast fuel” many 
vehicles at a location dedicated to refueling followed in 1915-24, long after the vehicles.  
The working assumption at this time, however, is that electric vehicles must have a network 
of public charging stations in place before electric vehicles are to be sold, if electric vehicles 
are to be successfully introduced into the market. The Electrification Coalition (2009) 
contends that the minimum number of public chargers per electric vehicle to be 1.5 in 2010, 
1.0 in 2020, and 0.5 in 2030. In Germany in 1914, there were 862 passenger EVs, 554 electric 
trucks, 270 commercial-and-mail three-wheeler EVs, and 3 private 3-wheeler EVs. There 
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were 39 charging stations, 13 for taxis only, 13 for mail vans, and 11 for private car owners 
(Mom, p. 252). In other words, there were 11 passenger car charging stations for 862 
passenger cars, which is 0.013 stations per car.  
Powertrain vs. Vehicle Body Technology. Study of the nature of the evolution of early 
gasoline automobiles illustrates rapid technological development which has an analogy for 
recent (and anticipated) battery chemistry developments. While the need for specific energy 
in batteries is well known, and was not a problem for gasoline powertrains in the late 1800s, 
specific power was indeed a problem. Presnell (1992) clearly illustrates the importance of 
rapid improvements in specific power for gasoline engines in Europe. The power from the 
original Benz car of 1885 to its volume production version jumped from “an estimated 1/5 
kW to around 2 kW”, from a single cylinder engine and with a maximum speed of 19 km/h. 
Light vehicle weight was initially necessary – the engine was mounted in a “tricycle”. By 
1899 Daimler – the first to produce a purpose built automotive engine - had developed a 
18kW 4 cylinder racer good for over 80 km/h. The Daimler automotive engine was one sixth 
the weight of a representative conventional stationary Otto four stroke engine of 1886. 
De Dion-Bouton in France also started with a modest engine – ½ hp mounted in a tricycle, 
soon switching to four wheels with a single cylinder engine design rated at 2.5 kW by 1900, 
and 6 kW in 1905 (Presnell pp. 12, 14) . This engine type provided the foundation for the 
early French automotive industry, being used in “a hundred different makes of vehicle in 
the 1898-1908 period and launched many a respected marque”, among them Renault 
(Pressnell, p. 12). 
The single cylinder engine in a small vehicle was also the starting point for sales of 
thousands of vehicles from a single manufacturer in the U.S. The curved dash, single bench 
seat Oldsmobile was “a clever exercise in minimal motoring” with “long springs giving a 
comfortable ride on poor roads”, with a “chug along” engine limited to 500 rpm (Presnell). 
The 1901 version of the Oldsmobile is reported by General Motors to have a 4 kW engine, 
increasing to 5 kW in the 1904 model (Generations of GM History: Heritage Center, 2011).  
Loeb emphasized the importance of consumer reaction to increasing power and speed in the 
early phase of the development of the automobile in the U.S., followed by ascension of the 
automotive virtue of utility realized in the Model T Ford. The desire for cost-effective 
mobility had been demonstrated by the Oldsmobile success. On both sides of the Atlantic, 
the power density of Otto cycle engines jumped in the 1890s, then leveled off in a mass 
produced engine design that was the foundation for production of tens of thousands of 
vehicles. Where France’s start was via mass production of a De Dion-Bouton single cylinder 
engine used by many vehicle manufacturers, Ford took this a step further and mass 
produced the whole vehicle, providing affordable and reliable automotive transportation to 
the middle class (Loeb, p. 75). The Ford Model T engine produced 15 kW. With two bench 
seats, this mass market car seated four or more people. The Model T weighed 544 kg, the 
single bench seat Oldsmobile 318. The Model T engine had four cylinders and 2.9 liters of 
displacement, while the prior Oldsmobile had a single cylinder engine with 1.6 liters of 
displacement (Vivian, 1994). The Model T engine power rating was unchanged throughout 
its nearly two decade lifetime, according to Naul (1978). 
Sulzberger stated that lead acid batteries of the time had to have 76 kg/kW. The 1897 Pope 
Columbia Electric Phaeton Mark III weighed 816.5 kg, 386 of which was battery. If the 
battery had achieved the best performance cited by Sulzberger, this would give 6.2 W per 
kilogram of vehicle weight. The Ford Model T had more than four times more kW/kg. 
Further, since the battery power number is likely a peak power rating, it is likely that the 
relationship of continuous power per kg was even more favorable toward the Model T. 
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Thomas Edison spent millions of dollars and years to develop better batteries, but, despite 
considerable improvement, increased cost was a problem too great to overcome for personal 
automotive use. 
The significant and rapid rise of specific power of Otto cycle engines in the 1890s was a key 
enabler of the initial success of the gasoline engine. More than two decades later, from 1926 
to 1935 the power of a base model Ford went from 20 to 95. There were similar, though less 
pronounced increases across all models (Naul, 1978, 1980). This second jump in engine 
power was undeniably a key cause of the final demise of the personal electric vehicle and 
taxi, and later the commercial truck.  
Today, the next wave of EVs is benefiting from a shift in battery chemistry to lithium-ion (li-
ion), a chemistry that not only provides higher specific energy; it also can provide 
considerably higher specific power (Kalheimer et al, 2007) ― nearly an order of magnitude 
more gravimetric specific power than the present NiMH battery chemistry in some 
circumstances. Dramatic improvement in performance capabilities of engines gave the 
gasoline vehicle its early foothold in small vehicles capable of carrying one or two 
passengers. A possible historical analogy is that an enthusiastic base of consumers finding 
the improved performance made possible by li-ion batteries has provided one anchor for the 
modern EV technology. The two-seat Tesla Roadster and BMW Mini EVs have been 
received relatively enthusiastically by those who drive them. Based in large part on 
reactions by drivers in its Mini EV tests, BMW is proceeding with multiple EV designs in 
four passenger vehicles, one of which will use lightweight composites and aluminum - a 
significant redesign of the vehicle body comparable to what Tesla has done with the 
Roadster. Tesla is also putting into production a five-plus-two passenger sedan, the Model 
S, with a stamped aluminum body rather than composites. Neither manufacturer is seeking 
a middle class market, but both do intend to produce “family sized” vehicles for 
performance oriented higher income consumers. 
The early mass market success of the gasoline engine occurred when the technology reached 
an acceptable plateau of capability that could be made available to middle income 
consumers via the cost reducing benefits of mass production. The De Dion-Bouton and 
Model T engines were produced in very large volumes, enabling cost reductions that in turn 
enabled vehicle pricing resulting in high volume sales. Nevertheless, these engines initially 
had to appeal to small markets, before mass production was achieved.  
For its hybrid vehicle design, the long-term possibility of profits at high volume (realized 
after several years) with reasonable cost was seen by Toyota in the early 1990s. Electric drive 
has today obtained a foothold in the heart of the automotive market because of this long-
term vision. The NiMH battery may not have been adequate for EV success, but it did allow 
the technology innovation of packaging of electric and conventional mechanical drive 
together in hybrids that has created the current general confidence in electric drive. In 
retrospect, no manufacturer in the 1990s was willing to gamble that the Nickel Metal 
Hydride battery chemistry would lead to levels of EV cost and performance that could 
result in mass market success.  

Lesson: mass market success of an alternative powertrain requires a technological leap in 
capability, initially supporting low volume sales to innovators and early adopters (most of 
them reasonably affluent), leading to mass production and cost reductions for its most 
critical components, making the technology affordable. 

Judgments of participants interviewed for the IEA HEV&EV Implementing Agreement’s 
Lessons Learned in Market Deployments of Hybrid and Electric Vehicles study was that 
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production in many tens of thousands ― perhaps triple digits ― is necessary for batteries to 
be cheap enough to allow EVs to be mass marketed. Predictions of cost reductions as a 
function of production volume by Kromer and Heywood (2007) and by Santini, Gallagher, 
and Nelson (2010) for lithium ion based battery chemistries are quantitatively consistent 
with these opinions. Nissan is taking the gamble that high volume production of lithium ion 
based battery packs will reduce costs adequately. In contrast to the choices of Tesla and 
BMW regarding lightweight body materials, Nissan is relying on a conventional steel body 
to keep costs low. The gamble is “Ford” like in the sense that Nissan is the only 
manufacturer committed to production and sale of one model of electric vehicle within the 
leading sales size class in the world. Nissan follows Toyota’s example, adopting significant 
corporate ownership of production of battery packs for the vehicle. Both the 
powertrain/storage system and vehicle body are to be produced in much higher volume 
than any other manufacturer has presently committed to. 
One question for the gasoline vehicle of the early 1900s is what might have happened had 
the specific power of engines not increased to the levels that made the four-plus-passenger 
Model T and numerous French body alternatives on standardized De Dion-Bouton engines 
possible? Would steam or electric powertrains have succeeded, or would the horse have 
held its large share of the market? It can be argued that attributes such as specific power and 
specific energy of the powertrain and fuel storage device(s) dictate the approach that must 
be taken with the rest of the vehicle body. Looking back at the start of the gasoline vehicle 
from 1885-1900, the EV-related efforts of Swiss manufacturers in the 1990s look similar, but 
success did not follow. Swiss EVs were small, lightweight, low speed, low acceleration 
vehicles to enable adequate range and performance. An emphasis was placed on light 
weight. Many experiments, with multiple battery chemistries, were tried. No successful 
standard model emerged. The Mendrisio experiment found that the majority of consumers 
chose a single vehicle type (Peugeot 106) from the established vehicle manufacturer that 
provided the best service. Among vehicle manufacturers interviewed in the IEA HEV & EV 
Implementing Agreement’s “Lessons Learned” study, Peugeot had made the biggest 
commitment to volume production in the 1990s, building a factory capable of producing 
20,000 vehicles. Yet this commitment, seen to lead to the most success among Mendrisio 
participants, was not adequate, given consumer response to the vehicle capabilities and 
costs. Only thousands of Peugeot electrics were sold in the best year. 
Multiple participants in the “Lessons Learned” study have said that changes in consumer 
behavior are necessary if EVs are to succeed. Mom shows that such thinking by electric 
vehicle proponents was also common in the early 1900s ― the EV advocates attempting to 
convince potential customers that lower performance was a desirable attribute. Toyota 
participants expressed the opinion that consumer preferences would have to change, and a 
Swiss consultant argued that a change to a “future oriented attitude” was necessary. It is 
clear that over a century’s time households (and entire economies) did adapt their behavior 
to the features of the gasoline vehicle. However, the question is one of cause. Did the vehicle 
entice a change in behavior, or did consumer behavior shifts enable the vehicle to succeed? 
The former direction of cause seems more plausible. Mom saw the gasoline automobile 
“culture” as one that was imposed on all other modes of travel, pushing them aside in favor 
of the needs of the gasoline automobile. “The building of an automobile only highway 
network was forced on the users … the highly functional flexibility … led to the collapse of 
one of the densest regional tramway systems in the world.” (Mom, p. 296). 
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Lessons: Batteries ― even lithium ion ― are inadequate to allow consumers to purchase EVs 
without adapting their behavior. Since large changes in behavior are unlikely in a short period of 
time, EV designs must provide a large fraction of the mobility provided by the competing means 
of travel. If an EV design competes with a small volume gasoline vehicle type (such as a two seat 
passenger car), it will not gain a large share of the national market even if it is successful against 
its competition. 

A fundamental question is whether the powertrain/storage system dictates the vehicle 
body, or does the vehicle body dictate the powertrain/storage system? For the Nickel Metal 
Hydride (NiMH) chemisty, the Toyota Prius, quite conventional in many respects, adapted 
the vehicle body a bit, and the powertrain/storage system a lot, and captured half of the 
market for hybrid powertrains in the U.S. The Prius designers did choose to avoid too much 
weight and cost in the sense that the battery was made as small as possible and no plug-in 
feature was attempted. In this case, the relatively advanced battery design was adapted to 
rigid short term consumer expectations and behavior, assuming that only slight changes in 
the vehicle body would be accepted. Mom saw the success of the gasoline powertrain as one 
of successful adaptation first, using existing coachwork, roadways and fueling 
infrastructure. This led to the lowest cost among the competing powertrains during the take-
off phase, only later leading to establishment of redesigned coachwork, roads and fueling 
infrastructure.  
To allow batteries available to succeed in an electric vehicle in the 1990s, GM chose to 
develop an entirely new 2 seat body design that would hopefully provide an enticing 
combination of performance attributes ― even with lead acid batteries. Here the attempt was 
to spend money on the body in order to make the initially inexpensive, proven battery 
chemistry workable. This body and battery package was very popular with very few 
consumers. The limitations of the batteries required plastic and aluminum rather than the 
steel used in the Prius body, and a body shape achieving a coefficient of drag of 0.19, well 
below the 0.26 value for a Prius. With far less financial resources, multiple Swiss innovators 
also attempted to develop an entirely new vehicle body configuration, emphasizing very 
light weight to enable lead acid, nickel cadmium, and sodium sulfur batteries to provide 
adequate performance to meet relatively inflexible consumer expectations. Neither GM nor 
the Swiss were able to achieve sales rates that promised reaching production volumes 
necessary to succeed. They had in common an initial attempt to succeed in a very small 
market niche ― a smaller than average utilitarian vehicle with conventional (or worse) range 
and top speed in comparison competing gasoline vehicles. Recognizable power fade as the 
battery depleted was an issue. 
Attempting to take advantage of the greater specific energy and power of li-ion more than a 
decade later, the $100,000+ Tesla roadster EV designers sought a different two-seat vehicle 
niche market ― the high cost, high performance segment. Tesla engineers recognized there 
was still a need for a very lightweight body. Aluminum and carbon fiber are used for light 
weight, with a few parts common to the Lotus Elise, a lightweight sports car that uses a 
similar aluminum frame, but does not use carbon fiber body panels (Siry, 2008). 
Performance and range well beyond that of an EV1 were demonstrated in a two seat vehicle. 
The much less expensive (than the Roadster) base version of the coming Tesla Model S 
sedan will use a less expensive aluminum body. Though slower and with less range than the 
Roadster, it will accelerate faster and achieve greater range than an EV1, and be capable of 
seating 5 adults and two children, but its price is to be more than $20,000 more than the 
EV1’s nominal $33,000 price (EV1’s were leased, not sold). 



Plug-in Electric Vehicles a Century Later –  
Historical lessons on what is different, what is not? 

 

49 

A study of the design of the EV1 and the Chevrolet Volt demonstrates a lot of commonality 
in component placement and configuration. Acceleration capability is no longer the primary 
selling point, and the vehicle has four seats, more suitable for the middle class market. 
Nevertheless, a gasoline engine is included because of concerns over charging 
infrastructure. While prices of Prius HEVs are within the reach of the U.S. middle class, the 
Volt, produced in tens of thousands, at a base list price double that of the Prius, is not. The 
Nissan Leaf, to be produced in hundreds of thousands uses a conventional steel body. It is 
priced below the level of the Volt, but still expensive relative to a conventional gasoline 
vehicle of the same size, and compared to the Prius. U.S. subsidies of $7500 per vehicle will 
help, but battery costs must come down (or oil and gasoline prices rise) for high volume cost 
competitiveness in the U.S. market. 
Estimates of 2020 costs of an electric vehicle similar to the Leaf, produced at volumes of 
100,000 per year, are for a “generic” advanced lithium ion battery pack cost of $9340, 27% of 
the estimated $34845 first cost of the vehicle and its supporting infrastructure (derived from 
estimates based on simulations supporting Santini et al, 2011 [vehicle] and Santini, 
Gallagher and Nelson, 2010 [li-ion battery pack]). La Schum quoted cost of an electric truck 
in his 1924 book as $3030 without the battery, and $970 on average for the battery (Mom, p. 
245). The share of battery cost then was 24%, less than the above estimate for 2020. Thus, the 
generic issue of high capital cost for batteries remains a problem nearly a century later. 
Limited range and limited top speed relative to the competitive gasoline vehicle also remain 
a potential problem, though top speed appears to be much closer to that for gasoline now, 
than was the case in the early 1900s. 

4. Waves of History II: Motivations for Re-introduction, 1965-2011 

In a recent presentation, Mitsubishi dates three “waves” of modern interest in EVs (Wing, 
2010). The first wave was in the 1970s, in response to the U.S. “Muskie Act of 1970”, which 
dealt with tailpipe emission reductions. The second started in 1990 as a response to 
emerging concerns over global warming, and to California’s Zero Emissions Vehicle (ZEV) 
regulation. The third was dated as starting in 2002 as a response to oil dependency. This 
section discusses these motivations for re-introduction of electric vehicles, along with the 
evolution of the technologies attempted. 
In the 1890s the electric passenger car did not prove to be a viable competitor for personal 
transportation ― even in urban areas. However, it is not true that electrified transportation 
failed. Quite the contrary – electrified subways and street railways were built in significant 
numbers in major urban areas in the 1890s and early 1900s (Middleton, 1974), sharply 
reducing the urban waste problem from both the horse and the iron horse. Horse manure 
and decaying horse carcasses were both significantly reduced. Smoke from steam powered 
street railways was not eliminated, but it was removed to more distant central generation 
stations. In later decades, gasoline buses and cars first helped in finally eliminating the 
horse, and eventually eliminated electrified urban transportation, in many cases 
contributing positively to reducing particulate emissions from power plants. Particulate 
emissions reduction efforts came first because this was an obvious pollutant, dirtying 
clothes and building facades. Only after the automobile became dominant and scientific 
discoveries about the deleterious effects of tetraethyl lead and ozone accumulated, did this 
less obvious pollution from the tailpipe of the passenger car become evident.  
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A new reason for considering EVs is their absence of dependence on oil, now an import 
concern in both the U.S. and Europe. Fuel imports were not a concern in the U.S. in the early 
1900s. In fact, oil discoveries in the U.S. clearly played a positive role in the adoption of the 
gasoline vehicle at that time. Soon after WWII, automakers in two nations without domestic 
oil resources produced EVs for a short while. Nissan mentions that its founding company 
offered an EV for a few years after WWII (Nissan, 2011). PSA also mentioned to this Annex 
that it had developed an EV in 1945. Otherwise, it appears that no post-WWII EVs were 
commercialized by major automakers until the 1990s, after several noteworthy developments 
in the late 1980s. However, EV research began earlier. Due to air pollution concerns that first 
became evident in California, EVs began to be investigated by automakers again in the 
1960s.  
In fact, the very success of the gasoline-fueled internal combustion ICE in the U.S., in one of 
the leading oil producing states at the time, contributed to the emergence of the second most 
populous city, Los Angeles, on the West Coast, facing Asia. That location later played 
strongly into interactions with Japan. Where New York ― a state without oil resources ― 
had been developed at high density with considerable use of electricity for transport via a 
sophisticated subway and electrified commuter rail network, the early electric commuter 
system in Los Angeles was abandoned for the bus. Los Angeles thrived and grew rapidly, 
but the emissions of gasoline vehicles, trapped within a basin surrounded by mountains, led 
to unacceptable air pollution, in the form of ozone.  
In the 1960s, California began studying the effect of gasoline vehicle related emissions of 
hydrocarbons and nitrogen oxides on ozone, finding that both were important contributors. 
Regulatory institutions were put into place and regulations were adopted, first to reduce 
hydrocarbon emissions from tanks that stored gasoline and other hydrocarbons, then from 
gasoline vehicles themselves. The emerging research and success in developing emissions 
reducing technology in California led to recognition nationwide that gasoline vehicle 
emissions would have to be reduced sharply if the nation was to continue to rely on the 
automobile as the foundation for its transportation. In 1970, the “Muskie Act”, the Clean Air 
Act Amendments of 1970, was passed. Amending an original 1963 law, this law has recently 
been cited by both Toyota and Mitsubishi as a watershed event affecting their work on 
future powertrain technology for the automobile. Both Takehisa Yaegashi (revered within 
Toyota as 'the father of the hybrid') and Masatami Takimoto (Fairley, 2009) said that this Act 
was instrumental in causing Toyota’s engineering department to begin reevaluating the 
powertrain for automobiles. Electric vehicles and hybrids were among the powertrains 
evaluated at the time. Takimoto dates Toyota’s evaluation of “all kinds of hybrid systems” – 
series, parallel, mild, full – from 1969. Since 1969 precedes the passage of the Muskie act, we 
presume that Toyota was tracking the events in California and Los Angeles and regarded 
these as potentially important for its long-term market development.  
Mitsubishi also cited the Muskie Act of 1970, and mentioned their Delica EV (a passenger 
van) and Minica EV (a two door sedan) at that time (Wing, 2010). General Motors’ recent 
placement of its “first” EV, in a historical timeline, was the 1966 Electrovan (Mathe, 2010). 
This date also precedes the Muskie act, suggesting that emerging air pollution concerns in 
CA were having an effect on GM as well. The date also opens the possibility that Toyota and 
Mitsubishi were partially responding to GM and California initiatives and the Muskie Act 
only reinforced the desire to investigate alternative methods for tailpipe emissions 
reduction. A recent timeline on the history of the electric car by America’s Public 
Broadcasting system says that in 1966 
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Congress introduces the earliest bills recommending use of electric vehicles as a means 
of reducing air pollution. A Gallup poll indicates that 33 million Americans are 
interested in electric vehicles. 

The 1966 co-dating of GM’s Electrovan and introduction of bills in Congress (introduction 
does not mean that the bill became law) and the Gallup poll suggests that tailpipe emissions 
concerns were already a significant U.S. national issue before 1970. 
GM’s timeline also shows one of the most successful low volume EVs ever, the 1972 Lunar 
Rover (Matthe, 2010). PSA reported to the IEA Annex that it had prototype electrified 
versions of the 17 and 104 models in 1972. These vehicles used lead acid batteries. BMW 
(Schamer, Lamp and Hockinger, 2010) dates its first EV at 1972, using lead acid and 
attaining a range of 30 miles. Their next BMW citation was 1987, based on the sodium sulfur 
battery chemistry, which had taken 20 years of development before being put into an 
automobile. These actions clearly predate the 1973-74 world oil price shock, subsequent 
1974-75 collapse in automotive sales, and recession.  
In May, preceding the October 1973 attacks on Israel by Egypt and Syria, and the 
subsequent Arab Oil Embargo that precipitated the oil price shock, Lee Iaccoca of Ford had 
solicited a long-term assessment of automotive powerplant options. The study solicitation 
award was made in Dec. of 1973. This study ― “Should we have a new engine?” ― was 
completed in August of 1975 by the solicitation winner, the Jet Propulsion Laboratory 
(Stephenson, 1975). The study concluded that it was clear that Brayton and Stirling engines 
should receive research funding as improvements were made to the internal combustion 
engine until these technologies could succeed. Electric vehicles and hybrids were regarded 
as undesirable (Lindsley, 2006). As the study progressed, Electric Vehicle Symposium 
Number 3 was held in 1974 in Washington DC. The Electric Auto Association (2005) 
considers the introduction of the two seat Sebring-Vanguard CityCar in Feb. (five months 
after the initiation of the Arab Oil Embargo) at the Symposium as a noteworthy event. The 
CitiCar had a top speed of 64 kph. 
Despite the Jet Propulsion Laboratory’s recommendation that research not be pursued on 
electric vehicles, the U.S. Public Braodcast System (PBS) (2009) indicated that, a year later, in 
1976 

Congress passes the Electric and Hybrid Vehicle Research, Development, and 
Demonstration Act. The law is intended to spur the development of new technologies 
including improved batteries, motors and other hybrid electric components. 

Several electric vehicles – generally small and low volume – were produced worldwide in 
the 1970s (Anderson and Anderson, 2010), though none by large OEMs. These appear to 
have been supported and perhaps inspired by the high oil prices of the period. None are 
mentioned after 1983 (About.com, 2011, Public Broadcast System, 2009, Anderson and 
Anderson, 2010, Electric Auto Association, 2005). Variants of the CitiCar were produced 
until 1982, with total production about 4000 vehicles. Oil prices peaked in 1981, declined 
steadily until 1985, then dropped precipitously. 
In 1985 the Swiss initiated the “Tour de Sol”, a Swiss solar car race that was held every year 
until 1993, promoting development of solar technology. This was the first solar car race. 
Mercedes Benz sponsored the winning entry (Muntwyler, 2011). In 1987 the first World 
Solar Challenge race in Australia was run, over a distance of 1877 miles. General Motors 
sponsored the winning car in this race, the Sunraycer. Also in 1987, after a period of 15 
years, BMW developed its second EV conversion vehicle, a 325 model with a sodium sulfur 
battery (Schamer, Lamp and Hockinger, 2010).  
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In the United States, an unusually hot summer in 1988 was accompanied by a jump in 
average national ozone levels, after several consecutive years of decline. In 1988 Roger 
Smith of General Motors “agrees to fund research efforts to build a practical consumer 
electric car” (Public Broadcasting System, 2010). From 1988-1990, oil and gasoline prices 
once again rise significantly, though not as severely as in 1973-74 or 1978-81. Nevertheless, a 
U.S. recession follows. The Aerovironment company prototype arising from the 1988 
agreement, the two seat lightweight aerodynamic electric sports car, the “Impact” is 
introduced at the Los Angeles auto show in 1990 and the California Air Resources Board 
passes its Zero Emissions Mandate, requiring 2% of the state’s sales of vehicles to consist of 
vehicles with zero tailpipe emissions in 1998, rising to 10% by 2003.  
Another influence was also emerging. In 1988 the United Nations established the 
Intergovernmental Panel on Climate Change (IPCC), and in 1990 the first Assessment 
Report of the Panel was released (IPCC.org). This report served as the basis for negotiating 
the 1992 United Nations Framework Convention on Climate Change (UNFCCC) in Brazil. In 
Europe and Japan, the significant emerging concern over global warming being codified by 
the United Nations also promised significant change to come in the those markets. 
BMW developed an “E1” EV in 1991 using the sodium sulfur battery, and another EV based 
on the 325 model in 1992, now using the high temperature sodium nickel chloride (Zebra) 
battery. By 1993, Germany had set up field tests of 60 electric vehicles on Reugen Island. In 
1992, Ford placed into service a fleet of 80 small vans – the ECOSTAR ― in Europe and the 
U.S., using the Zebra battery.  
Based on interviews conducted by the IEA HEV&EV Implementing Agreement’s “Lessons 
Learned” study, Japan and its automakers ― who held a significant share of the California 
market ― reacted strongly to the announcement of the GM Impact and the ZEV mandate. 
Throughout the 1990s, worldwide concern over GHGs began to emerge, along with 
agreements to develop greenhouse gas reduction strategies. In mid-decade, domestic 
pressure on automakers in Japan to meet previously agreed national fuel efficiency goals 
and to show significant progress before the 1997 Kyoto Japan meeting on climate change led 
to acceleration of Toyota efforts to implement electric drive technology to improve fuel 
efficiency.  
Early in his administration, Al Gore, U.S. Vice President, began promoting research on very 
high efficiency vehicles. Congress funded this multi-agency, multi-manufacturer 
“Partnership for a New Generation of Vehicles (PNGV)” research in 1993, but would not 
support U.S. participation in international agreements to reduce GHGs. Hybrid powertrains 
were among the technologies chosen to enable very significant improvements in fuel 
efficiency, but significant research on electric vehicles was not a part of the program due to 
probable functional limitations including range, speed of “re-fueling”, package space and 
infrastructure concerns. Battery research was supported, but not vehicle research.  
Toyota responded to pressures from its government, California’s government, and the U.S. 
research program supporting three of its competitors with an aggressive effort to develop a 
much more fuel efficient mass market vehicle that would allow Japanese consumers to move 
up to a larger, but considerably more fuel efficient vehicle than their leading world seller, 
the Toyota Corolla. This vehicle was named the Prius, which in Latin means “to go before”. 
The first generation of the Prius was only sold in Japan. After a degree of reliability was 
assured, the Prius was sold in the U.S. In each generation it became larger, faster, and more 
fuel efficient. It moved from an initial U.S. size classification of compact car up into the 
midsize category in 2004. 
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In the late 1990s electric vehicles were produced and evaluated by Toyota in both Japan and 
California, but were abandoned ― for reasons similar to those given by PNGV for not 
focusing on electric vehicles.  
After the oil price shock of 1988-90, oil prices had been relatively stable for nearly a decade. 
Concerns over availability of oil had subsided. Test fleets of EVs were placed in service in 
California in the late 1990s. Volumes produced by each manufacturer were generally less 
than 1000. Automakers decided to oppose the introduction of EVs in other states and legally 
opposed any expansion of California’s ZEV mandate to other states in the U.S. At the turn of 
the century, production was halted and cars were reclaimed by some manufacturers. All but 
Nissan used Nickel Metal Hydride or lead acid batteries. Nissan produced a few EVs using 
lithium ion batteries, now regarded as very promising. Among the participating 
manufacturers, Nissan was under the greatest financial stress. It too halted EV production. 
Gasoline vehicles had become far more efficient and far cleaner. Once again, improvements 
in the gasoline vehicle held the electric vehicle back.  
Even an oil price increase from 1998 to 2000 did not revive interest in EVs by automakers 
and Congress. The PNGV project had led to production of a fuel cell hybrid by GM. This 
was also a zero tailpipe emissions vehicle which did not have the range limitations of an EV. 
California, major world automakers and oil companies agreed to a Fuel Cell Partnership to 
develop hydrogen fuel cell vehicles. The ZEV regulations were restructured. For several 
years, attention turned to fuel cell vehicles. 
During this period, the lithium ion battery chemistry was completely supplanting NiMH in 
consumer electronic applications. The price and performance of cells with this chemistry 
were rapidly improving. Theory said that this chemistry could realize greater energy and 
power density than NiMH (Kalheimer et al, 2007). This was being proven in practice.  
In 2003, four years after California and major automakers had shifted attention to fuel cells, 
Tesla motors was formed with the intention of producing a high performance two seat 
electric sports car. In a 2006 presentation to the California Air Resources Board, Tesla 
compared its coming roadster to high performance sports cars selling for prices of $100,000 
to half a million and more (Eberhard, 2005). A key point of the presentation focused on 
delivery of miles of service per unit of original feedstock by the roadster in comparison to 
conventional high performance vehicles powered by internal combustion engines. Perhaps 
the key slide was the one comparing miles of service from wind, solar, hydroelectric and 
geothermal power via electricity vs. hydrogen. Although it must be remembered that the 
vehicles compared differed significantly in terms of range, the Tesla comparison 
dramatically favored the electric pathway.  
Another slide highlighted the side effect of greater efficiency – less use of land resources. It 
may not be obvious, but this point is one that goes beyond computation of oil saving, 
tailpipe emissions reduction, and GHG reduction. For both an electricity-to-electric-vehicle 
pathway and an electricity-to-hydrogen fuel cell vehicle pathway, the oil savings, tailpipe 
emissions reductions, and GHG reductions will be about equal per mile. For tailpipe 
emissions and GHG reductions, since the pathways have nearly zero emissions, 
comparisons of pathways with different numbers of miles of operation will look the same if 
expressed on a percentage basis – about 100% reduction. However, the pathways may differ 
considerably in another respect, even when compared on the basis of percentage change. 
The fourth respect is “sustainability” – the more miles of service from a given feedstock, the 
more sustainable the resource base. 
Distilled, what Tesla was arguing is that if the vision is a sustainable future for 
transportation based on use of renewable fuels, Tesla had identified a market niche where 
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that transportation can be provided at lower cost with greater levels of service than 
hydrogen (or gasoline or biomass). Looked at another way, the argument was that, for any 
single renewable fuel examined, more miles of service can be provided by electric drive in 
modest range electric vehicles than if fuel cell hydrogen vehicles were used for the same 
purpose. Although it may be true that an electric vehicle cannot be anticipated to be a 
universal replacement for gasoline, due to its range and refueling time limitations, it does 
now have a widespread refueling infrastructure available and it can be started in market 
niches at much lower cost than fuel cell vehicles. 
 In the following year at the 23rd Electric Vehicle Symposium in Anaheim CA, a paper was 
presented that showed that this general argument also holds true for fossil fuels competing 
with oil, most notably for natural gas used to generate electricity in combined cycle power 
plants (Gaines et al, 2008). It appears that a proper generalization is that once a fossil or 
biomass fuel feedstock is gasified, it is more efficient to use the gas to generate electricity 
and provide electric drive than to turn that gas into a liquid for use in internal combustion 
engines, or to convert it into clean hydrogen for use in a fuel cell vehicle. For wind, solar, 
hydro and geothermal, the lesson is to never produce a gas (hydrogen), use the electricity 
directly. The critical caveat remains that this applies to probable niche vehicles with modest 
amounts of electric range compared to typical gasoline and fuel cell vehicles.  

Lesson: for any single fuel/feedstock pathway, with technologies plausible in the near term, more 
miles of service can be provided via that feedstock by electric drive in modest range electric 
vehicles than if fuel cell hydrogen vehicles (or liquid fuels from that feedstock in ICEs) were used 
for the same purpose. 

Tesla, selling its high performance roadster at a cost that undercuts many exotic sports cars, 
has since sold over 1200 of the roadsters. GM produced less EV1s and did not sell any. It 
only leased them. Though Tesla has yet to sell as many roadsters as 1970s CitiCars sold, it 
undoubtedly sold far more kWh of battery pack capacity and far more dollars of value of 
EVs by early 2011, then being the U.S. leader in these terms. Tesla production took 
advantage of a degree of pre-existing volume production for components. The roadster was 
produced by re-engineering a Lotus Elise body and frame. As of 2003, the Elise had been in 
production since 1995. 17000 had been produced (Conceptcars.com., 2003). Lithium ion cells 
used in the battery pack of the Tesla were standard commercial cells that had been perfected 
via several years of production for consumer electronic applications.  
Price remains an issue. The Lotus Elise sells at a price of about $50,000, while the Tesla 
Roadster sells at a price of over $100,000. The Tesla Roadster accelerates to 60 mph faster 
than the Elise [3.7 (Tesla, 2011) vs. 4.4 (Zero to Sixty Times, 2011)], but has a lower top speed 
(125 mph vs. 150 mph). Its “acceleration feel” to an owner may be superior to the Elise 
because of the high initial torque available for start-up acceleration. 
As Tesla developed their roadster for the performance market niche, oil prices continued a 
steady rise, reaching levels in 2008 that caused a widespread international collapse in 
automobile sales. Due to the encouraging long-run environmental and sustainability 
arguments on behalf of electric drive relative to hydrogen fuel cells, governments began to 
shift funds and commitments toward electric drive in plug-in hybrids and electric vehicles.  
Thanks in part to subsidies and to oil prices through 2008, the world market share of 
hybrids rose steadily through 2009. First the U.S. adopted subsidies, then Japan. 
The technical possibility to convert a 2004 generation Prius to a plug in hybrid was 
demonstrated by the organization CalCars, using lead acid batteries. Multiple companies 
then produced prototypes making use of lithium ion battery packs. In 2008 the battery 
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manufacturer A123 purchased the company Hymotion, then safety certified and produced a 
5 kWh lithium iron phosphate battery pack Prius plug-in conversion for $10,000. U.S. 
Government testing of a fleet of plug-in Prius vehicles is demonstrating some of their 
strengths and weaknesses.  
For European high performance vehicle manufacturers, electric drive offers the opportunity 
to meet ever tightening carbon dioxide emissions regulations while still selling vehicles with 
the historical level of performance customers expect. Several European OEM’s that focus on 
high performance are now developing extended range electric vehicles conceptually similar 
to the Chevrolet Volt, but with considerably higher power. 
To overcome the battery pack cost problems of the Tesla, assuming middle class customers, 
the Leaf uses a battery pack whose much larger, next generation “prismatic” cells are 
designed for automotive use. The new battery cell and pack redesign requires very high 
volume production to allow moderately competitive costs. Battery research is progressing 
steadily, with promise of favorable lifetime cost reductions for selected customers of plug-in 
vehicles using coming generations of lithium-ion-based automotive batteries. Few OEMs 
expect plug-in vehicles to become dominant technologies in the next decade or two. 
However, many now expect them to succeed in large enough numbers, at low enough costs, 
that the risks of not producing them are greater than the risks of producing them. Many are 
choosing to pursue a portfolio of electric drive technologies, including hybrids, plug-in 
hybrids, and electric vehicles.  
The desire by both existing and new automakers to develop and produce vehicles that will 
sharply reduce oil use has become powerful. Due to the emergence of concerns over 
greenhouse gases, the desire for minimum emissions ― close to zero ― has shifted from just 
the tailpipe to the entire fuel delivery pathway. To the detriment of the hydrogen fuel cell 
option, this shift in thinking has changed the perspective on use of both renewable and 
fossil feedstocks for the provision of vehicle miles of service. Electricity ― properly 
implemented ― appears to be the best technically feasible near term alternative for 
enhancement of sustainability of transportation in personal light duty vehicles. 
Unfortunately, due to the cost of electric drive, less sustainable alternatives will continue to 
hold the majority of the market for the foreseeable future.  

5. What is different this time, what is not? 

At this time the automobile industry is well established, with very large manufacturers. 
One, Nissan is planning for very high volume EV production in a short period of time. 
Based on the one comparison made here, the additional initial cost of electric vehicles, on a 
percentage basis, does not appear likely to be much different than in the 1920s. Thus, the 
need to heavily utilize the vehicle in order to pay back the added costs of purchase remains 
very important (Kley, Dallinger and Weitschel, 2010; Santini et al, 2011). Accordingly, the 
kinds of financially attractive market niches for electric vehicles today are probably very 
similar to those in the early 1900s. However, the extent of these markets is now considerably 
greater. The competition now is only with the internal combustion engine using refined 
petroleum products, not the horse. The share of population in suburbs in the U.S. is also far 
greater, as is the general affluence of the population. 
The performance of the Nissan Leaf electric remains to be evaluated by auto magazines and 
the U.S. Department of Energy, but initial information indicates that it will be competitive or 
better than gasoline vehicles of the same size with base engines (My Nissan Leaf, 2011; 
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Autoblog, 2011). It is clear that this generation of electric vehicles using lithium ion battery 
packs (Nissan Leaf, BMW Mini-E, Tesla Roadster) has significantly better acceleration 
performance than comparably sized vehicles using nickel metal hydride battery packs in the 
1990s (Idaho National Laboratory, 1996a&b, 1999a&b, 2009, My Nissan Leaf, 2011), and 
higher top speed. A Nissan auto show presentation indicates that the Leaf has the fastest 0-
48 km/h time of any Nissan vehicle sold (Nissan, 2011). Thus, the response of consumers in 
everyday urban and suburban driving, on neighborhood, feeder, and arterial roads with 
stop signs and stop lights, and speed limits of 88 kph and less may be very favorable.  
Based on interviews of those who tested the BMW Mini-E, the range of today’s electric 
vehicle using lithium ion batteries is adequate for most needs, but consumers want a 
charging infrastructure, apparently to be able to use the electric on days when driving 
distance exceeds the range (Presse Box, 2011). Unless consumers have a strong preference 
for the EV for its rapid initial acceleration capabilities, financial calculations imply that 
driving less kilometers per day than the range of the electric vehicle will not be financially 
desirable in the United States at current and somewhat higher gasoline prices (Santini et al, 
2011). Recent evaluations for Europe indicate that fuel taxes (much higher than in the U.S.) 
will cause EVs and PHEVs to be financially attractive there. However, with “untaxed 
numbers no PHEV or EV was selected for any battery price.” (Kley, Dallinger and Weitschel, 
2010). As has been discussed, Europeans drive less kilometers per day on average than in 
the U.S., and at lower average speed, which tends to offset the EV favoring effects of higher 
fuel prices there. Further, expectations for top speed in some nations with limited access 
highways allowing much higher speed than in the U.S. may work against these EVs, which 
continue to have somewhat limited top speed relative to competing gasoline vehicles. For 
metropolitan area driving on limited access highways, it appears that coming EVs will have 
adequate top speed (135-145 kph). In most U.S. urban areas speed limits on such highways 
are 88 kph, though actual speed often significantly exceeds the limit. For inter-city travel on 
U.S. Interstates, speed limits vary, but consistently range from 104 to 120 kph, with higher 
speeds not unusual. Modern full function EVs using lithium ion battery packs will be 
capable of going fast enough on U.S. Interstates, but the effects on range will be a significant 
issue. 
Many households now own a fleet of vehicles, so it is now possible for many middle income 
households to mix a gasoline and electric vehicle in a two car fleet, optimizing the use of the 
pair of vehicles. Electric service is available in almost every dwelling, though garage and 
carport space is not. The proportion of households living in urban and suburban areas is far 
greater than it was in the early 1900s. While the capability of driving off-road and on dirt 
roads remains a selling point for some consumers today, it is no longer a need of the 
majority of customers for motor vehicles, as it was in the U.S. in the early 1900s. 
Culturally, the car is less an “adventure machine” than in the early 1900s. Aircraft are often 
used for trips out of town, rather than the highway vehicle. Those who are very affluent are 
likely to use air travel to a significant degree. From a financial viability perspective this will 
actually hurt the EV for this customer base, because the EV will be used less days per year 
than by less affluent consumers who do not fly as often.  
An adequate road network exists today, with very great functional flexibility in choice of 
destinations. As in the 1900s, there remains a need for reliable low rolling resistance tires 
particularly for EVs. EVs and “extended range electric vehicles” (EREVs) are consistently 
using lower rolling resistance tires than are gasoline vehicles.  
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For the U.S., the establishment of a petroleum products delivery infrastructure before the 
advent of the gasoline car was an advantage, which was reinforced by the discovery of 
abundant oil supplies. Today, the U.S. has built a considerable number of efficient combined 
cycle natural gas powerplants to serve air conditioning demands, creating a high 
summertime peak and a deep and wide summertime overnight trough. In their recent 
assessment of the use of electric power by plausible, but optimistic numbers of plug-in 
hybrids, Argonne National Laboratory scientists (Elgowainy et al, 2010) estimated that the 
vast majority of power would be provided by already existing combined cycle natural gas 
powerplants. In the meantime, significant new resources of shale gas have become available 
in the U.S. (and probably elsewhere in the world) as a result of developments in drilling 
technology (Energy Information Administration, 2011). Thus, today the plug-in electric 
vehicle also has the benefit of a widely available existing electric delivery infrastructure 
whose electricity can be generated by an abundant resource, natural gas. The petroleum 
delivery infrastructure today appears to be at risk of dependence on expensive oil resources 
whose production may be reaching a worldwide plateau, while worldwide demand 
continues to rise.  
Environmental motivations by the affluent today are far different than in the early 1900s. 
Due to dramatic improvements in the gasoline vehicle, reduction of local noise and smell are 
much less a concern today, though they remain a factor. Nitrogen oxides and particulate 
emissions of the diesel have become a concern in Europe, where diesel emissions regulation 
had been more lax than for gasoline. However, the leading new environmental concern for 
many affluent vehicle consumers and many national governments is global warming. The 
perception of the environment has changed. Escape from this environmental problem by 
moving to a different location (such as suburbanization in the U.S. in part to escape dirty 
industrial core cities) is no longer a possibility. Thus, changing the choice of technology to 
one with less global warming effect ― rather than moving away from pollution ― is a higher 
priority for those affluent consumers who wish to contribute to mitigating this problem. 
Plug-in electric vehicles are seen as enabling technology that can enhance the technical and 
economic feasibility of electrical generation with wind and solar power, two ultimate clean 
sources of such power. Combined cycle natural gas powerplants, relatively clean among 
fossil fueled power plants, have technical flexibility to vary load rapidly, creating the 
possibility of synergism with fluctuating wind and solar.  
Thus, as in the early 1900s, the perception of the electric vehicle as a clean environmentally 
friendly vehicle remains important, though with a significant change in perspective.  
Neither the U.S., nor Europe is growing as rapidly as in the early 1900s. New single family 
dwelling units, which can most inexpensively be designed to allow for plug-in vehicle 
charging ― retrofit costs for existing units being much higher ― are certainly not being built 
at a rate proportional to the growth in the early 1900s, so neighborhood and dwelling unit 
charging infrastructure costs will be relatively higher. 
Since solar and wind resources are consistently exploited locally, these ultimately clean 
resources also have the benefit of reducing oil imports for the U.S. and Europe, which is a 
much greater concern than it was in the early 1900s. Similarly, shale gas also appears to offer 
many nations an enhanced opportunity to substitute another domestically produced 
transportation energy source for imported oil (Energy Information Agency, 2011). 
The final key difference is that the hybrid electric vehicle has established a relatively steadily 
increasing market niche since the 1990s, while this technology was unsuccessful relative to 
the electric vehicle in the early 1900s. For the Kreiger hybrid of a few years after 1900, the 
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battery pack accounted for 25% of the vehicle mass (Mom, p. 126); for the 2004 Prius, the 
pack accounted for 3.5% of vehicle mass. Obviously, there are many other critical 
developments that have enabled hybrids to succeed, but minimizing pack size needed is 
certainly an important one. 
It is being demonstrated that a plug-in adaptation of a hybrid can be developed, and that 
“electric vehicles” can be modified to include an engine and generator and use gasoline to 
extend the range. Engineering and cost evaluations of several different configurations of 
plug-in hybrid and range extender electric vehicles have been conducted (Kromer and 
Heywood, 2007; Passier et al, 2007; Moawad et al, 2009; Shiau et al, 2009; Axsen, Kurani and 
Burke, 2010, Kley Dallinger, and Weitschel 2010; Propfe and de Tena, 2010; Santini et al, 
2011). The conclusions of those studies that have examined cost is that the plug-in hybrid 
with 4-8 kWh of battery pack storage will be more cost effective than the extended range 
electric vehicle with 12-16 kWh of battery pack, which in turn will be more cost effective 
than the electric vehicle with 160-320 km of range and 24 kWh or more of battery pack. As 
battery costs drop, the financial viability of the vehicles with more and more battery pack 
capacity increases (Shiau et al, 2009; Kley, Dallinger and Weitschel, 2010; Propfe and de 
Tena, 2010). However, the decline in battery pack costs does not eliminate the desirability of 
plug-in hybrids and make electric vehicles win; it makes a more diverse mix of plug-in 
vehicles desirable. At anticipated 2020 battery pack costs, and historical oil prices, 
unsubsidized 4-5 passenger personal light duty electric vehicles are not estimated to be 
financially attractive for the vast majority of consumers. 
Thus, the engineering cost evaluations imply that the first step in the next wave of 
electrification of the motor vehicle is adaptation of the hybrid ― further gradual 
electrification of the conventional powertrain, not a jump to an emphasis on pure electric 
drive. If electrics are to be implemented, it can be expected that choice of the best market 
niches will be critical ― as it was in the early 1900s ― and initial market shares will be small. 
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operations period can be found in the Annual Reports of the Hybrid and Electric Vehicle 
Implementing Agreement (http://www.ieahev.org/publications/index.html). 
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What is the Role of Electric Vehicles in a Low 
Carbon Transport in China? 

Jing Yang, Wei Shen and Aling Zhang 
Institute of Nuclear and New Energy Technology, Tsinghua University 

China 

1. Introduction  

In December 2009, China government has officially announced, for the first time, a 
voluntary quantitative target of controlling its carbon dioxide emissions, which is to cut the 
carbon dioxide intensity (kg CO2 per GDP) by 40%~45% by the year 2020 (relative to the 
level of 2005). Transportation is one of the major sources of carbon dioxide emissions 
resulting from fossil fuel utilizations all over the world. In 2008 carbon dioxide emissions 
caused by transportation fuel combustion accounted for about 8% of the national total in 
China (Yang, 2011). This percentage is far behind some advanced economies, such as 33% in 
United States in 2004, 26% in Europe in 2004 (Wallington, 2008), and so forth. In either 
developing countries or developed countries road sector is responsible for approximate 80% 
of total carbon dioxide emissions resulting from transportation (Yang, 2011; Wallington, 
2008), which indicates that road transportation has been playing a significant role in 
reducing transportation carbon dioxide emissions now and in the future. Compared with 
824 vehicles per 1,000 people in United States in 2008 and 608 vehicles per 1,000 people in 
Japan in 2009, there were only about 68 vehicles per 1,000 people in China in 2010. It is clear 
that China’s vehicle population will be twice as many as present level when the vehicle 
ownership is doubled and meanwhile the national population is sustained. As an emerging 
economy, this situation will probably happen in next 5~10 years. Without revolutionary 
change of transportation system, the consequent carbon dioxide emissions from road 
transportation will possibly be doubled as well. It can be predicted that transportation sector 
would become one of the fastest growing sources of carbon dioxide emissions in China in 
next several decades. Thus, a low carbon transport system is expected to be proposed soon 
as a potential solution to addressing the conflict between the development of transportation 
and economy and the mitigation of climate change.  
In response to concerns over establishing the low carbon transport system and meeting the 
increasing domestic petroleum demand, interest in developing advanced vehicle 
technologies and alternative vehicle fuels has risen considerably in past ten years. Many 
research and demonstration programs of various technologies were supported by Chinese 
government, including light-duty vehicles (LDVs) using methanol (M85) and ethanol (E10), 
buses and taxies using liquefied petroleum gas (LPG), compressed natural gas (CNG), and 
liquefied natural gas (LNG), passenger cars and buses using dimethylether (DME), 
passenger cars using diesel, and so forth. Ethanol gasoline (E10) has been put into 
mandatory use since 2003 in five Chinese provinces (Jilin, Hei Longjiang, Henan, Anhui, 



 
Electric Vehicles – The Benefits and Barriers 

 

64

and Liaoning) and a number of large cities (in provinces of Hubei, Shandong, Hebei, and 
Jiangsu).  
In recent years, China’s strategy of new technology development of vehicle and alternative 
fuel has been gradually shifted from multiply pathways to a few significant pathways – 
especially electric vehicles, i.e. battery electric vehicles (BEVs), regular hybrid electric 
vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and fuel cell vehicles (FCVs). 
Research and development (R&D) of electric vehicles were incorporated in the National 
High Technology Research and Development Program (863 Program) by the Ministry of 
Science and Technology. According to the latest application guideline of this program 
issued in October 2010, a total of 738 million RMB (about 113 million U.S. dollars) funding 
will be used to support the laboratory study on key technology and system integration of 
electric vehicles (National High Technology Research and Development Program, 2010).  
Meanwhile the demonstration of all sorts of electric vehicles has been started. In 2008, 370 
battery electric vehicles (50 buses and 320 shuttles), 100 hybrid electric vehicles (25 buses 
and 75 passenger cars), and 23 fuel cell vehicles (3 buses and 20 passenger cars) provided 
service at the Beijing Olympics Games. Two years later 1,017 electric vehicles showed up in 
the 2010 World Expo in Shanghai, including 321 battery electric vehicles (181 buses and 140 
shuttles), 500 hybrid electric vehicles (150 buses and 350 passenger cars), and 196 fuel cell 
vehicles (6 buses, 90 passenger cars, and 100 shuttles).   
Central government have also launched policies to promote the popularization of electric 
vehicles. In response to the severe global economic recession triggered by the financial crisis 
in the United States in late 2008, Chinese Automotive Industry Revitalization Plan, as an 
important part of the national industry revitalization program, was published in March 
2009. According to this three-year plan, China aim to create a capacity to produce 500,000 
“New Energy Vehicles” by 2011, including battery electric vehicles, plug-in hybrid electric 
vehicles, and regular hybrid electric vehicles. The plan also set a goal for the year 2011 that 
is to increase the sales fraction of such new energy cars to 5% of total passenger cars. To 
achieve the above target, at the beginning of 2009 a pilot project of energy conservation and 
new energy vehicles was officially launched in 13 cities including Beijing and Shanghai, 
according to a circular issued by the Ministry of Finance and the Ministry of Science and 
Technology. New energy vehicles were encouraged to be used in area of public 
transportation, taxi, postal, sanitation, and other public services. The central government 
announced to provide a subsidy to vehicle purchase, and the local government was required 
to be responsible for the infrastructure construction, such as building charge station for 
electric vehicles. It was reported that there were 12,000 new energy vehicles had been sold 
since the project started (Ministry of Science and Technology, 2010). 
June 2010 the Ministry of Science and Technology and the Ministry of Finance launched a 
subsidy policy for the private purchase of battery electric vehicles and plug-in hybrid 
electric vehicles in 5 cities (Shanghai, Changchun, Shenzhen, Hangzhou, and Hefei) through 
2012. The subsidy is calculated as 3,000 RMB (about 460 U.S. dollars) per kWh, with the caps 
of 60,000 RMB (about 9,190 U.S. dollars) per vehicle and 50,000 RMB (about 7,659 U.S. 
dollars) per vehicle for battery electric vehicles and plug-in hybrid electric vehicles, 
respectively. Now several vehicle models in domestic auto market are expected to benefit 
from the policy. One example is BYD E6 model (battery electric vehicle) with a rated price of 
270,000 RMB (about 41,000 U.S. dollars), in which 60,000 RMB will be paid by the central 
government. Another example is BYD F3DM model (dual modes, i.e. battery electric mode 
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and regular hybrid electric mode) with a rated price of 150,000 RMB (about 23,000 U.S. 
dollars), in which 50,000 RMB will be paid by the central government. Moreover, some large 
cities subsequently launched their own policies which offered an even better deal to 
customers with an additional subsidy of 50,000 RMB (about 7,659 U.S. dollars) or more. 
Private customers, however, have hardly been attracted by the subsidies due to plenty of 
uncertainties of the new technology utilization, and therefore the sales of new energy 
vehicles were not very well. For instance, BYD Auto Company, as a pioneer and the largest 
domestic producers of electric vehicles, has merely sold 480 vehicles (417 BYD F3DM and 63 
BYD E6) until the end of 2010.      
China’s Twelfth Five-Year Plan for National Economic and Social Development (2011~2015) 
was newly approved by the legislature, the National People's Congress (NPC), in March 
2011. The new energy vehicle industry, as one of the seven strategic industries, was enclosed 
in the state scheme. The large-scale demonstration and subsequent commercialization of 
plug-in hybrid electric vehicles and battery electric vehicles were underlined in the national 
plan, indicating that electric vehicles would experience a prime period of development in 
recent years. 
In this chapter, the title question was addressed by quantitatively analyzing the climate 
change impacts of electric vehicles in China. The circular life cycle energy consumption and 
greenhouse gas emissions (GHGs) of battery electric vehicles, fuel cell vehicles and 
conventional internal combustion engine vehicles (ICEVs) were calculated via well-to-wheel 
(WTW) method. An improved GREET (Greenhouse, Regulated Emissions and Energy use of 
Transportation) model was used in this study, inside which over 640 of total 730 parameters 
were updated with localized Chinese data by Shen (Shen, 2007; Shen & Zhang, 2008). 
Modelling results showed that battery electric vehicles had the great advantages over both 
traditional gasoline vehicles and fuel cell vehicles in either well-to-wheel fossil fuel 
consumption and petroleum consumption or greenhouse gas emissions. And fuel cell 
vehicles were anticipated to play a more important role after the breakthrough of hydrogen 
production technology. We further concluded that electric vehicles would greatly contribute 
to the future low carbon transport system. Besides, market penetration of electric vehicles 
was able to largely reduce the dependency of traditional gasoline.  
Electric vehicles provide a promising solution to the transportation energy problem and 
climate change concern. However, in China electric vehicles presently have to face several 
urgent problems, such as the high cost of purchase, the absence of infrastructure network, 
the disposal and recovery issues of batteries, and so forth. Hence, special follow-up policies 
should be addressed to promote commercialization progress of electric vehicles in China.  

2. Methodology 

Well-to-wheel method is a specific life cycle assessment (LCA) used for transportation fuels 
and vehicles. Energy consumption and greenhouse gas emissions of the fuel cycle accounts 
for over 70% of the whole life cycle (composed of fuel production, vehicle production, and 
vehicle operation). Therefore, in this study we focus on energy consumption and climate 
change impact of the fuel cycle rather than the vehicle cycle. In general the fuel cycle well-
to-wheel study is divided into two stages - well-to-tank (WTT) and tank-to-wheel (TTW). 
The former indicates upstream stage, including mining, processing, and transportation of 
feedstock, and production, delivery, and storage of vehicle fuels. The latter is also called 
downstream stage, which means vehicle operation in particular. 
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An improved GREET 1.7 model was used in this study, inside which the America-based 
database was ultimately replaced by China-based one. It can be also called ChinaGREET 
because 367 of 394 parameters of feedstock and fuel production stage and 282 of 336 
parameters of transportation and distribution stage have been updated according to Chinese 
real conditions. 

2.1 Assumption 
This study incorporated 12 pathways for production and application of vehicle fuels, 
including a conventional gasoline vehicle pathway, a battery electric vehicle pathway, and 
ten fuel cell vehicle pathways (Table 1).  
Coal, natural gas, and water were considered as sources of hydrogen used for fuel cell 
vehicles. Electricity for vehicle use was assumed to come from national electrical grid. 
Passenger cars were studied due to their larger potential of growth in the future compared 
with other vehicle types. 
 

Pathway name Feedstock In-process product (site) Fuel Vehicle 

SI: 93# Gasoline Petroleum - Gasoline 93#

Gasoline 
vehicle 
(spark 

injection) 
FCV: 

MeOH-NG Natural gas Natural gas -> methonal -
> hydrogen (on-board) 

Gaseous 
hydrogen 

Fuel cell 
vehicle 

FCV: 
MeOH-Coal Coal Coal -> methonal -> 

hydrogen (on-board) 
Gaseous 

hydrogen 
Fuel cell 
vehicle 

FCV: GH2,RS,MeOH-
NG Natural gas Natural gas -> methonal -

> hydrogen (refill station)
Gaseous 

hydrogen 
Fuel cell 
vehicle 

FCV: GH2,RS,MeOH-
Coal Coal Natural gas -> methonal -

> hydrogen (refill station)
Gaseous 

hydrogen 
Fuel cell 
vehicle 

FCV: 
GH2,RS,Electrolysis Water Water -> hydrogen (refill 

station) 
Gaseous 

hydrogen 
Fuel cell 
vehicle 

FCV: 
GH2,CP,NG Natural gas Natrual gas -> hydrogen 

(central plant) 
Gaseous 

hydrogen 
Fuel cell 
vehicle 

FCV: LH2,RS,MeOH-
NG Natural gas Natural gas-> methonal-> 

hydrogen (refill station) 
Liquid 

hydrogen 
Fuel cell 
vehicle 

FCV: LH2,RS,MeOH-
Coal Coal Coal -> methonal -> 

hydrogen (refill station) 
Liquid 

hydrogen 
Fuel cell 
vehicle 

FCV: 
LH2,RS,Electrolysis Water Water -> hydrogen (refill 

station) 
Liquid 

hydrogen 
Fuel cell 
vehicle 

FCV: 
LH2,CP,NG Natrual gas Natrual gas -> hydrogen 

(central plant) 
Liquid 

hydrogen 
Fuel cell 
vehicle 

EV 
Various 
primary 
energy 

Grid electricity Electricity 
Battery 
electric 
vehicle 

Table 1. Feedstock, in-process product, fuel, and vehicle type of each pathway 
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2.2 Data 
Data of coal-based, natural gas-based, and grid electricity pathways and data of vehicle 
stage were described below.  

2.2.1 Coal-based pathways 
Energy consumption of coal mining was mostly caused by mining equipments and boilers. 
The former mainly consumed electricity, and the latter basically used coal. Chinese raw coal 
was mostly provided by domestic coal mines since the country was rich in coal resources 
and the price was much lower than import coal. Therefore in this study we assumed that the 
coal used to generate hydrogen and electricity was produced in the country. According to 
the investigation of large national and local mines and the data of China Energy Statistical 
Yearbook, there were 34.4 kWh power and 26.7 kg raw coal would be used when 1 tonne 
coal was excavated in domestic coal mines. Coal chemical industry in China usually took 
washed coals as feedstock although they were only about 30% of raw coal output would be 
further washed. According to our investigation, 0.92 tonne coal equivalent (tce) raw coal, 3.0 
kWh power, and 0.1 tonne water was consumed when 1 tonne coal was washed. Another 
issue that should draw our attention to was the release of absorbed gases from coal bed, 
such as methane and carbon dioxide. On considering current mining technology, we 
estimated that there were approximately 7~8 cubic meters methane, 6 cubic meters carbon 
dioxide, and a small quantity of sulphur dioxide and nitrous oxide that would be emitted 
when 1 tonne coal was excavated (Alternative Energy Program by National Development 
and Reform Commission, 2006).   
It was known that coal resources were mainly located in the east and the north of China. 
Over 60%~70% of state coal reserves were found in Shanxi, Shaanxi, Inner Mongolia, and 
Xinjiang provinces. But end users of the energy were concentrated in north-eastern regions. 
So coal transportation from producing areas to consuming regions became a necessary and 
complicated work. Coal was usually delivered by rail, road, and water. The volume of coal 
transported and the average transferring distance by each means come from Year Book of 
China Transportation & Communications and China Energy Statistical Yearbook (Table 2). 
It can be found that sum of the share was over 100% because some coal was transported by 
more than one means which resulted in repeated calculation in statistics. Coal losses during 
transportation were assumed to be 0.5%~1.0% (Xiao, 2005). 
 

 Data source Rail Road Water 

Share of coal 
volume (%) 

China Coal Research Institute 
(CCRI) 60% 30% 20% 

Ministry of Transport of China 
(MOT) 60% 10% 40% 

Assumption in this study 50% 30% 20% 
Average 

transport distance 
(km) 

Investigation 550~595 - 650 

Assumption in this study 600 80 650 

Table 2. Share of coal volume and average transferring distance by each means 

Coal was first gasified to produce syngas (mixture of carbon monoxide and hydrogen gas). 
Next, syngas was converted into high purity hydrogen gas via decarbonisation and 
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desulfurization processes, i.e. carbon monoxide conversion, low-temperature methanol 
washing, and solvent adsorption. Overall efficiency of producing hydrogen gas from coal by 
Chinese chemical industry was around 50%, lower than that of international companies 
using advanced technology. Large central plant of coal-based hydrogen production had 
great advantage over small-scale on-site plant. And the resulting hydrogen product was 
needed to be further transported to refill station. Hydrogen gas could be directly 
transported by vehicle or after liquefaction. But in this study gaseous hydrogen and liquid 
hydrogen were assumed to be delivered by pipeline and tanker, respectively, due to 
economical concerns. Average transport distance of gaseous hydrogen by pipeline was 
assumed to be 50 km on considering cost and energy efficiency. Average transferring 
distance of liquid hydrogen by tanker was calculated as 110 km.  

2.2.2 Natural gas-based pathways 
During natural gas exploitation, 10% natural gas output was used as fuel by purification 
and separation processes, and about 0.4% output was missing. Natural gas product was 
transported by pipeline to nearby chemical industry plant to produce methanol which were 
located 50 km~100 km away. Then methanol was delivered by rail, road, and water to 
downstream plant or refill station to generate hydrogen gas or liquid. Average distance 
from hydrogen plant to local storage was assumed to be 1000 km, and that from local 
storage to refill station was about 50 km. Natural gas-based hydrogen was transported by 
the same means as coal-based hydrogen (Chapter 2.2.1). 

2.2.3 Grid electricity pathways 
Grid electricity was consumed at refill station by electrolysis reaction to generate gaseous or 
liquid hydrogen. Electricity used for powering electric vehicles was also provided by grid. 
Various sources of primary energy were combusted in power plant to produce grid 
electricity. On average, about 80.4% grid electricity was from coal, 1.0% from natural gas, 
1.1% from oil, 1.9% from nuclear, 0.5% from biomass, 14.2% from hydro, 0.8% from wind, 
and 0.1% from solar. Energy efficiency of thermal power plant was estimated to be 360 gram 
coal equivalent (gce) per kWh electricity generation. Approximately 7% of power became 
losses during grid transmission.  

2.2.4 Vehicle stage 
The FOX 1.8MT passenger car made by Ford Motor Company was used to calculate the 
downstream energy consumption and greenhouse gas emissions. This model employed port 
injected spark ignition (PISI) technology and combusted gasoline that was labelled 93 
(Research Octane Number, RON). Fuel efficiency of the car under urban condition was 
estimated to be 8.5L/100km (equal to 27.7mpg). For fuel cell vehicle, the fuel efficiency was 
assumed 80% higher than the above conventional gasoline vehicle. Electricity consumption 
of electric vehicles was assumed to be 22 kWh/100km. 

3. Results 

Well-to-wheel fossil energy consumption, petroleum consumption, and greenhouse gas 
emissions of coal-based pathways, natural gas-based pathways, and grid electricity 
pathways were presented and compared with those of the conventional gasoline pathway in 
this section.  
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3.1 Well-to-tank results 
WTT fossil fuel consumption of each pathway was shown expect the 2 on-board hydrogen 
generation pathways (Figure 1). No pathway consumed less WTT fossil fuel than the 
conventional gasoline pathway when 1 MJ vehicle fuel was generated. The reason was that 
present overall energy efficiencies of hydrogen production or electricity generation from 
either coal or natural gas were between 40%~60%, which was much lower than the energy 
efficiency of petroleum refining process (over 90%). Large central plant of hydrogen 
production using natural gas as feedstock had the advantage of energy consumption by 
350%~540% over other methods, indicating that this kind of central plant was likely a better 
choice to make hydrogen than refill station production or on-board generation ways. Fossil 
fuel required to produce grid electricity was about 6.3 times more than that required by the 
conventional gasoline due to numerous coal utilization in power plant. 
 

 
Fig. 1. Comparison of WTT fossil fuel consumptions 

WTT greenhouse gas emissions resulting from fossil fuel consumption of each pathway was 
presented expect 2 on-board hydrogen generation pathways (Figure 2). Greenhouse gas 
emitted during hydrogen and electricity generation was 5~35 times higher than gasoline 
production.  
 

 
Fig. 2. Comparison of WTT greenhouse gas emissions 



 
Electric Vehicles – The Benefits and Barriers 

 

70

3.2 Well-to-wheel results 
WTW fossil fuel consumption (Figure 3) and petroleum consumption (Figure 4) of total 12 
pathways were described as how much MJ energy was required for the car to travel 1 km. 
WTW energy consumptions of fuel cell vehicle pathways were very different due to 
feedstock and process variety. The pathway of fuel cell vehicle using gaseous hydrogen 
generated either from natural gas in large central plant or by on-board generator had a 
comparable WTW fossil fuel consumption to the gasoline pathway, because the fuel 
efficiency of fuel cell vehicles was higher the conventional gasoline vehicles. Electric vehicle 
pathway using grid power consumed 10% less WTW fossil fuel than gasoline pathway, 
because electric vehicles was more efficient than the conventional gasoline vehicles which 
made great contributions to decrease WTW energy consumption. 
 

 
Fig. 3. Comparison of WTW fossil fuel consumptions 
 

 
Fig. 4. Comparison of WTW petroleum consumptions 

Alternative fuels were able to largely substitute petroleum, and therefore import volume of 
petroleum would be reduced and energy security of the country would be strengthened. 
WTW petroleum consumption of fuel cell vehicle and electric vehicle pathways proved the 
above theory (Figure 4). All 11 alternative fuel pathways used less than 1/3 petroleum of  
the conventional gasoline pathway. 
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WTW greenhouse gas emissions of different pathways were described as how much grams 
of equivalent carbon dioxide (g eq. CO2) emission was emitted when the car travelled 1 km 
(Figure 5). There were 2 fuel cell vehicle pathways that had lower WTW greenhouse gas 
emissions than the conventional gasoline pathway. One was fuel cell vehicle with hydrogen 
generated from natural gas by on-board generator (9% lower); the other one was fuel cell 
vehicle with gaseous hydrogen produced from natural gas in large central plant (23% 
lower). Besides, greenhouse gas emitted from electric vehicles using grid power was 12% 
less than that from the conventional gasoline vehicle. 
 

 
Fig. 5. Comparison of WTW greenhouse gas emissions 

4. Conclusion 

From the well-to-wheel study, we found that 1) the pathway of battery electric vehicle using 
grid electricity had some advantage of both fossil fuel and petroleum consumptions and 
greenhouse gas emissions. It could be concluded that plug-in hybrid electric vehicle that 
was the combination of conventional gasoline vehicle and battery electric vehicle probably 
held the same advantage; 2) for fuel cell vehicle, there were few pathways whose WTW 
energy consumption and greenhouse gas emissions were comparable to the conventional 
gasoline. So fuel cell vehicle pathways now had little advantage over both the conventional 
gasoline vehicle and the battery electric vehicle. 
Battery electric vehicle and plug-in electric vehicle should be given high priority when 
China builds the low carbon transport system. Fuel cell vehicle would probably become a 
promising way in the future. However, electric vehicles in China presently have to face 
several key problems, such as the high cost of purchase, the absence of infrastructure 
network, the disposal and recovery issues of batteries, and so forth. Hence, special follow-
up policies should be addressed to push the commercialization of electric vehicles in 
China. 
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1. Introduction 

The plug-in hybrid vehicle (PHEV) represents the reaction of automotive industry on the 
green policy, to reduce the pollutions and the fossil fuels consumption in transport. The oil 
price is permanently rising and the oil import makes unpleasant dependence of the national 
economy on the non-stabile countries, because the road transport is nowadays completely 
dependent on the oil fuels. The electric drive is ready for use in the vehicles many years, it is 
optimal for control and it offers the maximal efficiency, but there is no suitable battery 
available in this time for all the day vehicle energy supply. But most of cars in household are 
typically used in common commutation cycle, with average daily portion under 50km and 
they are only occasionally used for longer trips in weekends or holidays. For such range is 
the battery available with acceptable weight and price. If users do not like to hold and care 
two cars, the electric one for commutation and the second one with petrol engine for longer 
trips, the PHEV is an optimal solution, combining both drives and the suitable cooperation 
between both power sources can give additional profit; also many materials and 
components for the second car - body, wheels and suspension - are saved. However it must 
be said that having better battery (or similar electrical energy storage device), the presence 
of generator and internal combustion engine (ICE) is not necessary and the PHEV would be 
reduced to the much simpler battery operated vehicle (BEV), although the running engine 
produces some “free” heat which can be with advantage used for air-conditioning. The 
green energy production from renewable power sources or from nuclear power plants 
grows up and the night charging can solve the oil fuels reduction in the road transport. 

2. History of EV and HEV 

In the beginning of auto-mobility the electric drive was more successful, than engines with 
internal combustion. The previous steam engines, very famous from railway locomotives, 
were also not suitable for mobile lightweight applications, due to their big mass and the 
need of water, which was permanently wasted in open system without condensation.  
In the road passenger transport for very limited distance (due to low speed on roads for 
horses) and for the sport activities was electric motor (EM) with a cheap lead acid battery 
and simple speed control very reliable and easy operable. Looking in the historical records, 
the first vehicle over 100km/h speed limit was electric vehicle and also the number of 
registered vehicles with EM was equal to other kinds of drive. Only after the Ford’s mass 
production of cheap vehicles with engine the ratio of electric vehicles decreases. Then with 
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better roads, growing speed and operating range consequently, the low battery capacity and 
the slow long-lasting charging process beat in competition the electric vehicle in the road 
transport. Only the cable supply was suitable to compete in the city transport (trolleybus) 
and the battery supply remained only in low speed local transport, like door to door milk 
and mail delivery, shipping in the production halls or in the railway stations, and in the last 
decade also some golf carts and neighbourhood electric cars can be find in the market offer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Typical configuration of common hybrid vehicle with parallel power flow  

Hybrid vehicles (HEV) with combination of engine and EM bring back the electric drive into 
vehicle traction. They are on the market over ten years and their second generation is 
offered now. First HEV were only from the Japanese production, but in last few years every 
automotive production group presents at least one car with electric hybrid drive. Such 
vehicle is certainly more expensive in manufacturing, but the advantage of HEV is its 
reduced fuel consumption, primarily in the city cycle with low average speed, in which the 
standard ICE vehicle has higher consumption (lower mileage), comparing with land 
transport at much higher speed. Out of city the fuel savings are not detectable.  

3. Hybrid vehicles 

The typical HEV (Fig.1) has only low power EM, which assists in the phase of vehicle 
acceleration and again in the braking, when it can recuperate the part of kinetic energy into 
battery for the next acceleration. The efficiency of this cycle (braking – acceleration) is not 
very good and about 50% of energy is lost, but in often repeating of this cycle at each traffic 
lights, the fuel saving is important. The energy in one cycle is not big; therefore only small 
battery can be used. The battery life in the number of cycles is very important, because it is 
not acceptable to change this battery each month. Fortunately, the reduced depth of 
discharge (DOD) extends the length of lifetime very much and this low ratio between the 
energy of one cycle and the energy of the battery is the way, how to use one battery pack up 
to five years with total number of cycles over 100 000. 
The HEV principal scheme can be followed in Fig.1, where it can be observed the parallel 
power ways from both torque sources to the wheel. The EM can work not only in motor run, 
when it produces the torque and mechanical power from electric energy, but it can be easily 
switched into generator run, when the mechanical power from kinetic energy of vehicle is 
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changed into electric energy, recuperated back to battery. The advantage of EM presence is 
not only the energy recuperation, but also the torque production at any speed, like it was at 
old steam engines. No kind of ICE is able to produce the torque at zero speed and moreover 
there is some minimal value of crankshaft speed, called idle run, under which the ICE stops. 
To keep the ICE in the idle run needs also some fuel and in city transport the standing at the 
crossroads is very often and very long lasting. The engine stopping at any occasion and its 
automatic starting connected with touch of clutch pedal, known as STOP-START system is 
also effective, but it does not eliminate the energy wasting in brakes and the fuel 
consumption for acceleration. Also the clutch wear is much higher than in the case of vehicle 
accelerating by EM torque.  
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Fig. 2. Mechanical characteristics of EM vs. ICE with gearbox (rIII=2, rV=4) 

3.1 EM advantages 
The comparison of EM and ICE mechanical characteristics is in Fig.2 and it can be said here, 
that any EM can have the same characteristic if it is supplied from suitable inverter. Each 
EM can be for short time overloaded, when increased current gives increased torque and the 
torque is to disposal from zero speed. Also each kind of EM can recuperate the energy 
working in generating mode, the negative (braking) torque reverses the current back to the 
source. The speed gap between the zero and idle run speed of ICE can be reduced using the 
variable-ratio gearbox. In the gearbox, when the speed is reduced, the torque grows up 
inversely. The higher is the gear ratio, the lower is the speed and the higher is the torque 
keeping the same power (neglecting losses). The mechanical power is given by: 

 P = T ω (1) 

where T is the torque in Newton-meters and ω is angular speed in radians per second. The 
common technical unit of speed n is revolve per minute, the transformation formula is: 

 ω = (2 π /60) n ≈ n/10  (2) 

The gear ratio, according to (1) gives: 
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 r = n2/n1 = T1/T2   (3) 

From this mathematics and from Fig.2 there is evident, that at high speed the ICE has 
always enough power, therefore it needs the help from EM2 primarily in the area of low 
speeds, where the power is also small as results from (1). Low power EM and low power 
battery are not able to drive the vehicle at speed over 10km/h. For fully electric drive the 
concept must be modified.  

4. Why plug-in hybrid? 

Many car owner do not use the car for business travel, and they do not drive daily more 
than 50km. for such distance it is not necessary to spend any petrol, because this distance 
can be easily realized by energy from battery, but great disadvantage of electric drive is, that 
the “empty” battery cannot be recharged in minutes and in the case of longer trip, the safety 
return is not sure. Also in some rare trips during holidays etc. cannot be realized by electric 
vehicle that means you must have or purchase another car. All these problems are solved by 
serial hybrid with greater battery, which can be driven first 50km from battery only and in 
the case of longer trip; the engine is started and operated in the optimal efficiency work 
point with constant power and speed. The generated electricity is either used for motors 
supply or in case of low load is simultaneously stored in empty battery.  
The PHEV must be able to work in electric mode only at any speed, during the short trips 
under the daily limit. Therefore it must have strong enough electric motor EM and this 
condition results in serial concept hybrid, when the ICE is not mechanically connected with 
wheels, because its help is not necessary (Fig.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Typical configuration of PHEV with serial power flow  

Omitting the generating unit in Fig.3, the PHEV is reduced into the simple BEV and only the 
parameters of battery determine the operating range of this vehicle. The idea of hybrid 
concept wants to eliminate the danger of empty battery in case of some complication in 
traffic like detour, lost way, waiting, etc. Because the battery charging is supposed from 
home plug during many hours and there are no charging stations in streets, the best way 
how to be mobile permanently is to have the energy source for charging on the board. The 
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power of the charger does not have to be as big as is the EM power, because in the periods 
with full power both sources, generator and battery, work together. 
All the mechanical energy output from ICE is converted by generator into electricity, which 
is typically divided between EM and battery, when EM does not work with full power. If 
the EM is loaded more than is the maximal power from the generator can be, then the 
battery must deliver the difference. It is typical in acceleration and in uphill slope, both lasts 
only very short time in second or minutes. The ICE has not to be so strong (maximal power) 
as it is in a petrol car and it can work here always near the optimal operating point (Fig.11) 
with maximal efficiency and minimal emissions.  
It is not the new idea to have the Engine-Generator unit on board, but to develop and realise 
the mass production of PHEV it is a merit of American company Chevrolet (Fig.4). However 
their vehicle is about three or four years in prototype and they solve intensively the problem 
of optimal battery. The development and new inventions in this area are very fast and it is a 
problem to start the production of any battery, if tomorrow some principally better 
technology would appear. 
 

 
Fig. 4. Chevrolet Volt Chassis Version 2008 

But it is not only the batteries production technology, also the electric motor for traction 
manufacturing needs new knowhow in the automotive industry. Also the manufacturers of 
auxiliary components must prepare new products and some problem can create the 
dangerous voltage in the vehicle, because the battery voltage can reach up to 300V and the 
motor supply voltage AC up to 400V phase to phase or DC up to 600V. It is not the same 
situation as is in traditional 12 or 24V and the isolation check in metallic body must be 
perfect. But such systems are already developed and verified in trolleybuses e.g.  

5. How to dimension the PHEV components 

The problem of this PHEV concept (Fig. 3) is how to reach high efficiency of all the drive 
train (ICE, Generator, Battery, Inverter, EM, Gear) for low power light vehicle with total 
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mass about 1500kg. Its average power out of highway at 80 or 90km/h limit is only 5 - 10kW 
and the peaks are up to 100kW for dynamic drive in modern traffic. The situation in ICE 
cars is more dependent on the engine volume. The same model can be sold with three or 
more engines and each of them offers other dynamics. The power and the torque peaks are 
in case of ICE fix and they can only decrease due the wear, not optimal intake parameters or 
control, the EM is oppositely easily overload capable, of course for short time only, because 
the overload brings higher losses and the temperature rise consequently. Big traction 
machines have on their labels not only rated power but also one-hour power, which is 20 – 
30% higher depending on the EM size. For vehicle acceleration in seconds the overload can 
be easily 100% or more, because after this period the torque and current falls down and the 
winding temperature also decreases back fast (with effective ventilation). From simulation 
in Fig.5 it can be seen, the differences between the power in acceleration and in constant 
speed drive for flat surface.  
 

 
Fig. 5. Time dependence of Power, Speed and Distance for exemplar cycle  
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Fig. 6. Power vs. speed for EV Tesla Roadster on the plane 
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The dependence of the power on the vehicle speed in steady state is in the Fig. 6 for strong 
sport car Lotus, which is professionally remade by TESLA Cars Company for the electric 
drive. Because at higher speed the aerodynamic drag represent the highest force, the power 
grow with the speed is nearly quadratic.-Tesla Roadster has no generator, but it can be 
interesting to compare it with two PHEV. The selected data of two typical PHEV are in 
Table 1 briefly compared with top power BEV Tesla.   
 

Mark Tesla Chevrolet Mitsubishi 
Model Roadster Volt iMiEV 

AC Motor 185kW 120kW 47kW 
Maximal torque 375Nm 320Nm 180Nm 

 Asynchronous Asynchronous Permanent Magnets 
Maximal speed 14.000rpm  7500rpm 

Voltage 370V 320V 330V 
Battery 56kWh 16kWh 16kWh 
Mass   180kg  

Generator  NO 53kW --- 
Maximal speed 200km/h 80/140km/h 130km/h 
Maximal cruise 450km 64+960km 160 km 

Vehicle mass   1080kg 
80% SOC   30min 

Table 1. BEV and PHEV parameters comparison 

 

 
Fig. 7. Mitsubishi iMiEV through view 
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Chevrolet's Volt is the first series hybrid concept car shown by a major manufacturer. Its 1,0-
liter (1000ccm), 3-cylinder turbocharged engine runs an on-board 53kW generator that 
recharges a 16kWh lithium-ion battery made of 80 four-volt cells. Main components 
distribution on the chassis is in Fig.4. The engine-generator has typical handwrite of car 
engineers and not only its size, but also its location under front hood with long exhaust 
pipe. Guessingly 200kg mass can be replaced by another battery with more than twice 
longer range. The small generator for occasional long trips could be situated in backside 
trunk, or in tender, which could be hired. The fix mounting of ICE needs all the servicing as 
standard ICE vehicle, oppositely to BEV, which needs no regular service. Because of rapid 
evolution in battery technology GM newly opened advanced battery laboratories (3 000 
square meters). 
Opel Ampera is a Twin sister car to the Chevy Volt for European market. The other leading 
European producers are preparing their program in EV. New producers like Fiskers, 
Aptera, Th!nk and many other are only the small companies involved in EV development 
and they can bring some revolutionary solutions, because there are strong restrictions, in big 
companies, based on tradition. 
Mitsubishi is leading Japan Company in preparing EV with lithium batteries. Its small car 
iMi with ICE has its twin with electric drive, which is presently (2010) long-term tested over 
all Japan. The main parts arrangement can be seen on Fig.7. 

5.1 Motors 
The EM choice is the most important part of PHEV design. As was mentioned above the EM 
is easily overloadable, its power P depends on the voltage U and current I from the battery: 

 P = η U I  (4) 

where η describes the motor efficiency. This power is equal to that one from (1). Very 
simplified, it can be said, that the torque is given by the EM current and the EM speed is 
given by voltage: 

 T = K Φ Ia  (5) 

 Ui = K Φ ω  (6) 

These equation are exact for DC motor, where Φ is magnetic flux and Ia is the armature 
(or rotor) current and Ui is induced voltage in the armature, which is slightly different 
from the terminal voltage because of the voltage drop on the internal resistances. The AC 
motors are more complicated, they have more phases, in case of induction (or 
asynchronous) motor (AM) there is no separation of field circuit and armature circuit, but 
it is not the main goal of this book and more can be find in any electric machines textbook. 
The important for motor control is how to change the voltage, and in the case of AC 
motors the frequency must be also changed (together with voltage), because instead of 
mechanical current commutation in DC rotor, the switching technology must be used to 
create the three phase system in converter. The output frequency f gives the speed of AC 
rotor: 

 ns = 2 π f / p (7) 
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where p is the number of pole pairs. The rotor of AM is slightly slower, that difference 
between the speed of the rotating field ns and the real rotor speed n is called slip and its 
value is typically 3 – 5%, changing with the load. 
DC motors are the first kind of traction motors, and in the period before power electronics 
their control was only by resistance controllers and serial-parallel switching. DC/DC 
inverters improved the efficiency of DC motor in controlled drive, it is cheaper than the 
DC/AC converter, but DC motor is not so robust and it needs often maintenance due to 
carbon brushes. 
Brushless DC is in principle the DC with permanent magnets (PM) for field creation on the 
rotor and static electronic inverter, instead of collector with 3 segments on the rotor; it has 3 
winding terminals on the stator, supplied from the 3-legs bridge, working as a commutator. 
Because the rare earth PM (REPM) are very expensive and very sensitive, namely to 
temperature and corrosion, they find place mostly in low power (0,2 – 2kW) EM for bikes, 
where they are in low volume only.  
In the power range 20 – 200kW for passenger cars the induction machine offers its perfect 
robustness at low price and also the standard inverter supply, which widely used in 
industry and also in new trams.  
The switched reluctance machine (SRM) has also very robust and simple construction with 
no rotor winding and it can be very prospective, but it is not yet widely used. It needs 
special inverter, which supposes some larger volume production for a good price. 
 

 DC Brush Type Brushless DC
(Permanent Magnet)

AC  
(Induction) 

Peak efficiency 85 - 89 95 - 97 94 - 95 

Efficiency at 10% Load 80 - 87 73 - 82 93 - 94 

Max. RPM 4 000 - 6 000 4 000 - 10 000 9 000 – 15  000 

Cost per shaft kW $120 - 200 $120 - 180 $60 - 100 

Relative Cost of Controller 1 3 - 5 6 - 8 

Table 2. Typical Electric Motors 20 – 200kW Parameters   

The survey of EM basic properties is in Table 2. It must be said here, that all parameters in 
this Table are valid for power range from 20 to 200kW and with growing power grows up 
also the efficiency and oppositely the maximal speed falls down.  
 

AC Motor DC Motor 
Single-speed transmission Multi-speed transmission 

Light weight Heavier at equivalent power 
Less expensive More expensive 

95% Efficiency at full load 85-95% Efficiency at full load 
More expensive controller Simple controller 

Motor/controller/inverter more expensive Motor/controller less expensive 

Table 3. Electric Motors Properties Comparison 
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Another EM properties comparison can be read in Table 3 from the drivetrain design point 
of view.  

5.1.1 Motor volume 
The volume and mass of EM is given by its torque and not by the power. Because the 
vehicle mass should be minimized, the EM must be designed on maximal possible speed 
and minimal torque consequently (1), of course with respect to efficiency and cooling ability. 
Therefore no direct drive without gear is optimal and there is in Fig.3 the reduction and 
differential gearbox between EM and wheel. Increasing the speed increases the frequency, 
which should not exceed 400Hz. It is better to keep the frequency under 200Hz and for two 
pole AM it can give the speed from (7) ns = 12 000rpm. For the vehicle speed 144km/h = 
40m/s and the wheel circumference 2m its rotation speed nW is: 

 nW = 60 * 40 / 2 = 120rpm (8) 

Then the total ratio between the AM and the wheel must be from (3): 

 rTotal = 120 / 12 000 = 1/100 (9) 

which can be realised by 3 pairs of cogwheels minimally. 

5.1.2 Motor losses 
Beside of typical mechanical losses due to friction and ventilation losses, which both are 
speed dependent, there are in the EM specific electrical losses and these can be divided into 
two groups. The current depend losses, or Joule losses grow up with the square of current:  

 ΔPJ = Ra Ia2 (10) 

and looking in (5), they grow up with square of torque.  
The other group of losses has origin in the magnetic circuit (iron) due its alternating flux. 
These losses can be described by formula: 

 ΔPFe = k mFe Φ2 f1,6  (11) 

where mFe is the AC iron mass. The grow up with speed is more than linear, but if the EM 
has not PM field, the flux can be reduced when there is no need of full torque (5) to reduce 
the iron losses, but increased current results in the Joule losses grow up. The optimal flux at 
any speed and power can be estimated. The greatest advantage of controlled flux is at high 
speed and no torque run (by inertia or downhill), when the PM machine has high iron losses 
and they are supplied from kinetic energy of vehicle, which means they are braking the 
vehicle undesirably.  

5.2 Battery and electrical energy storage 
First EV has been built in the 1835 and 1836 respectively; the speed record 105km/h was 
also reached with EV in 1899 with lead acid battery. Edison tried to build EV with his Ni-
Fe batteries, but without commercial success. From the year 1903 when Ford established 
146km/h speed record, the petrol ruled the vehicles power supply, because of its very 
high energy density, which is about 36MJ/L = 10kWh/L, because the petrol density is 
only 0.72kg/L the mass density value is over 14kWh/kg. Also the charging power is 
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enormous, if filling the tank by speed 2L/s the 60L tank can be full in 30s and “supplying 
power” is 72MW. 
Comparing with liquid hydrocarbons, the best available batteries have only 0,2kWh in one 
kilogram. There are some projects of better electric storage devices based on electrostatic 
principle, but they are only in patents and no sample has been presented. In the 
electrochemical batteries, the most promising are lithium-air, which can change completely 
the electric vehicles during next ten years. Special problem of batteries with numerous cells 
is their cooling (and heating) system keeping optimal temperature in all the battery pack 
and the voltage distribution control (charge management) for in series cells avoiding 
overcharging which can damage the cells with danger of explosion and fire.   
Two parameters must be watched if looking for optimal battery, the energy density and the 
power density. Survey of suitable batteries for EV is in Table 4. 
Nearly all the 20th century there was no new chemistry in secondary cells (rechargeable) 
introduced and only the technologies were improved in two basic batteries.  
Lead-acid is wide spread battery for engines starting and for emergency power supply, the 
Edison alkaline battery nickel – iron Ni-Fe was slightly improved by cadmium Ni-Cd. This 
kind of batteries was mostly used for railway vehicles and communication technologies. The 
silver based chemistry Ag-Zn was able to supply electric vehicle, but the silver is not widely 
available (precious metal) and such batteries can be used only in very special purposes for 
military or space technologies.  
 

 Lead-Acid (Ni-MH) Lithium-Ion 
First Use  

(Commercial) 
1859 1989 1991 

Current Use 
(Automotive) 

Traditional 12-volt 
batteries 

For today’s generation 
of HEV 

Under development  
for PHEV and BEV 

Strengths Long proven in  
automotive use; 

Price 

Twice the energy/ 
weight as lead-acid 

About twice the energy 
 content of Ni-MH 

Weaknesses Heavy; low energy/
weight ratio for EV 

High cost (four times 
the cost of lead-acid) 

Expensive until  
production volume 

Energy density 30 - 40Wh/kg 65 - 70Wh/kg 100 - 150Wh/kg 
Recyclability Excellent Good Very Good 

Table 4. Electrochemical Batteries Evaluation 

Only the last decade of the 20th century and the new electronics devices, connected with 
communication and information technologies, bring the progress in the cell chemistry. 
The lithium ion and lithium polymer batteries replaced in few years the Ni-Mh in cellular 
mobile phones, notebooks and other audio and video portable players. The Ni-Cd has 
been also replaced in its last important area of use, which was hand-tools supply. This 
new batteries generation has, up to three times, higher energy density, then old 
chemistries, which give new possibilities for electric vehicle construction. Lithium is very 
promising and many new prospective chemistries with lithium are invented and 
developed, the survey is in Table 5. 
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Chemistry Company 
Doped Lithium Nanophosphate A123 

Manganese Spinel LG / NEC 
Lithium Nickel Cobalt Aluminium 

Oxide 
Panasonic 

Lithium Manganese Oxide Hitachi 
Lithium Cobalt Oxide Commercial 

offer 
Lithium Titanate Spinel Altair Nano 
Lithium Iron Phosphate  Lishen 

Lithium Manganese Titanate EnerDel 

Table 5. Lithium Battery Chemistry Survey  

The greatest problem of any battery for electric vehicle is beside its lifetime in cycles, but 
also its low internal electric resistance, thermal stability between -40 to +60◦C, shock 
resistance, non toxicity, fire safety, but mostly its charging properties and its price, which 
can create important part of the vehicle price. For the car construction there is important also 
the volume and mass energy density. The cheapest chemistry is the lead acid, which his 
used in all cars for engine starting, but in electric vehicles only in old neighbourhood 
vehicles and golf cars. The modern hybrids use Nickel – Metal Hydride chemistry or 
Lithium, which is in strong development connected with communications and information 
technology produced therefore only in small cells about 2Wh. Tesla Car Company started 
the production of their BEV, which was designed few years ago with old technology lithium 
battery consisting from 6 831 small cells a little bigger than AA size (8Wh each). 

5.2.1 Charging 
The big problem for EV is the long time for charging the battery, which is not comfortable 
for permanent transport in business, comparing this time with gasoline filling, where the 
entire tank can be filled in the time under one minute. The calculation of the power of such 
filling results in megawatts. The fast charging brings not only the problems with battery 
cooling, but also problem with power peaks in grid, because there are no reservoirs for 
electrical energy (EE) similar to tanks for petrol and rapid charging results in high power 
peaks: 

 PCharge [kW] = 60 Ek [kWh] / t [min]  (12) 

To charge 10kWh (which is equivalent energy of one litre petrol) in one minute, from this 
formula, gives the charger power 600kW (!). Because the charging is not very efficient, and 
more than 100kW are the losses – the heat, such rapid charging connected with energy 
conversion is impossible. The only hope is here the storage of EE in electrostatic field, which 
is not connected with energy conversion. 
The rapid charging can be more effective if there is not required full charging. The partial 
charging is described by SOC (state of charge) in percent of full capacity. Similarly is 
defined the DOD (depth of discharge), which define the percent of full charge, which was 
taken from battery and partial discharging extends the lifetime significantly.  
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The energy for charging is due to chemical processes much higher, than is the energy 
received during discharge. It can be demonstrated on the lead acid cell, which is discharged 
at 2V and for each 1Ah must be recharged 1,2Ah at voltage 2,4V. From this can be easily 
calculated the efficiency: 

 η = 2 * 1 / (2,4 * 1,2) = 0,70 = 70% (12) 

and similar value is valid also for the other chemistries. 

5.2.2 Electrochemistry  
Lead acid: The first in history secondary battery (1859), mass produced for ICE starting in all 
vehicles, for emergency power supply and UPS (uninterruptible power supply), it is very 
cheap, with number of full cycles about 400, but special construction for traction has 
increased number of cycles to 2000. The sulphuric acid electrolyte is very corrosive and the 
lead is only metal, which resists in this medium. The sealed construction and gel electrolyte 
allow using this battery in any position without danger of stain or effusion. Its energy 
density is up to 40Wh/kg, due its price it is very popular for EV drives, but the operating 
range is very limited and the lifetime less than 5 or 10 years respectively. Another 
disadvantage is the danger of sulphatizing, which can be prevented by immediate charging 
after run that means the battery cannot be left discharged. 
Nickel or Alkaline battery: The alkalic electrolyte with NaOH or KOH is less aggressive and 
Edison realized the first alkaline secondary cell with Nickel and Iron electrodes so called Ni-
Fe battery. Nickel cadmium Ni-Cd is an improved chemistry with higher power density. 
The voltage of cell is only 1.2V, but the lifetime of such battery with minimal maintenance is 
about 20 years. It is mostly used in railway wagons and in hand tools. The toxic cadmium 
was about 20 years ago (1989) successfully substituted by metal hydrides in so-called Ni-
MH cells, with better energy density. This chemistry is used in Japan HEV.  
 

 
Fig. 8. Energy density in various battery chemistries 

Na-MCl2 chemistry has similar parameters with Ni-MH and also Ni-Zn is from the same 
family with similar gravimetric density but weaker volumetric density. 
Lithium battery: Very reactive lithium has highest potential, but the technology was 
mastered only in 1991 (by Sony). The lithium ion cells LiCoO2 with rated voltage 3.75V are 
widely used in cellular phones and notebooks; the battery with serial connected cells must 
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have electronic balancing system to avoid the overcharge at any cell. In last few years the 
big cells for traction are produced, with capacity up to 2 000Ah and new chemistry LiFePO4 
(lithium iron phosphate) Table 5. Comparing to lead acid the fast discharge of lithium 
battery does not decrease the capacity, but the energy is lower due to joule losses in internal 
resistance. 
The theoretical specific energy of lithium thionyl battery is 1 420Wh/L (explosive TNT has 1 
920Wh/L) and the theoretical specific energy of lithium-oxygen is over 5 000Wh/kg, which 
gives more traction energy than the petrol of the same volume or weight, if the ICE 
efficiency is taken into account (Fig.8).  
A lithium-titanate battery is a modified lithium-ion battery that uses lithium-titanate nano-
crystals on the surface of its anode instead of carbon. This applied nanotechnology gives the 
anode a surface area of about 100 square meters per gram, compared with 3 square meters 
per gram for carbon, allowing electrons to enter and leave the anode quickly. This makes 
fast recharging possible and provides high currents when needed 
Other chemistries: In last forty years after the renaissance of EV many new electrochemical 
batteries have been studied, but they did not convince. High temperature NaS has good 
parameters, but bad maintenance, Zn-Br needs two tanks for pumping electrolyte, which 
stores the energy similarly as the vanadium battery, suitable more for stationary 
applications. Special category is Ag-Zn chemistry with super performance, but due to 
limited silver cannot be widespread system and it is used only in the very special military or 
space applications. 

5.2.3 Electrostatic storage  
The super-capacitors (SC) are the first revolutionary technology, which can be compared to 
electrochemical batteries in energy density and have much better power density, suitable for 
the power peaks in short time.  
Quantum Battery (QB) promises the surprising energy density, it is based on the discovery 
of quantum effect on TiO2 sample, measured by Swiss inventor and described in patent 
application. The rutile crystals, 15nm long, absorb at 180V the energy with density 8 – 
12MJ/kg. It is very optimistic, but without working prototype and with the theory of 
photon resonance only. Author describes cheap technology with possible market price 
15USD/kWh. The predicted low self-discharge (about 6,3 % per month) and long durability 
would be optimal for EV. 
EEStore from Cedar Park, TX, also announces the promising technology of high voltage 
solid dielectrics super-capacitor based on thin layer (nanometers) with high permittivity 
barium titanate composite. In the last period the power density 1200kJ/kg is referred, which 
is four times more than electrochemical battery, moreover without looses and with short 
recharging time less than one minute. But nanotechnologies in batteries with lithium 
chemistry can be also competitive, as is mentioned above.  

5.3 PHEV auxiliary components 
As it is mentioned above, the absence of running ICE in PHEV means, there is no source of 
thermal energy suitable for cabin heating. The heating as well as cooling, simply all the 
cabin air condition can be realised by heat pump with electric drive, which must be 
developed for next PHEV. The heat pump usage can save significantly the spending of 
limited battery energy for non traction purposes.  



 
Plug-in Hybrid Vehicles 

 

87 

There is also no mechanical drive of powered steering pump, powered braking without 
running ICE and the modern car is supposed to have all these facilities, which must be 
realised by local electric drives. 
The lighting, dashboard and cabin electronics need low voltage supply, which must be also 
realized by power electronics DC/DC inverter, instead of rotating generator. 
All here listed components that must be developed for PHEV can later serve also for BEV, 
when better battery will be available, but these components design, technology and 
manufacturing must be realized and tested before starting the PHEV mass production. 

6. Efficiency 

The liquid hydrocarbons are optimal for transport due their extremely high energy density 
when in 50kg tank can be stored 500kWh, it is of course the thermal energy, but if the total 
efficiency (of all the energy conversion from fuel to heat, mechanical force on piston, torque 
from crankshaft, via gearbox and axis to the wheels) is only 16 - 24%, as is calculated in 
Table 6. Taking the middle value 20% there is the traction energy 100kWh to disposal. The 
common passenger car with such petrol can run between 500 and 1000km. It is about 
0,2kWh/km and for 60km must be in the battery more than 12kWh.  
In the Table 6 is the survey of all components of drive train with typical efficiencies and for 
more vehicles and operating modes is the total efficiency calculated. From first two rows is 
evident, that the classical petrol car in city transport has 50% increased fuel consumption, 
because its engine works with lower efficiency at low power (Fig.11). The new symbols in 
Table 6 are MGB for manual gearbox, REC for AC/DC inverter (rectifier), INV for DC/AC 
inverter and RDG for reduction and differential gearbox. 
The PHEV without ICE has efficiency 77% if calculated from the battery energy, but only 
54% if calculated from the plug. If the PHEV charges its battery from running ICE, its total 
efficiency can fall under the classic vehicle in the city traffic and if its ICE will be used only 
for EM supply its efficiency is still under the classic vehicle. Last example in the table is for 
Diesel – electric drive on big locomotive (Fig.9), where due better efficiencies of big power 
components is also the total efficiency satisfactory. 
 

ICE GEN MGB REC BAT INV EM RDG TOTAL 

Classic Car 0,30 --- 0,85 1,00 --- --- --- 0,95 0,24 

Classic Car - City 0,20 --- 0,85 1,00 --- --- --- 0,95 0,16 

PHEV - Electric      0,95 0,85 0,95 0,77 

PHEV - Electric     0,70 0,95 0,85 0,95 0,54 

PHEV – Charging BAT 0,30 0,85 --- 0,95 0,70 0,95 0,85 0,95 0,13 

PHEV – No Charging 0,30 0,85 --- 0,95 1,00 0,95 0,85 0,95 0,19 

Loco D-E - 1MW 0,38 0,90 --- 0,95 1,00 0,95 0,90 0,95 0,26 

Table 8. Efficiency of Drive Train for Various Vehicles 

6.1 Diesel-electric transmission 
Diesel electric transmission is effectively used in locomotives for rail transport, but there is 
no energy accumulator in the power train and the generator – inverter – motor (Fig.9) works 
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here as an alternative to mechanical shafts and gearboxes, with better flexibility and high 
efficiency. It is also the rated power of components, which gives the nice efficiency, because 
the motors are in the power 100 – 1000kW. The greater rated power the higher efficiency is 
standard property of every machine.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Typical configuration of Diesel – Electric Locomotive (serial power flow)  

If the PHEV would be, after spending the energy accumulated in battery from the grid, 
operated similar way as this diesel – electric loco without charging the battery from engine 
and the battery would be used only in the same mode as is in actual HEV, that means for 
accumulating of kinetic energy during recuperative braking, the electric power train 
efficiency has not be so bad.  
From this locomotive can be also copied the multi-motor scheme when each axis has one 
EM. For road vehicle it can be the advantage if any wheel has its motor, but small motors 
are again less efficient. Possible solution can be the drive management with switching-off 
the motors at constant speed, when the individual EM for each wheel allows the optimal 
regenerative braking with ABS control, preventing the wheel blocking, because every wheel 
torque and speed can be controlled separately. The storage system can return the energy 
from braking into next acceleration and reduce the energy consumption, but it is similar as 
in standard hybrid, when greater battery capacity allows to store not only the energy from 
one acceleration - deceleration cycle, but also (in mountainous countries) to exploit the 
potential energy from downhill drive for next uphill climb. 

6.2 HEV efficiency 
What is the fuel savings composition in HEV is briefly explained in Fig.10, where the 
negative influence of increased vehicle mass (battery + EM) represents the first column. The 
next three columns are contributions from HEV technology given by no ICE idle run, ICE 
speed control and EE recuperation by electric braking. 
The standard HEV as is in Fig.1 saves the fuel only in the city traffic. The ICE specific fuel 
consumption is in Fig.11 and it is evident, that for the torque under 15% of rated value, the 
fuel consumption grows more than twice.  

EM 1 

GEN 

 Reduction 
Gearbox 

ICE 

EM 2  
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Fig. 11. Specific Fuel Use for ICE in Honda Insight 

 

 
Fig. 10. Fuel saving components of HEV in city transport 

7. Options 

The serial PHEV is also good alternative for military vehicles and other vehicles for 
operation out of civilization and out of grid, where the battery can be charged only from 
Diesel-generator. Here is not the advantage of night charging from the plug, but the 
generator with battery can serve as an independent power source for local DC or AC grid 
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from inverter. So it can be said, that such vehicle is more plug-out than plug-in, but its 
composition is similar, maybe with higher ICE and generator power. 

7.1 PHEV without generator 
The last time concepts of PHEV suppose also solutions with mechanical connection of ICE to 
wheels in highway traffic mode, when the EM and generator can be smaller and thanks 
“shorter” drive chain the fuel consumption can be reduced comparing with electric chain. 
Such concept can separate also the wheels driven by ICE and by EM and the typical front-
wheel drive vehicle can be can be equipped with electric rear-wheel drive.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. PHEV without Generator 

Because the charging from ICE is not very efficient and does not save the fuel, it is possible 
to realize the vehicle, where each axis is driven by one motor (Fig.12). For short distance 
trips the axis 1 is driven by EM supplied from battery and here can be also the energy 
recuperated from braking or downhill rides. For the long distance trips on highways the ICE 
drives the axis 2, which is connected to the first axis only by road surface, EM does not help 
in drive, but it can again recuperate and in low speed drive, when the ICE does not work 
with high enough efficiency, the driving torque from ICE can be bigger than is necessary 
and EM can in generator run the surplus energy change into EE and charge the battery. 
Instead of generator in Fig.3 here is the gearbox (manual or automatic) and the second 
reduction and differential gearbox, both are from standard production. It is perfect union of 
two independent drives available in emergency.  

8. Conclusions 

The reasons for PHEV are  
 Ecology, because the energy from renewable power sources reduces the carbon 

emissions 
 Independence on oil import, because practically all suitable fuels for the ICE are 

produced from oil. Coal hydrogenation was also developed in the war years and in 
some tropical countries (like Brasilia) there are produced the alcohol fuels from plants 
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with sugar. For Diesel engines there is produced the oil from plants in the last years, to 
replace the mineral oils. 

 Efficiency, especially in the city transport with low average speed and often stops and 
traffic jam, where the combustion engine works with very low efficiency and also much 
of fuel is spent in idle run. 

 Safety, due more automatic drive control in electric transmission drive train  
The greatest advantage of the PHEV mass production is important oil consumption decrease 
and increase of electricity production in the night hours when the price is minimal. The 
distributors are also planning the smart grids in near future based on numerous batteries in 
PHEV (or battery only vehicles) which can help to control the electrical energy balance in 
grid for keeping the high quality parameters without voltage dips and sags. 
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1. Introduction  

Direct combustion of fuel for transportation accounts for over half of greenhouse gas 
emissions and a significant fraction of air pollutant emissions. Because of growing demand, 
especially in developing countries, emissions of greenhouse and air pollutants from fuels will 
grow over the next century even with improving of technology efficiency. Most issues are 
associated with the conventional engines, ICEs (internal-combustion engines), which primarily 
depend on hydrocarbon fuels. In this contest, different low-polluting  vehicles and fuels have 
been proposed to improve environmental situation. Some vehicle technologies include 
advanced internal combustion engine (ICE), spark-ignition (SI) or compression ignition (CI) 
engines, hybrid electric vehicles (ICE/HEVs), battery powered electric vehicles and fuel cell 
vehicles (FCVs). Fuel cell vehicles, using hydrogen, can potentially offer lower emissions than 
other alternative and possibility to use different primary fuel option (Ogden, 2005) (Fig. 1.).  
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Fig. 1. Alternative fuel vehicle pathways. 

A fuel cell vehicles fed by pure hydrogen are a “zero emission vehicle”, in fact the only local 
emission are water vapour.  But in this case it is important to consider the full fuel cycle or 
“well-to wheels” emissions (fuel production, transport and delivery emissions). Primary 
source for hydrogen production is crucial for the environmental performance of vehicles. 
Hydrogen produced from renewable energy (i.e. wind or solar power connected with  
electrolysis process) and used in fuel cells can reduce significantly emissions.Recent studies 
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concerning alternative fuels have been identified the fuel cell vehicles, using hydrogen, as 
the most promising technology with reference to fuel cycle emissions. An analysis for 
reductions in emissions and petroleum use is reported  in following figure for different 
hydrogen FCVs pathways.  
 

 
Fig. 2. Well to wheels analysis of potential reduction in greenhouse gas emissions through 
the hydrogen from different sources. (DOE 2009, 2010) 

In order to develop technologies in ultra-low-carbon vehicles, European Commission 
considers tree principal power train:  
 alternative fuels to burn in combustion engines to substitute gasoline or diesel fuel 

include liquid biofuels and gaseous fuels (including LPG, CNG and biogas); 
 Electric vehicles; 
  Hydrogen fuel cell vehicles.  
Advanced vehicles with internal combustion engines  may not achieved full decarbonisation 
alone (McKinsey & Company 2010) . It is therefore important to develop different 
technologies to ensure the long-term sustainability of mobility in Europe.   
According with this strategy, hydrogen fuel cell vehicles and battery electric vehicles have 
similar environmental benefits (European Commission COM(2010 )186).  
Today, in the light of numerous tests in a customer environmental (500 passenger cars – 
both large and small – covering over 15 million kilometres and undergoing 90,000 
refuellings, McKinsey & Company, 2010) FCVs may be considered technologically ready. 
Moreover, they are still expensive and further research is needed to bring costs down. To 
became competitive with today’s engine technologies, FCVs must reach large enough 
markets to reduce the cost via mass production. The figure 3 reports  the most important 
technological challenges of FCVs  for commercialization.  
Despite great improvements in automotive fuel cell system of last years, significant issues 
must be still resolved. These challenges include: 
 Development and cost of hydrogen refuelling infrastructures for direct-hydrogen FCVs; 
 Storage systems for hydrogen simultaneously safe, compact and inexpensive; 
  Cost reduction in fuel cell stack and durability; 
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Fig. 3. FCVs: from demonstration to commercial deployment (McKinsey & Company, 2010). 

The U.S. Department of Energy (DOE) is working towards activities that address the full 
range of technological and non-technological barriers facing the development and 
deployment of hydrogen and fuel cell technologies. The following figure shows the 
program’s activities conducted to overcome the entire range of barriers to the 
commercialization of hydrogen and fuel cells. 
 

 
Fig. 4. The DOE program’s activities for fuel cell commercialization. 

Regarding the stacks, the targets are to develop a fuel cell system with a 60 percent of 
efficiency and able to reach a 5000-hours lifespan, corresponding to 240000 km at a cost of 
$30/kW (at large manufacturing volumes) by 2015 (fig. 4.). The Program is also conducting 
RD&D efforts on small solid-oxide fuel cell (SOFC) systems in the 1-to 10-kW range, with 
possible applications in the markets for auxiliary propulsion units (APUs).  
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Fig. 5. Target of durability of FCVs in order to reach 240000 km (150000 miles). (DOE 2009). 

DOE targets for transportation applications were derived with information from 
FreedomCAR and Partnership, a collaborative technology organization of Chrysler Group 
LLC, Ford Motor Company and General Motors Company. In table 1 are showed the targets 
of direct hydrogen fuel cell power systems. 
 

Characteristic Units Target 2015a

Energy efficiency @ 25% of rated
power b % 60 

Energy efficiency @ rated power % 50
Power density W/L 650
Specific power W/kg 650
Cost c $/We 30
Transient response (time from 10% to
90% of rated power) s 1 

Cold start up time to 50% of rated 
power @–20°C ambient temperature 
@+20°C ambient temperature

s 
s 

30 
5 

Start up and shut down energy d
from -20°C ambient temperature 
from +20°C ambient temperature

MJ 
MJ 

5 
1 

Durability with cycling hours 5,000 e
Unassisted start from low
temperatures f °C -40 

aTargets exclude hydrogen storage, power electronics and electric drive. 
b Ratio of DC output energy to the lower heating value (LHV) of the input fuel (hydrogen). Peak 
efficiency occurs at about 25% rated power. 
c Based on 2002 dollars and cost projected to high-volume production (500,000 systems per year). 
d Includes electrical energy and the hydrogen used during the start-up and shut-down procedures. 
e Based on test protocols in Appendix D. 
f 8-hour soak at stated temperature must not impact subsequent achievement of targets. 

Table 1. DOE targets for automotive application of direct hydrogen fuel cell power systems 
(DOE, 2010).  

An other important issue in fuel cell vehicles commercialization is hydrogen storage. 
Currently, compressed hydrogen is the principal technology used on board but the research 
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is addressed towards a advanced materials able to store hydrogen at lower pressures and 
near ambient temperature, in compact and light weight systems ( metal hydrides, chemical 
hydrogen storage and hydrogen sorption). 
In this chapter the prospects of fuel cell in transport application will be discussed and 
particular attention will be paid to the CNR ITAE experiences. CNR ITAE is the National 
Council Research of Italy that studies advanced technologies for energy. The Institute is 
involved in different demonstration projects regarding the development of fuel cell hybrid 
electric vehicles (FCHEVs) and in particular minibus, citycar, bicycle and tractor. Some kind 
of projects are addressed to different markets, in particular the so-called “early markets” are 
deal with. In this case the powertrain is electric and hybrid because it is composed by 
known technologies, like batteries, but also by supercaps and fuel cells that are innovative 
technologies. Fuel cells have a small size because are used like on board batteries recharge, 
“range extender” configuration, allowing to increase the range of traditional electric 
vehicles. The lower fuel cell power means a reduction in terms of stack size then a less cost 
of it as well as hydrogen storage amount.  
Other one kind of projects is instead addressed to a future market. The configuration used is 
the “full power fuel cell”, in which FCVs have  a big size of power close the electric motor 
power. The full power fuel cell vehicles are provided with innovative components such as 
radio systems (information technology systems - ITS) able to broadcast with other similar 
vehicles and fleet managing station. They represent a new concept of vehicle because they 
are a high-tech products, equipped with hardware and chassis made with new light 
materials and with a platform having interchangeable upper bodies. 

2. Fuel cell technology for transport applications 

Proton Exchange Membrane Fuel Cells (PEMFC) are the most used technology in FCVs. In 
part, this dominance is due to large number of companies interested in PEMFC 
development. In technical terms, PEM fuel cells have high power density, required to meet 
the space constraints in vehicles, and a working temperature of about 70 °C allowing a rapid 
start-up. The electric efficiency is usually 40-60% and the output power can be changed in 
order to meet quickly demanded load. Other characteristics of PEMFC systems are 
compactness and lightness. As a result of these characteristics, PEMFC are considered the 
best candidates for mobile applications. The disadvantages of this technology are sensitive 
to fuel CO impurities and expensive catalyst, higher CO levels result in loss of fuel cell 
performance. Furthermore, the electrolyte must be saturated with water and the control of 
the anode and cathode streams therefore becomes an important issue. In transport 
applications this technology is used in hybrid configuration with electricity storage devices, 
such as batteries or super capacitors.  
Today real competitors in transport market are SOFC (Solid Oxide Fuel Cell) systems, 
particularly suited for auxiliary power unit (APU) such as heating, air conditioning, etc 
(heating, air-condition etc..). SOFCs are characterised by their high working temperature of 
800-1000°C.  There are two configuration of stack, tubular and planar. The tubular concept is 
suitable for large-scale stationary applications while the planar concept is preferred for 
transport application tanks to the higher power density.The SOFC applications in vehicles 
are limited to APU rule due to long start-up time and slow dynamic behaviour caused by 
high temperature operation. However, it is also considered an important option for 
auxiliary power units on board of vehicles in the 5 kW range. The power density of the 
SOFC is in the range of 0.15-0.7 W/cm2 but high temperature corrosion is a problem that 



 
Electric Vehicles – The Benefits and Barriers 

 

98

requires the use of expensive materials. Delphi automotive and BMW companies have 
already been  examined this technology in prototype vehicles.  
Other different typologies of fuel cells used in transport are the AFC (Alkaline Fuel Cell). 
The use of this kind of FC is, today, limited if compared with other FC technologies. Several 
units are installed in niche transport sectors such as motorbikes, forklift trucks, marine and 
space applications. Several installations (80%) were introduced before 1990 and used in 
space applications especially. The rest were installed in transportation development and 
demonstration vehicles. After 1990 some units were installed in light duty, portable and 
small stationary end-use. When PEM units were introduced in the 1980s, the interest was 
shifted to this fuel cell alternative, particularly for the transport sector. Recently, some 
companies have been considered AFC technology for operation in stationary and portable 
application. The main problem of this technology is the carbon dioxide poisoning: small 
amounts of CO2 reduce the conductivity of electrolyte. As consequence of this, pure 
hydrogen must be used. Besides, air needs to be cleaned from CO2, which limits the 
application for terrestrial applications considerably. 
Finally, DMFC (Direct Methanol Fuel Cell) technology is used to power portable 
applications and in some niche transport sector such as marine, motorbikes and APU. In the 
year 2000, Ballard and Daimler Chrysler installed a DMFC system on a light duty but after 
no other vehicles have been developed. Some years ago DMFC had been considered a 
promising technology because methanol, that is a liquid fuel, allows to maintain all 
refuelling infrastructures. However if compared with PEMFC, the DMFC power density is 
lower but the high energy density of fuel (methanol) has potential to replace batteries with 
micro fuel cell systems.  
 

FC 
technology 

Working 
temperature

Efficiency Automotive 
applications 

Advantages Disadvantages 

PEM 70-90°C 50-60% Buses, Niche 
transport, light duty 
vehicles, APU (niche 
transport vehicles)

high power 
density 

 rapid start-up
 capacity to 

meet quickly 
demand load

Solid 
electrolyte 

sensitive to fuel 
CO impurities  

expensive 
catalysts 

SOFC 700-1000 °C 50-60% APU ((niche 
transport vehicles)

Tolerance to 
fuel CO 

impurities  
Fuel flexibility

Solid 
electrolyte 

Long start-up  
Slow dynamic 
load behaviour 

High temperature 
corrosion of 
components 

DMFC 60-130°C 40% APU (niche 
transport vehicles)

Storage of 
liquid fuel 
(methanol)  

Low power 
density 

high noble metal 
loadings 

AFC 90-100 °C 50-60% APU (niche 
transport vehicles)

Low cost 
components 

Sensitive to CO2 
in fuel and air 

Table 2. Fuel Cell technologies for transport applications. 
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Table 2 summarizes fuel cell technologies for transport sector by application. The used 
technologies are PEM, SOFC, AFC and DMFC while PAFC (Phosphoric Acid Fuel Cell) and 
MCFC (Molten Carbonate Fuel Cell) systems are generally suitable to provide stationary 
power and generation of heat for residential and industrial applications.   

3. The current market of FCVs 

Fuel cell vehicles are still in development and demonstration phase. All automakers have 
substantial development programs underway. Most attention is focused on the use of 
PEMFCs for transportation applications. Actually, PEM technology is used in different 
application as shown in figure 5. The majority of units installed globally are used for 
portable applications. Niche transportation, light duty vehicles and buses are only around 
15% of total installed units because the request is low compared to the other markets.  
 

 
Fig. 6. Percentage of PEM units installed by application (Gemma Crawley, 2006). 

 

 
Fig. 7. Buses fuel cells units produced from 1994 to 2008 (Lisa Callaghan Jerram, 2008). 

The PEFC systems was chosen for providing primary power train for buses involved in the 
clean urban transport for Europe (CUTE) (2003-2006). A total of 27 Mercedes-Benz Citaro 
buses, equipped with fuel cell power train, were used on three continents. Figure 7 shows 
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the buses units number produced per years, the peak number is in 2003 when started the 
CUTE project. In term of fuel cell bus deployment, Europe is leader with 53% of total 
deployments and 17 cities involved in demonstration projects. Asia’s projects are focused in 
Japan, China and South Korea, in USA several activities are presented in California (fig. 8).  
With regard to the regions of manufacture the situation mirrors the deployments with 
Europe 67% of total. The reason of that is the CUTE project, supported by Mercedes Benz 
fuel cell Citaros, and a Belgian fuel cell buses company, Van Hool.  
 

 
Fig. 8. Fuel Cell bus deployment (a) and region of manufacture (b) from 2003 to 2008 (Lisa 
Callaghan Jerram, 2008).  

Such as in buses market, in duty vehicles the technology choice is PEM.  The annual 
distribution of units is not constant and reflects the pre-commercial nature of this  market 
(fig. 9). Besides, the targets of past are shifted into next years. The main automaker involved 
in this sector are Honda, General Motors, Nissan, Hyundai-Kia and Toyota. 
 

 
Fig. 9. Annual New Light Duty Vehicle (Lisa Callaghan Jerram, May 2009). 

Figure 10 reports the manufacture and deployment percentage by region. For 2007-2009 
(projected) Asia and North America have become the major areas of manufacture. 
California, with the presence of infrastructures and the ZEV mandate, is a leading market 
for fuel cell vehicles. Germany, due to government programs, is a promising country for fuel 

(b)(a) 
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cell market. With regard to Asia, fuel cell vehicles are used as small fleets leased to 
government officials. 
 

 
Fig. 10. Light Duty Vehicle deployment (a) and region of manufacture (b) 2007-2009 (Lisa 
Callaghan Jerram, May 2009). 

The Honda fuel cell concept car is shown in figure 11 witch illustrates how modern fuel cell 
systems  can be packaged into a small light-duty vehicles. Like most FC cars, the vehicle is 
equipped with a compressed hydrogen storage system.   
 

 
Fig. 11. Fuel cell concept car (manufacturer Honda, type FCX Clarity). 

In table 3 the last fuel cell vehicles produced by some carmakers are listed. FC manufacture, 
range and fuel type are reported.  
Transport sector comprises applications as aircraft and aerospace, scooters, motorbikes and 
other two- and three-wheeled vehicles, materials handling vehicles such as forklift trucks, 
trains and the ‘other’ category, including such applications as wheelchairs and mobility 
assistance vehicles. Annual growth from 2005 through 2008 is showed in figure 12. The units 
installed in 2008 regard principally materials handling vehicles, scooters and motorbikes 
and the ‘other’ category including mobility assistance vehicles, each of which saw tens to 
hundreds of units deployed. 

(a) (b)
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Automaker Vehicle type Year Engine type FC manufacturer FC 
size/type 

Range 
(mi/km) Fuel type 

Audi Q5 HFC 2010 FC/battery
hybrid N/a 131 bhp N/a Compress. 

hydrogen 
AVL list 
GmbH AVL FCC: 4-5 2010 EV with FC 

range extender N/a 3 kW PEM 150 km 34L CGH @ 
200 bar 

BMW FC/hybrid electric
1-Series 2009 FC/battery

hybrid UTC Power N/a N/a N/a 

Daimler Mercedes-Benz F 
800 2010 FC/battery 

hybrid N/a N/a 

18 mi 
battery/plus 

375 mi 
hydrogen 

Compress. 
hydrogen 

Fiat/Alfa 
Romeo MiTo 2010 N/a N/a N/a N/a N/a 

Fiat Panda 2007 Fuel Cell Nuvera 60 kW PEM 200 kW Compress. 
hydrogen 

Ford Motor 
Company HySeries Edge 2007 Fuel Cell plug-

in hybrid Ballard HySeries 
Drive 491 km N/a 

GM Provoq 2008 FC/battery 
hybrid GM 88 kW PEM 483 km Compress. 

hydrogen 

Honda Fc Sport 2008 Fuel Cell Honda PEM N/a Compress. 
hydrogen 

Honda FCX Clarity 2007 Fuel Cell Honda 100 
kW/PEM 570 km Compress. 

hydrogen 

Hyundai Tucson ix35 FCEV 2010 FC/supercap 
hybrid N/a 100 

kW/PEM 650 km Compress. 
hydrogen 

Kia Borrego/Majoave 
FCEV 2008 FC/battery 

hybrid Ballard 115 
kW/PEM 685 km Compress. 

hydrogen 
Microcab 
Industries 
Limited 

Microcab 2008 Fuel Cell N/a N/a 160 km Compress. 
hydrogen 

Morgan LIFECar 2008 Fuel Cell QinetQ 22 kW/PEM 402 km N/a 

Pininfarina Sintesi 2008 FC/battery
hybrid Nuvera Four 20 kW 

PEM N/a N/a 

PSA Peugeot 
Citroen FiSyPAC 2009 FC range 

extender N/a N/a 496 km N/a 

Renault Scenic FCV H2 2008 FC/battery 
hybrid Nissan 90 kW 240 km N/a 

Shanghai 
Automoti-ve 

Industry 
Corp. 

Shangha 2007 Fuel Cell ShenLi 60 kW/PEM N/a N/a 

Suzuki SX4-FCV 2008 Fuel cell GM 80kW/ PEM 250km Compress. 
hydrogen 

Tecnalia H2CAR 2008 Fuel cell/ 
battery hybrid N/a 5kW/ PEM N/a Compress. 

hydrogen 

Toyota FCHV-adv 2008 Fuel cell/ 
battery hybrid Toyota FC stack N/a 830km N/a 

Volvo C30 2010 Fuel cell/ 
battery hybrid

Powercell 
Sweden N/a 400 km 

Hydrogen 
(reformed 
onboard 

from 
gasoline) 

VW Passat Lingyu 2008 Fuel 
cell/battery

SAIC (Shanghai 
VW parent co.) 55kW/ PEM 300km N/a 

Table 3. Some recent fuel cell Vehicles prototype by automaker (Fuel cell 2000, 2011). 
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Fig. 12. Niche transportation: annual growth (Jonathan Butler, July 2008). 

The technologies used for this application are PEM and DMFC, very little units installed are 
SOFC (fig. 13). In particular, there is most units PEM in aerospace and aircraft sector, a two 
thirds to one third split between PEM and DMFC in the scooters and motorbike market. In 
the materials handling market, almost exclusively PEM units are used. In the ‘other’ 
category, there are roughly six times the number of DMFC units compared with PEM units. 
 
 

 
Fig. 13. Percentage of units shipment by technologies (Jonathan Butler, July 2008).  

Marine and APU market is another interesting application where fuel cells have about 7000 
units installed into 2008. Starting with very low units installed in 2005 the numbers 
increased during 2007/2008.   
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Fig. 14. Fuel cells units installed in niche transportation sector (APU and marine) from 2005 
through 2008 (Dr. Jonathan Butler, 2008).  

In terms of technology, DMFC is the principal chose thanks to the liquid fuel and flexibility 
of refilling. The followed figure shows the percentage by technology. Number of PEM units 
are limited to APU applications for on board yachts due to their silent operation. 
Very interesting is the SOFC technology used mainly for APU demonstration units for road 
vehicles and marine vessels. In fact, units installed in this transport sector are higher than in 
large stationary applications (Gemma Crawley, 2007). In this sector SOFC units are used as 
APUs to supply auxiliary power to selected vehicles. Companies involved in development 
of automotive system for fuel cell, as Delphi Automotive Systems, believe in SOFC 
technology for the high efficiency, simply reforming technology and less stringent fuel 
requirements. The majority fuel cell manufacturer in transportation sector are indicated in 
table 4.   
 
 
 

 
 

Fig. 15. APU and Marine sectors: percentage by technology 2007/2008 (Dr. Jonathan Butler, 
2008).  
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Manufacturer Application size Technology 

Ballard Transportation/bus/light 
mobility 4 - 85 kW PEM 

General Hydrogen Small/medium/large trucks / PEM 

SFC Smart Fuel Cell Mobile/niche transport 600 - 1600 
Wh/day DMFC 

UTC Power Transportation 120 kW PEM 

Hydrogenics Mobility application 4 – 65 kW PEM 

Nuvera FC APU, transportation 5 – 82 kW PEM 

Delphi Automotive 
System APU 1-5 kW SOFC 

Table 4. Fuel cell manufacturers for transport applications. 

4. Vehicles configuration 

Fuel cell vehicles are electric vehicles powered by batteries and fuel cell. There are different 
configurations for fuel cell hybrid electric vehicles (FCHEVs). In particular the configuration 
depends on the desired hybridization level and on the fuel cell and batteries rules.  
In conventional electric vehicles batteries provide power to the electric motor, in the 
FCHEVs batteries and fuel cell are connected in a parallel system and together provide 
power.  
Figure 16 shows a fuel cell stack connected with a DC/DC converter needed to provide a 
regulated voltage at the output. Battery pack is connected with auxiliary devices and with 
fuel cell. The DC/AC inverter converts the direct current (DC) in alternate current (AC) in 
order to fed electric motor. The motor is able to recover part of energy that would normally 
be lost due to braking (regenerative braking). This recovered energy is used to recharge 
batteries. 
 
 

Fuel 
Cell Stac k

DC/DC
Conv Inv

Batter y

Auxil iar y 
Devic es

Motor

Regeneration,
Recharge Bat when needed

Assist fuel cell when needed

Power vehicle at 
high battery SOC

Cycle requirement

 
Fig. 16. Fuel Cell Hybrid Electric Vehicle configuration 
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The sizes of batteries and fuel cell define the hybridization level and the configuration.  
A conventional electric vehicle (full battery) presents intrinsic limits like the range (that is 
function of batteries capacity) and recharge time (about 6-8 hours), that can reduce their use. 
FCHEVs allow to increase the range, in terms of working hours or distance, because it is a 
function of the on board stored hydrogen and the hydrogen refuelling time isn’t comparable 
to the batteries recharging time.  
In the first configuration, called "total fuel cell" or "full power fuel cell", the electric drive motor 
is totally fed by fuel cell and a small battery can be installed just for the vehicle start up or 
for peak power. In this case the fuel cell power is close the electric motor power. A similar 
architecture, having a big size of fuel cell, means a great quantity of stored hydrogen (also 
depending on the required range) and high costs.  
Another configuration consists of an architecture in which the fuel cell is used as APU 
(auxiliary power unit) and provides the electrical power required by the auxiliary devices. 
In this case the fuel cell size is very small and its function is essentially addressed to cover 
small loads like air conditioning, electric windows, lights, etc. 
Finally, the "range extender" configuration is characterized by a small size fuel cell used like 
on board batteries recharge. This solution, depending on the on board stored hydrogen, 
allows to increase the range of traditional electric vehicles. Using this configuration it is 
possible to define a specific batteries recharge strategy; in particular the batteries can be 
recharged when the electric motor doesn't require load, i.e. during the stops and at the 
terminus. In some case the fuel cell can contribute to the electric traction providing energy 
when the vehicle runs also. In this way the fuel cell works in optimal operation conditions at 
a fixed power, avoiding the load following operation that could cause thermal and 
mechanical stress of materials.  
Moreover, the lower fuel cell power means a reduction in terms of stack size then a less cost 
of it as well as hydrogen storage amount.  

5. CNR ITAE challenges and activities 

The automotive strategy of CNR-ITAE is to investigate the fuel cell technology in order to 
evaluate the stack behavior and its integration in a system, addressing the research towards 
an efficient system interface and architecture trade off. This includes hydrogen stack 
modules as well as reformate stack modules. The principal issues regard efficiency, cost, 
durability and manufacturing. The research activities is focused on SOFC and PEM 
technologies for applications with hydrogen and Reformed hydrocarbon (NG, GPL). In fact, 
although the long term target is to implement hydrogen as fuel, since the current limited 
hydrogen infrastructures, other fuel (such as Reformed NG) can be a short term solution 
(figure 17).   
The projects in which CNR ITAE is involved concern electric vehicles realization, having an 
electric motor like driving force. This kind of projects are addressed to different markets, in 
particular the so-called “early markets” are deal with. In this case the powertrain is electric 
and hybrid because it is composed by known technologies, like batteries, but also by 
supercaps and fuel cells that are innovative technologies. Fuel cells have a small size 
because are used like on board batteries recharge, “range extender” configuration, allowing 
to increase the range of traditional electric vehicles. This approach is a way to introduce the 
FC technology gradually thanks to the lower power and costs.  
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Fig. 17. Fuel options for fuel cell power generation. 

The other one kind of projects is instead addressed to a future market. The configuration 
used is the “full power fuel cell”, in which FCs have a big size of power close the electric 
motor power. The full power fuel cell vehicles are provided with innovative components 
such as radio systems (information technology systems - ITS) able to broadcast with other 
similar vehicles and fleet managing station. They represent a new concept of vehicle because 
they are a high-tech products, equipped with hardware and chassis made with new light 
materials and with a platform having interchangeable upper bodies.   
Demonstration projects regarding the development of fuel cell hybrid electric vehicles 
(FCHEVs) and in particular minibus, citycar, bicycle, tractor and airplane.The tractor 
projects intends to demonstrate that the fuel cell can be applied in the farm context because 
hydrogen could be produced on site using different methods (biomass, wind energy, 
photovoltaic). In this case the hurdle of hydrogen distribution is avoided.  
The research activities of CNR ITAE are supported by numerous partners involved in fuel 
cell development. This includes collaborations and with fuel cell developers like Nuvera 
Fuel Cell, SOFCPower and with industrial partners. 
The most of important projects in automotive sector which CNR ITAE is involved are 
“Meccano”, “BHYKE”, “HY-TRACTOR” and “H-BUS”. 
The project, called “MECCANO”, is to develop a highly evolved concept vehicle which 
offers competitive advantages in terms of optimized ergonomics, low running costs, high 
levels of safety, modularity and low environmental impact. This new product wants to meet 
societies demand for reduced congestions, low road-space occupation and improved 
intermodality with public transportation systems. In this context, the vehicle is characterized 
by the following features (fig. 18): 
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- Very highly efficient propulsion system: the powertrain configurations include full-
power fuel cell, plug-in battery electric, battery electric with auxiliary motor-generator 
(series hybrid), and parallel hybrid with methane fuelled internal combustion engine. 

- Compact body and short vehicle length (approx. 3m) with high vehicle habitability. 
- Advanced technologies for integrated preventive, active and passive safety, in order to 

attain the highest levels of Euro-NCAP consumer ratings.  
- Latest solutions for human-machine and machine-infrastructure interactions and 

communication personalized depending on the user and on the specific application.  
- This economic and ecological urban vehicle aspires to become an ideal mode of 

transport for environment-aware individuals and municipal authorities. This dual-use 
concept (ie. individuals as conventional cars or as a means of personalised public 
transport) introduces radically new opportunities for vehicle design: a) the 
development of a platform: chassis and low part of the vehicle can be configured in a 
highly flexible manner in order to accommodate the different propulsions listed above; 
b) the design of two vehicle bodies and their relative interiors offering different styles 
and appropriate technologies. 

In MECCANO project several automotive companies are directly involved (FIAT, Michelin, 
Magneti Marelli, Marangoni, ecc.) in conjunction with research institutes. 
 

 
Fig. 18. Meccano project. 

The bicycle project “BHYKE” is the study of an innovative electric bicycle in joint venture 
with an Italian company, called TRE S.p.A. (Tozzi Renewable Energy). The bike, having 
pedal assistance, is provided with a 250 W fuel cell and a hydrogen solid state storage 
cylinder of 900 Sl at 12 bar. The targets for this project are: a range of 130-150 km, a 
maximum speed of 35 km/h and total weight of 30 kg (fig. 13). The aim of the project is to 
realize, through a new concept of bike sharing service, a representative sample of field test 
of hydrogen refuelling station from renewable energy (photovoltaic and wind). 
 

 
Fig. 19. Hydrogen bicycle and technical characteristics. 
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In order to demonstrate that fuel cell technology can be used also in farm sector “Hy-
Tractor” project wants to develop a fuel cell tractor fed by hydrogen. In farm sector the 
hydrogen distribution is not a problem because hydrogen can be produced on site  
using the available renewable energies: wind, photovoltaic, biomass. The main activities 
are: 
- Development of a hydrogen production and storage system based on: 1) photovoltaic 

and electrolyzer (fig. 14), 2) biomass, 3) low temperature thermolysis, 4) high 
temperature pyrolysis; 

- Design and development of tractor equipped with fuel cell powertrain, on board 
hydrogen storage system and other needed auxiliary subsystems.  

- Development of energy saving systems for efficiency increase. Some of these are: 
photovoltaic roof, high efficiency air-conditioning and external lights, hydraulic 
systems and power take-off (PTO) with electric drive. 

- Replacement of hydraulic drive with electric drive, avoiding oil (that is a polluting 
substances) and increasing the check.  

- Design of a Multi-Power Testing-Trailer able to carry out simultaneous tests on the 
traction, hydraulic system and electric devices. 

- Field test of the FC tractor during operation both in external sites and inside places 
(hayloft).  

 
 
 
 
 

 
 
 

 

Fig. 20. “Hy-Tractor”: Project layout with photovoltaic plant. 

The H-BUS is a joint project of National research Council of Italy and two supplier 
companies to develop a range extender Fuel Cell/Battery Hybrid Electric city bus. The aim 
of H-BUS project is to realize a pre-commercial Fuel Cell/Battery HEV able to increase the 
range (at least 30%) with respect to same bus in a standard electric configuration, using a 
small size of fuel cell that works as batteries recharge on board. Within the project, CNR 
TAE Institute is involved in determining the optimal level of hybridization assessing all 
boundary conditions (mission, performances, hydrogen consumption, range, etc...). The bus 
selected for the prototype realization is an electric vehicle having an 85 kW rated power of 
electric drive motor and a capacity of 44 passengers (Fig.21). 
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Fig. 21. The selected bus for the H-BUS project 

5.1 Fuel cell systems development 
The CNR ITAE collaborations with fuel cell developers are focused on  improving 
durability, architecture and cost reduction of fuel cell systems and stacks. As above said, in 
automotive sector, PEMFC and SOFC are the principal technologies studied. The 
development of PEM fuel cell systems is summarized in table 5, all devises are fed by pure 
hydrogen. Gen 3 is a hybrid system composed by a stack of 5 kWe and a battery pack with a 
power output of 4 kW. Besides, this system is equipped with a new kind of hydrogen 
recirculation system which increases stack durability up to 10000 hr. 
A fuel cell system is composed by fuel cell stack and the linked ancillaries: a blower for the 
air, a pump for the water and a fan for the cooling circuit (Fig 22). Dedicated micro–
computer and software are used for the management of the entire system in terms of 
operation and safety 
The stack is the core componentof a fuel cell system but, for the electrical energy production, 
hydrogen and air have to be fed into the stack. Excess heat must be removed through a 
cooling system. The operational characteristic curve of a stack (polarization curve) illustrates 
the device’s performance unambiguously. The experimental curve of the fuel cell PEM 
system is  is shown in Fig. 23a.It demonstrates that the stack works in a defined range of 
voltage of 0.65-1Vcell. In this range of voltage it is possible to obtain high performance in 
terms of efficiency and to limit the materials stress in order to assure a long durability. The 
figure also reports cell voltage of stack (average voltage of two contiguous cells) at different 
power levels (fig.23b). The stack is composed by 40 cells.  
An important issue in automotive sector is the response time of system. For this reason start-
up/warm-up times have been evaluated at different temperatures in order to determine 
system limitations and the best operative conditions. The aim was to minimize the battery 
pack that supply the load and the FC system ancillaries at the same time. The first remark is 
that batteries cannot be completely eliminated, due to start-up operations. In fact, during the 
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Rated Power 
(kW) 

5 5 5 kW FC + 4 kW batteries 

Number of 
cells 

40 40 40 

Temperature 
(°C) 

80 80 80 

Active area 
(cm2) 

500 500 500 

Efficiency 
(%) 

52 54 54 

Durability 
(hr) 

1500 3000 10000 

Table 5. PEM  Fuel Cell Systems development.  

 

 
Fig. 22. Schematic diagram of the Fuel Cells System. 

start-up, system drains an average current of 13.5 A (P = 648W), from an external power 
supply (Fig. 18). The minimum time needed by the FC system to generate power is ever 7 
seconds (FC system software setting), but its value never reaches the maximum value (5 
kW) before the warm-up. 

Gen 1 2006 Gen 2 2008 Gen 3 2009 
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Fig. 23. Polarization curve (A) and voltage distribution (B) for a stack of 40 cells PEM. 
 

 
Fig. 24. Current demand from external 48V power supply by FC system during then start-
up. 
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The minimum time needed by the FC system to generate power is ever 7 seconds (FC 
system software setting), but its value never reaches the maximum value (5 kW) before the 
warm-up. FC system produces the best response when it starts to run at the nominal 
temperature as shown in the following figure 19, where is reported the start-up/warm-up 
time depending on the different initial FC system temperature. At the nominal temperature, 
FC system generates maximum power after 76 seconds during start-up routine runs (7 
seconds) and FC stack is warmed-up (69 seconds) at the nominal temperature. 
 

 
Fig. 25. Start-up times at different initial FC system temperatures. 

 
 

Rated Power 
(kW) 1.248 1.811 1.096 

Number of 
cells 75 10 32 

Temperature 
(°C) 650 500 750 

Active area 
(cm2) 92 360 50 

NG 
reforming 

Internal with pre-
reforming Internal Internal 

Table 6. Features of the three SOFC stacks. 

Among Fuel Cells, SOFCs show the great advantage of working with more flexible gas than 
than polymer electrolyte fuel cells. The table 6 reports the performance of three intermediate 
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temperature SOFC stacks. The aim is to build a complete SOFC power generation system 
around the stack. All these three stacks have planar bipolar plate, but they are arranged with 
different technical solutions: active areas, volumes, dimensions, ect. 
A polarization curve of a SOFC system tested  is showed in figure 26. The stack power 
output is 500 W and 55% of electric efficiency is expected. The working temperature is about 
750 °C. 
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Fig. 26. Polarization curve of a SOFC system with a power of 500 W. 

These systems are suitable for small recreation vehicles (i.e. motor cycles, golf car), utility 
vehicles ( i.e. fork-lift trucks) and hybrid vehicles in range extended configuration.  

5.2 Hybrid powertrain studies 
Over the years, CNR ITAE has evaluated  different powertrain configurations in terms of 
the energy flows and system components size.  Here are reported some architectures chosen 
for hybrid powertrains used in small vehicles and buses. 
The structure of a hybrid powertarin for a golf car is the same showed in figure 16. The 
hybrid powertrain is composed by the following main devices: fuel cell power soure, battery 
pack, static power converter (inserted between FC and load diode between the static power 
converter and load). The fuel cell system is a compact power module with a nominal power 
of 5kWe, developed with Nuvera Fuel Cells. The lightweight vehicle was adequately 
instrumented for data acquisition by applying speed transducer, voltage and current sensors 
(fig. 27); it was subjected to a work cycle with heavy load conditions, both on road and in 
laboratory simulated by electric load.   
In this latter configuration, the fuel cell is used as main power source for the powertrain, 
also providing battery charge. The battery has the role to provide peak power during the 
start up of the vehicle and to supply the necessary energy to the fuel cell system during the 
start up. The hybrid powertrain has shown a fast response even at extreme and impulsive 
loads and a wider range compared to a battery vehicle, without compromising the weight 
limitations on the vehicles. 
The figure 28 shows the response of the battery and  the fuel cell system during a rising 
transient. The behaviour of starting batteries is characterized by a short delay in the load 
response when rising transient begins. This phenomenon is due to a small power inlet from 
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fuel cell to batteries. The batteries package is connected directly to the electronic load and, in 
correspondence of the power demand, voltage decreases. As a consequence the recharging 
current of the batteries increases, since the voltage difference between PowerFlow and 
batteries is higher than the pre-fixed control value. During this very short time (0.1 s) the 
fuel cell tries to recharge the batteries even if the demand is higher than its rated power. 
This delay occurs every time the load changes. Moreover, the load response is slightly lower 
than the electronic load demand. 
 

      
Fig. 27. Golf car Hybrid Powertrain. 

 

 
Fig. 28. Response of the battery and  the fuel cell system during a rising transient. 

An important instrument to identify the most favourable vehicle configuration in specified 
operating conditions is the computer simulations. Figure 29 shows a power train simulation 
for a bus in range extended configuration. A range-extender HEV is essentially an EV with 
an on-board charging system(Suppes GJ et al., 2004). Simulation studies have been 
performed to evaluate the potential SoC saving and autonomy increase with respect of pure 
battery EV bus. The simulation models have been developed in the Matlab® Simulink® 
environment utilizing the SimPowerSystems tool. 
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In the proposed configuration FC system works as batteries recharge that provides, 
following an identified strategy, the necessary power to the driving cycle to increase the 
autonomy of the vehicle. The storage system (traction batteries) provides, however, the 
energy required to satisfy the peak power demand. PEM Fuel Cell and ZEBRA® (Zero 
Emission Battery Research Activities) technologies have been selected for the fuel cell 
system and batteries, respectively.  
The study has demonstrated that a power train with 6 ZEBRA® batteries connected with 5 
kW FC system appears as the best solution. This configuration allows to increase the range 
of about 40% as shown Figure 30. 
 

 
Fig. 29. Simulink® model of the powertrain for bus application.  

 

 
Fig. 30. SoC (%) analysis: Comparison of proposed HEV (blue) and pure battery EV (green). 
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The obtained results show that Fuel Cells and Batteries achieve an optimal synergy because 
their combination provides better performance and lower costs than batteries or total fuel 
cells vehicles. 
With regard to the integration of fuel cell in the vehicles, the figure 31 shows the layout bus 
for the project "H-Bus". The fuel cell system and hydrogen storage are assembled  on the top 
of the vehicle in substitution of N°1 batteries box. TIn order to reduce costs and improve the 
fuel cell system technological development the exiting vehicle structure and electric drive 
train technology have been used.  
 

Batteries Pack N°1 Batteries Pack N°2 

Batteries Pack N°3

 
Fig. 31. Position of batteries packs on the top of the electric Bus version (only battery electric 
vehicle).  

 

 
Fig. 32. Example of distribution of the power between SOFC and battery. 

Some studies are focused on SOFC technology used mainly for APU demonstration units for 
road vehicles having a hybrid configuration (Battery and FC). The work here reported 
regards the integration of a little SOFC system of 500 W with a battery. In particular, a 
specific control algorithm was developed for utilizing the SOFC system as a base power 
source and battery as a complementary source (Fig.32). In fact, on the contrary of PEM 
technology, SOFC device is not able to follow fast and wide changes of the load because its 
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high working temperature.  The aim is to develop an efficient hybrid system able to deliver 
the power requirement, to combine energy storage and to ensure durable operation.   
To obtain benefits from the operation of a hybrid system, the flows of power within the 
system must be carefully planned and regulated in accordance with an appropriate 
energetic strategy to optimize the total efficiency and to preserve the devices from stress that 
may reduce their lifecycle. This research with a power of 500 W can be scaled-up and 
optimized for specific conditions. 
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1. Introduction  

Accelerated science and technology advances leads to improvement of human life, but also 
creating of new crisis situation. Mankind is confronted with risks not seen earlier in human 
history. Global worming is one of the typical examples. Although majority of the experts 
studying climate changes claim global worming and fact that it is caused by human, there 
are also scientists that doubt those statements. One of the main problems related to critical 
situations is – mater of responsibility.  
World Governments have to consult with experts and to estimate well when to announce 
risk situation. Strong political initiative is needed to start dealing with serious ecological 
problems as it is global worming. Political agreements at the world level which are achieved 
so far under Kyoto protocol are not substantial enough to stop this phenomenon. According 
to this protocol, gas emission that creates greenhouse effect should be reduced by eight 
percent in first years of 20th century in European Union countries, seven percent in USA 
and six percent in Japan. Even under assumption that all of signers of protocol follow the 
agreement, global worming will continue till the moment of substantial reduction of gas 
emission. 
On the other hand, industrial giants as „General Electric“, „Toyota“ and „Sharp“ and 
investment companies as „Goldman Sach“ are investing billions of dollars in clean 
technologies. A clean technology development is not just social problem governed by people 
dealing with environment protection, but it is also possible business that brings money and 
slowly flows into business streams. In fact, economy is confronted with new challenges due 
to very high energy prices, resource limits, global environment and security treats. That is 
why clean technologies – technologies designed to provide superior performance at lower 
price at same time creating less loses compared to conventional offerings – have great 
chance to become future motor force providing economic growth.  
Science, certainly, before all spots problems of planet survival and life on it. It also tries to 
solve them and succeeds as much as it is possible in reality, having political, social, 
economical and technological factors. 
Electric drive vehicles present one of the most important technological advances having in 
mind spread of this kind of nature pollution. Lately there is increased world interest for so 
called hybrid vehicles that have reduced fuel consumption and much less pollutants 
emission than regular vehicles. Hybrid vehicles can in broadest sense be described as 
vehicles utilizing combination of production and storage of energy (Van Voorden at al., 
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2007). Good properties of conventional vehicles are combined (long range and acceleration, 
very good supply network) and electrical vehicles (zero emission, quiet operation, 
regenerative use of braking energy). 
Two kinds of these vehicles are in consideration - so called parallel and series hybrids. In 
parallel hybrids there is a connection between power generator and driving wheels, while in 
series that relation is not present. Series hybrids have substantial advantages compared to 
parallels due to their mechanical simplicity, flexibility in terms of design and ability of 
simple new technologies incorporation (Stević at al., 2002). 
In next five years electrical and hybrid vehicles may became real alternative to classical 
vehicles in big cities, as shown by research done by consultant company „Mc Kinsey & 
Company“. New York plans about 70.000 electrical vehicles in 2015 their number in new 
registered vehicles of 16 percent. Paris is planning for 60.000 and Senghai 25.000 such 
vehicles. 
Research showed that it is not required to build network of charging stations to increase sale 
of electrical vehicles, since users are ready to charge its vehicles batteries at home. As a next 
step could be a possibility of supermarkets, parking stalls and restaurants to offer their 
clients charging stations. Very good solution is exchange empty for charged accumulator 
batteries at the specialized stations. 
Important factor to bring political decisions is a public opinion as well. So it is very 
important to raise global ecological awareness and wider public education in that sense. 
Goal of this chapter is to bring closer to reader new drive technologies that are intended to 
environment and nature protection in all. 

2. Supercapacitors vs. accumulator batteries and fuel cells 

Supercapacitors are relatively new type of capacitors distinguished by phenomenon of 
electrochemical double-layer, diffusion and large effective area, which leads to extremely 
large capacitance per unit of geometrical area (in order of multiple times compared to 
conventional capacitors). They are taking place in the area in-between lead batteries and 
conventional capacitors. In terms of specific energy (accumulated energy per mass unity 
or volume) and in terms of specific power (power per mass unity or volume) they take 
place in the area that covers the order of several magnitudes. Supercapacitors fulfill a very 
wide area between accumulator batteries and conventional capacitors taking into account 
specific energy and specific power (Conway, 1999). Batteries and fuel cells are typical 
devices of small specific power, while conventional capacitors can have specific power 
higher than 1MW/dm3, but at a very low specific energy. Electrochemical capacitors 
improve batteries characteristics considering specific power or improve capacitors 
characteristics considering specific energy in combination with them. In relation to other 
capacitor types, supercapacitors offer much higher capacitance and specific energies, as 
illustrated in Figure 1.  
Accumulator batteries and low temperature fuel cells are typical devices with low specific 
power, where conventional capacitors may have specific power over 1MW/dm3, but at very 
low specific energy. Electrochemical capacitor can improve characteristics of batteries in 
terms of specific power and improve properties of capacitors in terms of specific energy 
when they are combined with them (Stević, 2001). 
Supercapacitors, ultracapacitors (commercial denominations given originally by its 
manufactures Nippon Electric Company, NEC, in Japan, and by Pinnacle Research Institute, 
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PRI, in USA) or electrochemical double-layer capacitor (EDLC, technical name) are devices 
that can be used as energy storage systems, that have high energy and power densities, a 
high efficiency, nearly 95% and a large life expectancy (Guerrero at al. 2009). 
 

 
Fig. 1. Area diagram for various energy storage systems 

Supercapacitors store charge in a similar way to conventional capacitors, but the charge 
does not accumulate in two conductors, but in the interface between the surface of a 
conductor and an electrolytic solution. Devices consist of two electrodes which allow a 
potential to be applied across the cell, therefore they present two double-layers, one at each 
electrode/electrolyte interface (Bugarinović at al., 2007). An ion-permeable separator is 
placed between the electrodes in order to prevent electrical contact, but still allows ions 
from the electrolyte to pass through. The electrodes are made with high effective surface 
materials, such as porous carbon or carbon aerogel (Bugarinović at al., 2008). Two principal 
technologies are used (Stević at al., 2010): aqueous (maximum voltage of 1.2 V and work 
voltage of 0.9 V) and organic (voltage near 3 V but with a much higher series resistance).  
The principal supercapacitor characteristic that makes it suitable for using in energy storage 
systems (ESS), is the possibility of fast charge and discharge without lost of efficiency, for 
thousands of cycles. This is because they store electrical energy directly. Supercapacitors can 
recharge in a very short time having a great facility to supply high and frequent power 
demand peaks (Kotz & Carlen, 2000).  
Supercapacitor can be manufactured in any size because they do not need a dielectric, form 
high capacitance supercondensators for hybrid vehicles, to small capacitance ones to be 
used in low power applications such as wireless systems. 
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Data given in Table 1 clearly show supercapacitor characteristics that make those devices 
adequate for purposes requiring great specific energy and great specific power combination 
or long lifetime denoted by charging and discharging number of cycles In other words, 
capacitors have retained classical capacitors positive property to achieve almost unlimited 
charging and discharging number of cycles. 
 

Characteristic Classical capacitor Supercapacitor Accumulator 
Discharging time s – ms ms – weeks min - months 
Charging time s – ms ms – minutes hours 
Specific energy < 0,01 Wh/dm3 0,5 – 5 Wh/dm3 < 500 Wh/dm3 

Specific power > 104 W/dm3 (1-3) 103 W/dm3 < 500 W/dm3 
Cycles number 106 - 108 (unlimited) 106 - 108 200 - 1000 

Table 1. Capacitor, supercapacitor and accumulator basic characteristics 

Literature offers data on two basic kinds of supercapacitors with different ways for energy 
storing (Arbizzani at al., 2001). New trends in electrochemical supercapacitors. Journal of 
Power Sources, Vol.100, No1-2, (November 2001): 
a. double layer capacitors 
b. redox supercapacitors. 
Capacitance of the first kind is electrostatic by its nature, taking into account that distance 
between quasi electrodes is extremely short, and electrode material has highly developed 
surface. Typical examples are Faraday inactive coal powders including both assumptions. 
The name electrochemical double layer capacitor describes the elementary principle of 
energy storing at those devices. Principally, energy storing at double layer capacitor is a 
result of electrical charge separation at the interface between electrode as electronic 
conductor and electrolyte as ionic conductor. Capacitance created at that interface is the 
double layer capacitance. Owing to the large specific area, coal is one of the best examples of 
materials for double layer capacitors (Stević & Rajčić-Vujasinović, 2006). Electrochemical 
processes taking place on double layer capacitors can be described in the following way 
(Zheng at al. 1997): 
Positive electrode:  

  Charging  

 Es + A-  Es+ // A- + e-  

  Discharging  

Negative electrode: 

 Charging  

Es + C+ + e-  E // C  

 Discharging  

Overall reaction: 
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 Charging  

 Es + Es + C+ A-  E // A + E //C  

 Discharging  

where Es represents carbon electrode surface, // presents the double layer in where charges 
are accumulated on the two sides of the double layer, while C+ and A- represent the cation 
and the anion of the electrolyte. From above given equations it can be concluded that during 
the charge electrons are forward from the positive electrode to the negative electrode 
through an external power source, while positive and negative ions are separated from the 
bulk electrolyte and moved to the electrode surfaces. During the discharge, electrons move 
from the negative electrode to the positive electrode through the load, and ions are released 
from the electrode surface and moved back into the bulk of the electrolyte. As it can be seen 
from overall reaction, the salt (C+A-) in the electrolyte is consumed during charge, so the 
electrolyte could be considered as an active material. During the charge and discharge, the 
charge density at the interface electrode– electrolyte changes as well as concentration and 
electrolyte conductivity (Stević at al., 2002).  
Figure 2 presents the scheme of a symmetrical double layer elemental cell as well as 
illustration of interface on which electrochemical double layer and potential drop appear 
(Rajčić-Vujasinović at al., 1999). 
 

 a) b) 

Fig. 2. (a) Cross section through a practical electrochemical double layer capacitor and 
profiles of the potential across an electrochemical capacitor; (b) Simplified equivalent electric 
circuit for an electrode – electrolyte interface 

In the case of redox capacitors, in the course of electricity pass, Faraday processes are 
occurring as at batteries and a new phenomenon, called pseudocapacitance is appearing 
(Ardizzone at al., 1990). That is the reason why this kind of supercapacitors has got the 
name pseudocapacitors. Typical representatives of the supercapacitors type are RuO2, 
Co3O4, NiO2 and IrO2 in acid water solutions. Investigation of materials by cyclic 
voltammetry method showed extremely capacitance behavior that can be explained only by 
double layer capacitance. The latest researches in this field are focused to the development 
of supercapacitors based at fast reversible Faraday reactions. Specific capacitances realized 
at those supercapacitors are from 50 to 64 F/g, specific energy from 25 to 40 kJ/kg and 
specific power 4 to 17 kW/kg.  
Pseudocapacitors have rather greater values of specific energy comparing to carbon double 
layer capacitors. Besides, electrical conductivity of metal oxide (RuO2) is extremely higher 
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than at carbons and all together lead to greater specific power or, in other words, to less RC 
(resistance – capacitance) value of time constant. These pseudocapacitors advantages are 
decreased by their high price compared to carbon. However, advantages realized with 
carbon materials can be combined with advantages achieved with transient metals oxides, 
so it led to the new class of electrochemical capacitors. Development of combined double 
layer Faraday pseudocapacitors as a result may have the use of the advantages of metal 
oxide Faraday capacitance and carbon material double layer capacitance (Miller at al. 1997). 
Investigations of behavior of copper sulphide minerals during their anodic polarization and 
modeling of these reactions were performed at Bor Technical faculty. On this occasion, it 
was established that equivalent electrical circuit must contain very high capacitances, 
indicating possibility of copper sulphide mineral use as potential material for 
electrochemical supercapacitor electrodes (Stević at al., 2003). 

3. Supercapacitor characterization 

Electrochemical investigation methods are widely used for characterization of different 
kinds of materials, as well as of the processes in systems where the electrochemical reactions 
take part. There is a series of well known methods, but some new methods from 
electrotechnical area have been introduced (Stević at al., 2008). So, first of all it was given an 
overview of the standard electrochemical methods and parameters, beginning with 
potential measurement and simple methods such as chronopotentiometry and 
chronoamperometry, till electrochemical impedance spectroscopy (Stević at al., 2010). The 
last named method is adapted for systems containing large capacitances that became 
actually with appearance of electrochemical supercapacitors. New methods are Dirac 
voltage excitation and Dirac current excitation. Measurement system described here allows 
application of electrochemical methods, as follows: measuring open circuit potential, 
chronopotentiometry, chronoamperometry, galvanostatic method, potentiostatic method, 
Dirac voltage excitation, galvanodynamic method, cyclic voltammetry and electrochemical 
impedance spectroscopy.  
For signal generation and data acquisition it was developed a measuring and control system 
based on PC Pentium 4. Beside PC, hardware consists of ADDA converter and external 
interface for analog signals conditioning. ADDA conversion is performed using 
commercially available converter NI 6251 from National Instruments, M series high-speed 
multifunction data acquisition. They have an onboard NI-PGIA2 amplifier designed for fast 
settling times and high scanning rates, ensuring 16-bit accuracy even when measuring all 
channels at maximum speeds.  
Measurement interface has been designed for the needs of the electrochemical investigations 
by controlled current or voltage excitation and response registration.  
The software platform for predicted measurement methods was National Instruments Lab 
VIEW package, which is regarded as a high standard in the area of modern virtual 
instruments. In Lab VIEW, one builds a user interface by using a set of tools and objects. The 
user interface is known as the front panel. As an example, the description, as well as Front 
Panel has been showed for the Electrochemical Impedance Spectroscopy (Stević at al., 2004).  

3.1 Electrochemical impedance spectroscopy  
In this method differs, before any measurement has been done, on the outlet there has been 
put the direct (DC) voltage to last long enough in order to achieve a stationary regime, and 
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then the current measurement can be started as a response to a complex excitation 
(superimposed alternating voltage of an order of magnitude milivolts on DC level up to 
10V). The assigned parameters are: open circuit potential, Eoc, direct voltage, EDC, and time 
of the regime duration, to (Stević at al., 2009). 
 

 
Fig. 3. Front panel of the measuring system for electrochemical impedance spectroscopy 

 

 
Fig. 4. Electrochemical impedance spectroscopy diagram 
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After the DC regime expires, the initial WHILE loop starts, in which the current value of the 
alternate voltage of the assigned amplitude EmAC and the calculated frequencies (block 
DAQmx Write), the channel (AOCH1) have been generated. The frequency is calculated in 
the external loop according to octaves, in relation to the assigned values starting from fmin 
to fmax. The lowest frequency can be 1µHz necessary for systems with high capacitances. 
The generated alternating voltage is being superimposed with already installed DC voltage 
and they both make together the excitement of the electrochemical system.  
The current response, which in the pseudo stationary regime has also got the sinusoidal 
shape with a DC component, is measured on the analog input channel, being averaged, 
converted into an array and led in a block Array Max&Min. On the base of this block it is 
possible to calculate the average maximal value of the superimposed component of the 
voltage excitation so that the outcome is the module of system impedance which is 
memorized and graphically displayed as a function of the logarithm of the frequency – Bode 
diagram of an impedance (Fig.3 and 4). 

4. Supercapacitor applications 

Considering applying, there are four groups of supercapacitors. Depending on applying 
place, different characteristics of supercapacitors can be more or less taken into account. 
Some of them are of crucial importance for capacitor choice, and some of them can be of no 
importance at all. The most important catalogue data for different commercial 
supercapacitor types are given in Table 2. 
First group includes capacitors for supplying electronic consumers of small power and very 
low voltage (CMOS memories, watches, micro controllers, intelligent sensors etc.). They are 
most frequently produced as a miniature cell of great capacitance. Crucial role at choice 
have cell voltage, capacitance and self-discharging current. Inner (linear) resistance is 
resistance of less importance. 
Second group includes filter capacitors for obtaining “ideally” filtered one-way voltages. 
Apart from great capacitance, cell voltage is of great importance for them, and for achieving 
working voltage, it most frequently requires linear connection of several cells. Self-
discharging current and linear resistance are practically of no importance.  
Third group of supercapacitors in future will have great application in energetic electronics 
complexes of medium power, using for electrical energy reservoirs in transient regime. 
There is an actual possibility to replace soon massive inductivities, which are at the same 
time great sources of electromagnetic disturbances. Used for those purposes, supercapacitor 
must have great capacitance and relatively great working voltage (implicating linear cell 
connection and all problems related to that). Inner resistance has to be rather small, and 
leakage current is not of greater importance.  
Most strict requirements are related to capacitors of fourth group applying in electric 
haulage, i.e. for vehicles of the future. Nowadays, batteries of several hundreds farad 
capacitance are with working voltage of several hundred volts have been produced. Beside 
great capacitance and relatively high working voltage, these capacitors must have great 
specific energy and power (because of limited space in vehicle). Considering their specific 
power, they have great advantage in relation to accumulator batteries, but, on the other side, 
they are incomparably weaker considering specific energy. Hence, ideal combination is 
parallel connection of accumulator and condenser batteries. In an established regime 
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(normal drawing) vehicle engine is supplied from accu-battery, and in the case of rapidly 
speeding, from supercapacitor. Very important is the fact that in the case of abrupt breaking, 
complete mechanical energy could be taken back to system by converting into electrical 
energy only in presence of supercapacitor with great specific power. Because of mentioned 
reasons, inner resistance of these supercapacitors has to be extremely small. Leakage current 
is not of essential importance. Vehicles with such drive are not still in wide use, and the 
reasons for that are for sure economic.  
 

Parameter / Model Pulse fast supercapacitors Supercapacitors for applying: 
Continually Reserve 

Dimensions, mm 55 x 35 x 4 27 x 17 x 2,0 24 / h5 21 / h15 

Nominal voltage, 
V 

4,5 4,5 3,6 5,5 3,6 5,5 

Nominal 
capacitance, mF 

200 – 400 50 –80 1000 400 2400 1000 

Leakage current, 
A 

< 50 < 20 < 3 
 

- 25 do + 70 
 

Working/storage 
temperature, o C 

 
- 20 do + 60 

 
- 20 do + 60 

Table 2. Some of the most important characteristics of different supercapacitor types 

 

 
Fig. 5. Scheme of electrical drive vehicle with supercapacitor with possibitlity for using 
breaking energy; B – one-way voltage source, SC – supercapacitor; DC/DC – direct voltage 
converter; R – regulator; M-G – engine – generator (depending on working regime; W – 
drive wheels 

Vehicles with electrical drive would present one of the most significant ecological 
advantages taking into account diffusion of this kind of nature pollution. There is an 
increased interesting for so-called hybrid vehicles in the world lately, with less fuel 
consumption and relatively less harmful product emission. Generally, hybrid vehicles could 
be described as vehicles using combination of technologies for energy production and 
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storage. Two types of the vehicles are in consideration – so called parallel and linear 
hybrids. Parallel type possesses mechanical connection between power generator and drive 
wheels, while in linear one such connection does not exist. Serial hybrids have significant 
advantages in relation to parallel ones because of their mechanical simplicity, design 
flexibility and possibility for simple incorporation of new technologies.  
In Figure 5 the scheme of an electrical drive vehicle in which supercapacitor is used for 
energy storage and so-called regenerative breaking is presented.  
Critical component at each hybrid or pure electrical vehicle presents electrical storage. 
Supercapacitors are nowadays the only available technology, which can provide great 
specific power (over 1 kW/kg) and great number of cycles at reasonable price and save and 
reliable work. Supercapacitors have other characteristics that make them attractive in hybrid 
vehicles such as possibility of complete energy using (so called regenerative breaking) for 
increasing energy efficiency, with no additional maintenance, great recovery of electrical 
energy, little toxicity and easy disposal after usage. 
The greatest advance is expected at hybrid vehicles in city traffic. More variants of vehicle 
prototypes are tested in real conditions in heavy traffic of the largest world cities. Data on 
installed supercapacitors in a vehicle are given in Table 3.  
 

 
Table 3. Data on installed supercapacitors in a vehicle 

5. Supercapacitors in regulated electrical drives 

Regulated electrical drives are nowadays 20-25% of all electric drives. They are developing 
quickly and present to constructors stricter and stricter speed regulation (and position) and 
torque. From energy point of view it is desirable their more participation, since optimal 
speed setting or required can lead to reduction of used energy. 
Typical regulated speed electrical drive is comprised of: 
- converter located between source and motor that adjusts typical source values: 

frequency, voltage, current, number fo phases to required by motor. Dosing this energy 
also achives motor governing. 
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- Mechanical transmission between motor and load that adjusts motor speed and torque 
to torque of the working mechanism (load) 

- Data from all elements (source, converter, motor, transmission, load) are collected by 
regulator (controller), which based on given (required) parameters performs automatic 
drive control. 

DC source voltage is performed by means of DC-DC converter (chopper) combined with 
non regulated rectifier. Figure 6 shows principal scheme of such a system. 
 

 
Fig. 6. Principal scheme of chopper supply 

To provide breaking, or to dissipate braking energy that cannot be returned to the network 
through diode rectifier, it is required to have braking device with transistor T and resistor R. 
Rectified voltage from rectifier (D1 – D6) is filtered by simple LC filter and brought to the 
chopper input that regulates mean value of output voltage Ud. 
For motor supply there are mostly used chopper voltage reducers, so they will be 
considered here. Figure 7 shows simplified presentation of the chopper supply of a DC 
motor. Chopper is shown as ideal breaker controlled by voltage (Uup), so it can control 
switching on (TON) and switch-off (Toff) exiting voltage (Udo). 
 

 
Fig. 7. Simplified presentation of the chopper supply of a DC motor 

Chopping frequency is by the definition: 
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Also, compliance factor is defined: 

onT
d

T
 , 

So, output voltage is: 

Ud = d Udo 

So, by changing Ton/Toff ratio, the output voltage Ud can be adjusted between 0 and Udo. 
Simplified chopper shown can provide only first quadrant operation. For all four quadrant 
operation transistor bridge as shown in figure 8 can be used:  
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Fig. 8. Transistor bridge 
 

 
Fig. 9. Circuit for speed regulation of DC motor with independent field 
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By switching on transistor pairs T1-T2 or T3-T4 positive or negative polarity of motor voltage 
ud is provided. To close motor current at null or reverse polarization, diodes D1 to D4 are 
provided. 
General modern circuit for speed regulation of DC motor is shown in figure 9. Reference 
rotary speed Wref is set and also maximum armature current Iamax and their actual values are 
monitored and also brought into regularotr which outputs present command values for 
excitation actuators and inductor. 
Out of base range (for speeds above nominal) method of reduced field is used so among 
basic values excitation current, if, is monitored. 
Apart from classic PID action, regulating algorithm comprises other tasks (actuator 
command input adaptation, change of regulating method in accordance with the given 
speed, alarms etc.). Standard way of regulating DC drives, cascade regulation, consists of 
two feedbacks: internal – current and external – speed. 
Asynchronous motor at constant frequency and amplitude of supply voltage rotor speed 
depends of load torque, which requires complicated governing algorithms in case when 
precise speed control and/or position. This phenomenon is a consequence of principle of 
asynchronous motor, and it is electromagnetic induction, which requires difference in 
between rotor speed and rotary magnetic field generated by stator to create electromagnetic 
torque. Electronics that creates algorithms mentioned was expensive earlier and such a use 
of asynchronous motors was difficult, but today with cheaper electronics components and 
use of microprocessors for regulating algorithms they are more often used. 
Figure 2.15 represents block-diagram of regulated drive for AC motor. Depending on use 
and requirements, some of feedbacks and regulators can be left out. Power block (converter 
+ motor) has two input and five output values. Input (command) parameters are effective 
polyphase supply voltage Ud and frequency Ws. Output (regulated) values are motor 
current Is, flux w, position O, rotary frequency w and torque me. Each of those has proper 
regulator in negative feedback, in order as shown in figure 10. 
 

 
Fig. 10. Block diagram of AC motor regulator 

Regulation (close-loop control) comprises control with negative feedback, or feedbacks, by 
means of which, by means of measuring regulated parameters and comparing with required 
(reference) parameters those values, is acted upon command parameters, so it is 
automatically achieved ahead defined values of controlled values. That way more complex 
dynamic system is achieved which inputs no longer present control, but reference values, 
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5. Conclusion 

Electric drive vehicles are one of the most advanced taking in account contamination of 
environment. Lately there is an increased interest in the world for hybrid vehicles that 
have smaller fuel consumption and substantially less contamination emission footprint. 
Hybrid vehicles in most general terms can be described as vehicles comprising 
combination of energy producing and storing. Two types of vehicles are considered – so 
called parallel and serial hybrids. With parallel hybrids there is a mechanical connection 
between power generator and driving wheels, and with serial hybrids there is no such a 
connection. Serial hybrids have common advantages over parallel due to mechanical 
simplicity, flexibility in terms of design and ability for simple new technology 
incorporation.  
Critical component in every hybrid or purely electrical vehicle is energy storing. Possible 
solutions are accumulators, supercapacitors, flying wheels, hydraulic devices and new 
special materials for hydrogen storing. It was already mentioned that accumulators have 
specific power problem. Flying wheels are still in development same as energy storing using 
hydrogen, so substantial technological improvements are needed before they can be put in 
use. Supercapacitors are only available technology today that can provide high power (over 
1kW/kg) and great cycle numbers at acceptable price. Supercapacitors have other properties 
that makes them interesting in hybrid vehicles, and it’s ability of complete regeneration of 
energy of braking (so called regenerative braking), which increases energy efficiency, no 
special maintenance needed, great utilization of electric energy, small toxicity and easy 
storage after use. 
Most demanding requirements are set for capacitors that are used in electric drives, or in the 
vehicles of the future. Batteries with large capacitance of several hundred Farads and few 
hundred volts of working voltages are already produced. Apart from large capacitance and 
relatively high working voltage those capacitors also must have high specific energy and 
power (for reason of limited vehicle space). They have huge advantage in terms of specific 
power compared to accumulator batteries, but they are incomparably worse in terms of 
specific energy. That’s why the ideal combination becomes parallel connection of 
accumulator and capacitor batteries. In steady state (normal drive) vehicle motor is supplied 
from accu-battery and at sudden accelerating it is fed from supercapacitor. Very important 
fact is that at sudden breaking all mechanical energy can be returned to a system by 
transforming to electric energy only with presence of supercapacitors with high specific 
power. For the reasons mentioned internal resistance of supercapacitors used has to be 
significantly low. Leakage current is of no importance. Vehicles with this kind of drive are 
still not highly implemented in use, mainly for economical reasons. 
In this chapter theoretical base is presented, practical realization and use feasibility of 
supercapacitors in block of electrical vehicle power supply in combination with accumulator 
batteries or with fuel cells. It also presents regulator solutions and other essential power 
solid state assemblies in optimized electrical vehicles. 
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1. Introduction 

In the last decades, the energy use for electricity production and for the transportation sector 
have more than duplicated (IEA - WEO, 2007) and today face a number of challenges related 
to reliability, security and environmental sustainability. The scientific evidence on climate 
change (IPCC, 2007) has been calling for urgent cross-sector emission cutting and electrified 
transportation is in the portfolio of the technology options that may help to solve the 
problem (IEA - ETP, 2008). In most of OCDE countries the transportation and electric power 
systems contribute to the majority of CO2 emissions (IEA - WEO, 2008) and most of the fossil 
fuels (coal, natural gas and oil) used to produce electricity and for transportation are, in 
many of these countries, imported. Oil accounts to the majority of this primary energy 
imports and more than 60% of it, is used for transportation (mainly road transportation) and 
so is responsible for the majority of emissions associated to the transport sector. All these 
facts are pressing decision makers/manufacturers to act on the road transportation sector, 
introducing more efficient vehicles on the market and diversifying the energy sources. 
The technological evolution of the Electric Drive Vehicles (EDV) of different types: Hybrid 
Vehicles (HEV), Battery Electric Vehicles (BEV) and Fuel Cell Vehicles (FCV), will lead to a 
progressive penetration of EDV´s in the transportation sector taking the place of Internal 
Combustion Engine Vehicles (ICEV). The next step in EDV technological development, 
already announced by some of the main automakers, (EV World, 2009) is the possibility of 
plugging into a standard electric power outlet so that they can charge batteries with electric 
energy from the grid. A lot of companies including many key and niche players worldwide 
are reported to have been developing models for the coming years in the segments of 
battery powered electric vehicles, Plug-In Hybrid Electric Vehicles (PHEVs), and fuel cell 
electric vehicles (EV ReportLinker, 2007).  
By shifting currently non-electric loads to the grid, electric vehicles might play a crucial role in 
the integration of these two critical elements of the whole energy system: power generation 
and transportation. In a scenario where a commitment is made to reduce emissions from 
power generation, the build-up of new intermittent power capacity is problematic for the 
electric systems operation (Skea, J, et al., 2008) and usually needs large investments in energy 
storage. The addition of extra load from electric vehicles in the electricity system can be 
challenging, if together both systems are more efficient and able to reduce overall emissions. 
Furthermore, for future energy systems, with a high electrification of transportation, Vehicle 
to Grid (V2G) concepts can offer a potential storage capacity and use stored energy in 
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batteries to support the grid in periods of shortage. By itself, each vehicle is small in its 
impact on the power system, but a large number of vehicles could have a significant impact 
either as an additional charge or a source of distributed generating capacity (Kempton and 
Tomic, 2005a; Kempton and Tomic, 2005b).  
This chapter is concerned with studying the potential impacts of the electric vehicles on the 
electricity systems, with a focus on the additional power demand, power generation 
emissions associated with EVs and the role of demand side management (DSM) strategies in 
supporting their penetration as well as the economic impacts of EVs on electric utilities. 
The analysis of the impact on the electric utilities of large-scale adoption of plug-in electric 
vehicles from the perspective of electricity demand, CO2 and other green house gas 
emissions and energy costs can be studied for two different electric utility´s environments: 
A big electric system synchronized with similar systems within the same Continent, and a 
small Island, a lower electric isolated system. Each case has very different characteristics the 
most important ones are the robustness of the systems, the isolated system needs more 
backup power installed and usually has less variety in the production technologies. Other 
major difference is that in a small Island, due to its dimension and apartness, there is no 
room to run an electricity market, so that the whole service of electricity supply is provided 
by a regulated monopoly. These differences have influence on the final electricity price 
formation.  
Many studies regarding battery electric vehicles and Plug in hybrids are being performed in 
different countries. In the US, for instance, the capacity of the electric power infrastructure 
in different regions was studied for the supply of the additional load due to PHEV 
penetration (Kintner-Meyer et al., 2007) and the economic assessment of the impacts of 
PHEV adoption on vehicles owners and on electric utilities (Scott et al., 2007). Other studies 
(Hadley, 2006) considered the scenario of one million PHEVs added to a US sub-region and 
analyzed the potential changes in demand, impacts on generation adequacy, transmission 
and distribution and later the same analysis was extended to 13 US regions with the 
inclusion of GHG estimation for each of the seven scenarios performed for each region 
(Hadley, 2008). The ability to schedule both charging and very limited discharging of 
PHEVs could significantly increase power system utilization. The evaluation of the effects of 
optimal PHEV charging, under the assumption that utilities will indirectly or directly 
control when charging takes place, providing consumers with the absolute lowest cost of 
driving energy by using low-cost off-peak electricity, was also studied (Denholm and Short, 
2006). This study was based on existing electricity demand and driving patterns, six 
geographic regions in the United States were evaluated and found that when PHEVs derive 
40% of their miles from electricity, no new electric generation capacity was required under 
optimal dispatch rules for a 50% PHEV penetration.  A similar study was made also by 
NREL (National Renewable Energy Laboratory) but here the analysis focused only one 
specific region and four scenarios for charging were evaluated in terms of grid impact and 
also in terms of GHG emissions (Parks et al., 2007). The results showed that off-peak 
charging would be more efficient in terms of grid stress and energy costs and a significant 
reduction on CO2 emissions was expected thought an increase in SO2 emissions was also 
expected due to the off peak charging being composed of a large amount of coal generation.  
The results obtained in one place on earth cannot be used in other regions only the 
methodologies. Apart from reasons that are related to car use habits and roads’ topology, 
there is the electricity production source mix that is different from place to place, more 
expensive in some places and with more use of renewable sources in others. These 
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differences will also be focused on this chapter and the way they contribute to the EVs’ 
fuel/energy costs and the emissions balance between the power generation and the road 
transportation sectors with electric mobility. 

2. Electric utility systems  

In this section, a description of the electric power systems demand is done emphasizing its 
evolution along a day and the contribution that electric vehicles may have for leveling the 
power consumption diagram. Examples of the typical load profiles filled with the different 
technologies available (renewable sources, big hydro and thermal units) are presented, as 
well as the possible percentage of renewable in the electricity production. Then, the 
emissions associated with the electric vehicles’ recharging are accounted.  
To study the economic impacts for the two case studies, the different rules for technology 
dispatch are described in a market environment and in the case of a traditional integrated 
electric system. In this section an explanation of how the price for end consumers (where 
electric cars are included) is formed will be done with examples taken from a market 
environment and from a vertically integrated company in an isolated Island. 

2.1 Electricity demand 
Nowadays, electric power systems are designed to respond to instantaneous consumer 
demand. One of the main features of power consumption is the difference in demand along 
the day hours, the week days and seasons. Fig. 1 shows, as an example, the hourly demand 
profiles of the Portuguese electric system. Each curve represents a week of worth data from 
four different seasons in 2008 and illustrates the variation in electricity demand. It can be 
observed that, in this country, the annual peak demand occurs during winter months 
(December or January), in the evening. 
 

 
Fig. 1. Power demand profiles in Portugal for different seasons 

This variation in daily and seasonal demand could mean that there is always some 
underutilized capacity that could be used during off peak hours. Looking at average values, 
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Fig. 2 presents the evolution of the hourly average power consumption in Portugal over the 
24 hours of the day during the whole year 2008. This evolution along the day has 
nevertheless a valley during the night that represents about 60% of the peak consumption 
and so has great financial consequences with the need of having several power plants that 
are useless and an underutilized network during the night. This situation gives the 
opportunity for electric vehicles contribution for levelling the power consumption diagram.  
 

 
Fig. 2. Example hourly average power consumption during (weekdays in Portugal mainland 
year 2008) 

As an example, Fig. 3 shows the estimated contribution for the power consumption diagram 
levelling when considering different levels of the electric vehicles penetration. Portugal 
mainland was used as an example and it was considered that 85% of the electric vehicle 
charging happens uniformly during the valley hours (from 11pm to 8am) with the rest 
charge happening uniformly during the other 14 hours of the day. The extra energy that 
each electric vehicle should charge from the grid in average was considered about 2.5MWh 
per year, more or less 7kWh per day plus a 10% in transmission losses. 
 

 
Fig. 3. Electric vehicles contribution to the consumption diagram leveling  
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As can be observed in Fig.3 only with a high penetration of vehicles like ca. 1million units 
(almost ¼ of the country’s light duty fleet), the impacts are visible in the consumption 
profile. The main question is how to incentivise off-peak charging? 
It is easy to foresee major congestion problems in already heavily loaded grids and voltage 
profile problems in predominantly radial networks, particularly if the peak load periods 
coincide with EV charging periods. Hence, if no load management strategies are defined, 
significant technical problems will occur and their drawbacks might even be larger than the 
economic/environmental benefits arising from electric vehicles usage (Fig.4).  
 

 
Fig. 4. Load profile simulation of the peak demand weak for year 2015 with 4, 9 and 17% 
light duty fleet replacement with EV’s that recharge at peak hours in Portugal mainland. 

The management strategies to prevent peak recharge can be adopted in two ways:  
a. By developing a dynamic price signal approach such that EV will charge 

predominantly during low energy price/demand moments or 
b. By developing a technical management system such that charging can be distributed 

during valley hour periods and at times when there is large renewable power 
generation. 

In a scenario of mass EVs penetration, the recharging profiles are important for the electric 
utility system’s sake and their effects on peak consumption, electricity prices and grid 
congestion should be carefully foreseen and studied. 

2.2 Electric power consumption and power plants technologies 
The hourly average power consumption during a day presented in Fig. 2 has an equivalent 
diagram when analyzing the distribution during the 24 hours of the day of the annual 
energy consumed. Fig. 5 presents this distribution and also the different power technologies 
that generated this energy demand. 
The great difference between the consumption at valley and at off-valley hours represents a 
barrier to the penetration of generation technologies that need to work more hours per year 
in order to became economically viable (usually with low unit variable costs but with large 
fixed costs) or non dispatchable units (renewable energies).  
The effective use of the country´s power plant fleet can be illustrated by the load duration 
curve (LDC), where the hourly average power over the whole year is sorted by decreasing 
order constituting a curve that begins with the year peak at hour 1 and the smallest demand 
at hour 8760 as illustrated in Fig. 6. In this example, the unutilized capacity could be 
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annually 4000 GWh. Nowadays some of this capacity is used in pumping during off-peak 
hours. In 2008, about 700GWh were used for pumping to provide energy storage in 
reservoirs available for the peak hours. Without increasing capacity it would be possible to 
account with around 3000 GWh a year for extra off-peak loads that could be used in plug-in 
electric vehicles’ recharging. Considering a 3MWh/year of extra energy needed to charge an 
EV, it is possible to have one million EVs charging their batteries during valley hours, 
without any more investments in power installed and transmission lines. 
 

 
Fig. 5. Example of hourly energy consumption with used power plants technologies  

 

 
Fig. 6. Load duration curve for Portugal in year 2007 

In addition to the fixed costs associated with underutilized capacity, the significant 
cycling that occurs on a daily basis creates additional costs for plants due to the constantly 
varying loads that could require generators to operate well below the “design point” of 
optimum efficiency. Power plant cycling also increases operation and maintenance 
requirements. 
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This last situation is more visible for instance at St. Miguel Island in Azores, where the 
geothermal energy production (renewable energy without CO2 emissions that should be 
used as base load due to its impossibility of production variation) penetration is limited by 
the valley consumption. If base load electricity generation is much higher than actual 
demand, excess electricity will be wasted unless it is coupled to a storage system. This is an 
example, where the use of EVs, charged during off-peak hours, allow the development of a 
production technology from a renewable, endogenous source, with no CO2 emissions, 
against the systematic fuel imports (for vehicles and for electricity production).  
S. Miguel has 27MW of existing geothermal capacity and the government wants to expand 
this capacity to meet future demand. Expanding existing capacity would mean that 
geothermal production will meet 40MW (EDA 2009). Current base load electricity demand 
is nowadays less than 40MW (Fig.7). 
There is the possibility of increasing the geothermal capacity in 3MW by 2011 and 10MW in 
2013, but these investments are limited by the off-peak demand. Even considering a demand 
increase of 4% for years 2010 to 2013, there is not enough off-peak demand to fill the valley 
and at the same time assure at least a 10% of fuel power to prevent any shortage of the 
renewable energy sources. 
 

 
Fig. 7. Typical Winter Power consumption diagram at the S. Miguel Island, Azores, Portugal  

As stated in last section, the fact that the valley demand, in this case, is about half the value 
of peak demand, gives the opportunity for electric vehicles contribution for levelling the 
power consumption diagram. The extra demand for charging the vehicles at each hour of 
the day is computed using equation 1. 

 
  arg
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1Vavg loss ch e
i

ch e

E p p
P N

h


   (1) 

Where EVavg is the daily average energy needed for charging a vehicle, ploss is the percentage 
of energy lost in the transmission lines, pcharge and hcharge are respectively the percentage that 
is charged in each period (valley and off-valley) and the length of the considered period (in 
hours) and N the number of vehicles.  
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Considering that 85% of the vehicles will uniformly recharge at night, the introduction of 
these vehicles will create and additional electricity demand that, in the context of today’s 
electricity generation mix, will be fulfilled by the running fuel oil power plants (Fig. 8).  
As expected, the percentage of renewable energy decreases and in terms of marginal 
emissions, they are simply being transferred from the tail pipes to the fuel power plants 
chimneys.  
Considering an emissions rate of 830gCO2/kWh for the fuel power plants, the additional 
CO2 emissions to daily charge EVs (an extra energy of 86MWh), should be 71.4 tons of CO2.  
The TTW daily emissions avoided if these same vehicles were conventional was about 120 
tons.  
 

 
Fig. 8. Load profile in S. Miguel for Winter season with EVs extra demand (30% of Light 
Duty fleet replaced for EVs) 

However, if additional renewable electricity installed capacity is deployed, then the vehicles 
will also be running on renewable electricity. It can be considered that these EVs charged 
during off-peak hours are charged 100% with renewable energy. In fact there are three 
possible approaches: 
1. It is considered the EVs as marginal load and as stated in Fig. 8, the energy and 

emissions associated with EVs charging would be mainly on fuel. 
2. It is considered the EVs as a base load because they justify the increase in renewable 

base load generation and the energy and emissions associated with EVs are from 
renewable sources (zero emissions). 

3. It is considered the EVs equal to the other load and the energy and emissions associated 
to EVs charging would be an average of the production mix. In this case the emissions 
associated with EVs recharging is as stated by equation 2 

 EV
EV TOTAL

TOTAL

Demand
Emissions Emissions

Demand
   (2) 

These different approaches will lead to different CO2 emissions associated to EVs’ recharge 
(in this example, 8% of total daily electricity consumption). 
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In the first case, a daily 71.4 tons of CO2 emissions for EVs recharge under the considered 
scenario of EV penetration, in the second case, a daily zero emissions for EVs recharge and 
in the third case a 37 tons.  
It is possible to see in Fig. 9, for instance for the typical Spring load profile that the new 
geothermal plus wind power penetration are not possible unless they increase valley 
consumption. 
 

  
Fig. 9. Expected load profile in S. Miguel for Spring (2013), 4% demand increase, 9 MW of 
wind, 13MW of new geothermal power and 30% LD fleet replacement by EVs.  

The CO2 emissions factors, unit consumption and daily usage of vehicles considered in this 
analysis are resumed in Table 1.  
 

  CO2 Emissions Unit Consumption Daily 
  kg/litre kg/kWh litres/100km kWh/100km kg/kWh km 

ICEV Gasoline 2.31   7     32 
ICEV Diesel 2.68   6     32 
Fuel Plants   0.83     0.25   

EV       123   32 

Table 1. Emission factors considered for the LD fleet and fuel power plants and average unit 
energy consumption. 

It is easy to see that even considering that EVs are recharged by fuel, there are advantages in 
the CO2 emissions balance, as the daily 120 tons from the car tail pipes, are replaced by 72 
tons in the fuel power plants chimneys. Although the correct mode is to attribute emissions 
for the percentage of electricity consumption to EVs’ recharge, and that is only 37 tons. 

2.3 Electricity costs 
Electricity supply is considered a service of general economic interest. In the past, the 
electricity industry was organized as vertically integrated state-owned monopolies and 
consequently not subjected to the normal rules of competition. The liberalization process 
was put into force in many countries including in the European community (EC) in 1996 by 
Directive 96/92/EC, and led to the unbundling of activities. This directive defined common 
rules for the gradual liberalization of the electricity industry with the objective of 
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establishing one common European market. Vertically integrated utilities have been 
vertically separated or unbundled and barriers to entry in generation and retailing were 
being removed to create competition.  
In the two case studies presented in this chapter, two situations are analyzed: In the case of a 
small isolated system, a vertically integrated company is considered and the average unit 
production costs are used to define the merit order for technology dispatch. In the case of a 
continental European country, the marginal production costs are used to provide a supply 
curve and schedule the technology dispatch and find the wholesale price by market 
simulation. 

2.3.1 Average unit production costs and rules for technology dispatch 
The unit average cost for each technology is an average value that contains many 
simplifications. The cost functions are not linear and the average costs depend highly on the 
performance points in which the plants usually work. There are also the start-up costs 
(higher if there is a cold start) that should increase unit average cost if the plants don’t work 
in a continuous state. In a monopoly context, the unit commitment service is centrally 
provided by the system operator as all the units belonged to the same company. In a market 
context this decisions are private and individual companies will predict the price of energy 
for the time under consideration and will then incur the cost of starting up if they expect to 
make a profit.  
In this case, simple empirical rules are applied to distribute the energy source technologies 
to provide for the different scenarios of daily load profile. The rules used to order the power 
technologies that support expected demand plus EVs consider: 
1. The special producers either renewable or thermal (special producers like cogeneration) 

are the first in order; 
2. The cheaper technologies follow afterwards. For each case, the cheaper technologies 

enter in increasing cost order until a certain percentage of the power installed is used 
and only then follows the next technology; 

3. Production from reservoirs are used only in peak hours; 
In any case the technical limits of each group committed to electricity production should be 
taken into account. In this case the imposed limitation is made by the power installed in 
each technology. 
In the S. Miguel (Azores) case study, as a volcanic Island, the renewable source is mainly 
geothermal. Geothermal power plants are characterized by high capital investments for 
exploration, drilling wells and plant installation but low cost for operation and maintenance, 
so that they should be considered base load plants.  
The unit costs per technology, considered in this example are described in Table 2 and the 
unit average production cost depends on the electricity mix. In table 2 there are two 
examples of electricity production mix and the associated average production costs. It is 
easy to see that the use of more fuel power plants instead of geothermal ones makes the unit 
variable costs higher due to fuel cost. Fuel prices tend to increase because of world oil 
demand increase and it must also not be forgotten that, associated to fuel plants use, there 
are the CO2 emission costs that also tend to increase due to increasing environmental 
concerns. 
It is also easy to see that the available technologies for electricity production make electricity 
costs expensive in S. Miguel Island. This has to be added to the fact that, an isolated system 
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needs more redundancy and power installed in thermal plants to assure a high level of 
security of supply. This also increases fixed costs (the cost of power assurance). 
 

Production 
Technology 

Unit costs 
€/MWh 

Production 
scenario 1 

Production 
scenario 2 

Geothermal 33 37% 51% 

Wind 82 4% 4% 

Hydro 80 3% 3% 

Fuel  100 56% 42% 

Average unit prod. cost (€/MWh) 74 65 

Table 2. Unit average costs per technology, percentage of production scenarios and unit 
average production costs. 

Added to the production costs there are also the costs associated to transmission lines use. 
Customers have to pay for the net’s investments and maintenance and at the end for the 
service of distribution, accounting and billing. As all these services are supplied for the same 
vertically integrated company in a monopoly context, the final prices that end customers 
have to pay for electricity supply are regulated.  
The impact EVs have on overall costs, depend on the additional variable cost associated 
with generating more electricity to serve the Plug-in vehicles’ charging. Average variable 
costs may rise with increased electricity sales because higher cost generation plants are 
brought to service. Assuming though, no new infrastructure investment, average fixed 
costs will decrease, because the existing debt-service obligation is spread over more 
energy sold.  
The time of vehicles charging is crucial for this analysis. An off-peak recharge can, in this 
example increase the penetration of geothermal power, decrease variable unit costs and 
fixed unit costs while at the same time reduces emissions and fuel oil consumption and 
imports. 

2.3.2 Marginal production costs and rules for technology dispatch 
To use the marginal production costs to schedule technologies to the expected load, a 
market simulation can be done with the demand and supply curves interception. A supply 
curve per technology should be generated. These curves should be added to generate a 
whole supply curve. Supply curves per technology are generated based on the expected 
power installed per technology and the supply curves verified in the past. As an example it 
can be observed the supply curves for the Portuguese units for the different technologies 
that play in the Iberian Electricity (MIBEL) spot market. In Fig.10 is an example of the 
supply curves per technology that occurred in two winter days, (2009/01/12) at 12h and 
(2010/01/19) at 22h. 
The supply curves in 2010 (the right hand side graphic in Fig. 10) show very low priced bids 
in hydro due to climate influence and also some low priced bids in natural gas due to more 
available supply (860MW were installed in the production system during the year 2009). 
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Fig. 10. Supply curves per technology for day 22 Jan 2009 at 12h and 19 Jan 2010 at 22h in the 
Portuguese market  

The supply curves to be generated would represent different scenarios according to the 
expected power installed per technology, a dry or wet year scenario and the season. There 
are in the majority of the cases, 2 steps in the supply curves for each technology. The 
amplitude of the slops depends on the hydrologic conditions of the hydro resources and the 
natural gas availability. If there is too much of these resources, low priced platforms are 
expected at the beginning of the supply curves as observed for year 2010 in Fig. 10. The 
power where the steps occur and its amplitude depends on the power installed in the 
technology, the climate conditions scenarios, season and hour of the day. The rules for 
supply curves generation are the following: 
1. There are four cases of supply curves per technology associated with each season 

(Spring, Summer, Autumn or Winter); 
2. The expected power installed in each technology in the year in study is an input that 

limits power generation; 
3. The scenarios to be studied (a dry year with high priced hydro resources or a wet year 

with low priced hydro and natural gas offers) are inputs that lead to different supply 
curves shape; 

4. Two or three slops are generated for each technology with more or less the same shape 
of the past supply curves observed as seen in Fig. 10. 

5. According to the scenario studied, the season and power installed, the slops of the 
supply curves are generated with the same shapes of past technology’s supply curves 
observed in similar conditions. A small randomness that represents the observed 
variations is also programmed.  

6. The supply curves generated for each technology are added in ascending order of price 
to form a global supply curve that will intersect demand.  

An example of supply curves for year 2020 in Portugal mainland can be seen in Fig. 11. 
In this case, the rules for technologies dispatch are: 
1. The special producers either renewable or thermal (special producers like cogeneration) 

are the first in order; 
2. The technologies with lower marginal costs follow afterwards. For each hour, according 

to demand level, the intersection gives market price and quantity per technology that 
will fulfill the daily load profile.  

In this case, the wholesale electricity price is formed by supply and demand curves 
intersection. An increase in demand makes demand curve shift to the right and so electricity 
prices rise as the curves intersection occurs at a higher point in the slop. As an example, it is 
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possible to see price formation for instance in hour 5, in the Portuguese sub-market, for the 
23th Jan 2008 with the real data available at Market operator (OMEL 2009) site. It is possible 
to see the effects of an increase in off-peak load to plug-in vehicles recharging, in the market 
prices. As an example, considering that a huge amount of EVs were charging at this hour (5 
a.m.) with an extra 800 kW power demand. The demand curve shifts to the right (Fig. 12). 
The price rises for almost three cents and some of the previous low cost clients (the pumping 
charges) were not supplied because they had lower priced buying bids. 
 

 
Fig. 11. Scenario of supply curves per technology for year 2020 in the Portuguese market 

 

 
Fig. 12. Price formation in the Portuguese sub-market at hour 5 (economic simulation) and 
the effect of an extra 800MW of power for EV off peak recharge has in the market price. 

The leveling of load profile may have the consequences of making the hydro-pumping less 
profitable. In fact, the reversible hydro plants’ profits come from the discharging and selling 
at peak prices revenues less the costs from pumping with energy bought with off-peak 
prices. The following relation must occur: 
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 peak peak off peak off peak pE E     (3) 

Where peak , off-peak represent the peak and off-peak prices, Epeak, Eoff-peak the peak energy sold 
when discharging and the off-peak energy bought for pumping and p the total 
performance of the hydro reversible system. 

2.3.3 Electricity costs for end consumers 
Over the wholesale prices, there come the net access prices. The national regulator 
establishes the access and pricing rules of the transmission and distribution activities. The 
revenues for transmission and distribution network’s operators are assured by the payment 
of a use tariff. The transmission and distribution network use tariffs are established by the 
regulator. In Table 3 there is the peak and off peak low voltage net access tariffs imposed in 
Portugal in the last years. 
 

Low voltage net access 
tariffs 

2008 2009 2010 2011 

Peak [cents/kWh] 
Off peak [cents/kWh] 

7.45 
3.28 

5.39 
0.68 

9.09 
3.76 

8.92 
3.86 

Table 3. Evolution of low voltage net access regulated tariffs in Portugal 

Apart from the networks access regulated tariffs and wholesale prices, consumers should 
have to pay also retailing electricity costs. These activities work in competition as the 
established model imposed the existence of electricity wholesale and retail markets and the 
possibility for any customer to choose between different retailers. Depending on the retailer 
that each end consumer chooses, the cost of electricity to be paid by consumers should 
include the cost that the retailer paid for the energy at the wholesale electricity market plus 
the value of the regulated net access tariffs plus the revenue for the retailer. Considering a 
4% on the wholesale electricity cost for the retailer revenue and the values presented in 
Table 3, Fig. 13 depicts the evolution of the final cost of energy that a low voltage domestic 
consumer should pay along the day. 
 

 
Fig. 13. Average daily evolution for final costs of energy for a domestic consumer in 2009 
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This difference in costs that is reflected more or less in the regulated prices between peak 
and off-peak consumption should influence EVs’ recharging profiles. 

3. Electric vehicle modelling  

Electric drive vehicles with the plug-in capability are only beginning to be commercially 
available. It would be necessary to have an idea of the capability of mass production and 
market penetration of these vehicles depending on their critical components development 
phases (namely the most critical element – the battery). The type of mobility provided by the 
plug in vehicles will be an important aspect because it influences vehicle´s charging needs. 
The demand side of the transportation sector needs to be studied and it is inevitable that the 
consumer/passenger behavior will deeply affect future mobility. Each country´s fleet profile 
is largely dependent on economical and political/taxation aspects, for instance, Portugal has 
a relatively new fleet, but it is very difficult to access the fleet´s renovation rate because 
there are few incentives to disposal. However, these will be crucial aspects, as they will be 
relevant to the new vehicle technologies market penetration. 
The EV’s energy requirements and the expected power capacity in terms of the charging 
circuit and the capacity of the batteries are important requisites that define the time needed 
for charging and the all-electric autonomy of the vehicle. 
The expected evolution of the grid capacity to support recharge at any time and the energy 
production technologies are important to compute EVs energy use and emissions 
associated. In isolated regions, such as Islands the introduction of intermittent renewable 
has more problems because it is not connected to a robust large Continental grid. How to 
benefit from using off-peak capacity and the possibility of the charging coincides with 
renewable energy sources? 

3.1 Energy needs 
How much power can be provided to an EV or a PHEV and during how much time? 
The power demand on the grid will be a function of the voltage and current of the 
connection point to the grid. The capacity of the battery will then determine the length of 
time it will take to recharge the battery, given the connection strength. EPRI has 
conducted several studies on PHEV capabilities (EPRI, 2002), (Duvall, 2006) and several 
options are possible. Adapting to the European mainland reality, it is possible to charge 
the vehicles at 230 volts AC with 2,5 mm2 wire’s section (16 A circuit current) that would 
be about 3,5kW or with 4 mm2 wire’s section (25 A circuit current) and that would be 
about 5kW.  
It is also possible to charge fast in stations, and this at a higher power level that may go till 
50kW. While a slow charge can last 6-8 hours at 100% state of charge (SOC), a fast charge 
can last 15-30 minutes but only allows 80% SOC and with less battery efficiency (while a 
slow charge can have an efficiency of 80% a fast charge’s is reduced to 55%).  
The average daily energy needs to charge an EV depends on the daily mileage expected for 
the vehicle. The time and power of the recharge will define the EV’s charging profile and the 
aggregation of all EVs, the extra load the electric system has to supply. A few EVs have no 
effect in the power grids but a mass penetration of plug-in vehicles should be simulated so 
that the electric utilities are prepared with the best strategies for a synergetic combination of 
the transportation and electricity production systems.  
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3.2 EVs market penetration 
There are many factors regarding user preference for electric vehicle technology. The most 
pragmatic and objective causes that may a rational potential vehicle buyer decide not to 
choose this technology are: 
- Fuel availability (the availability of charging infrastructures) 
- Range limitations for the BEV configurations  
- Acquisition costs 

3.2.1 Fuel availability/charging network 
PHEVs and BEVs are designed such that they can be plugged into a home garage at night 
for fuelling. Garages are most frequently lacking in dense urban areas, the very places 
where an electric vehicle is an ideal solution for personal transportation. For example, in 
Lisbon only one in six cars are parked in private garages and these include apartment and 
condominiums with a parking place with need to plug-in (CML 2002). 
In addition to the lack of garage access, the limited electricity-only range of plug-in vehicles 
will prompt the desire for drivers to “top off” their batteries when away from their normal 
overnight charging location. Electric vehicles must be plugged into the grid to refuel, but a 
public infrastructure to provide this service does not yet exist. Prospective plug-in car 
owners want the assurance that they can charge their vehicles at home, while at work, or 
parked anywhere for extended periods. There is a need for parking/charging points for 
slow charge and fast charging stations. 
On average, cars are parked roughly 23 hours per day in home garages, apartments, 
condominiums and hotel garages, employee parking locations, public lots and curbside. To 
meet driver demand for convenient charging, these are the locations in which charging 
points should be installed. 

3.2.2 Range limitations for BEV configurations 
The limited driving range of pure EVs creates what is known as “range anxiety”, which 
affect drivers as soon as the battery charge falls below 50%. Fast charging could alleviate 
“range anxiety” by supplementing home slow charging with convenient on-road charging 
at opportunistic charging points. In one 10-minute charge cycle, fast charge technology can 
provide enough energy to allow an EV to operate for another 60 km (Szczepanek A., 
Botsford C., 2009). With a network of fast chargers, consumers could charge anytime, 
anywhere – practical infrastructure akin to the gasoline fill-up model. This fast charge 
capability can help to enable rapid growth of the EV market by minimizing vehicle 
downtime. Fleets can fast charge during opportunistic breaks to maximize productive drive.  
Battery manufacturers believe that they could develop a battery that could cope with fast 
charging although the priority is to mass produce batteries at low costs, while maintaining 
high quality standards, safety requirements and guaranteeing a life time of more than ten 
years rather than introducing batteries with super fast charging capabilities. 
The successful launch of Li-Ion batteries for electronic goods such as laptops and mobile 
phones opened the door to further developments and it may be assumed that Li-Ion 
batteries will be the key technology for PHEVs and EVs in the coming decade. Regardless of 
the future development in the area of battery based energy storage it can be concluded that 
the current level of performance is now so good that the automotive industry has decided to 
include partly or fully electrical drivelines and traction batteries in many of their near future 
products.  
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When fast charge with safe batteries become available with increased capacity at 
competitive prices, the pure BEV can cover a wide range of the transport needs, especially in 
urban areas, and be a strong alternative to conventional transport powered by liquid fuels.  
The challenge lies in setting up a commercially viable, convenient system for end customers. 
The difficulty is how to change drivers’ mobility behavior, so that instead of going to a gas 
station just before the tank is empty, drivers need to charge their cars every other time they 
park. 
There is also a third alternative for recharging EVs, the battery swapping service. This can 
be done in recharging stations and the change can be done in about 10 minutes for a full 
charged battery. This would relieve “range anxiety” giving the customer three different 
modes for recharge:  
 Slow charge (7/8 hours for 100%);  
 Fast charge (30 minutes for 80%); 
 Batteries change (5 minutes for 100%).  
The recharge service price should increase as time decreases. A fair price for each of these 
recharging models should be established, and this would both be high enough to 
infrastructure´s investment recovery and low enough to be advantage to customer. This 
service should increase the cost of electricity to recharge. 

3.2.3 Acquisition costs 
Despite growing environmental awareness in society, studies have repeatedly shown that 
customers are only willing to pay a limited price for being “green”. This means that EVs and 
PHEVs must be attractively priced, not only in terms of initial purchase price, but also the 
ongoing costs each month. The costs of EVs are still much higher than for conventional cars 
due to a low production volume and expensive battery packs. This reflects directly the 
manufacturing costs. On the other hand, the expenses per travelled km are quite attractive 
comparatively to gasoline use, for EV technological solution it is around 1/4. With present 
prices pure electric vehicles pay off in terms of cost only if long distances are driven (higher 
than 200 000 km) (Baptista, 2009). This fact is important when calculating eventual tax 
incentives to purchase these kinds of technologies, having in mind that the final consumer is 
extremely sensitive to the “km for breakthrough”. These limitations force Governments 
incentives to push the penetration of electric vehicles. There are predictions on the evolution 
of EVs’ batteries capacity, density and price for the coming years. According to some 
consultancy analysis (Roland Berger, 2008) battery costs are expected to decrease to half the 
price from 2010 to 2020. 

3.3 EVs recharging profiles 
There are many possibilities of vehicles charging profiles. Some could be more likely to 
happen but the uncertainty is high as it depends on vehicles charging requirements and 
drivers mobility patterns. Many studies performed included different charging scenarios. 

3.3.1 Uncontrolled charging 
Under this charging profile it is considered that each EV begins charging as soon as it is 
plugged in, and stops when the battery is fully charged in case of normal time charge or 
80% SOC in case of fast charge. This can be considered a reference case without any 
intelligent control of how and when charging occurs, or incentives (such as time-of-use 
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rates) to influence individual consumer behavior. The majority of charging is home charging 
though a little services charging is also considered. The uncontrollable charge could be as 
depicted in Fig. 14. 
 

 
Fig. 14. Expected charging profile for uncontrolled charging scenario 

3.3.2 Off-peak charging 
This charging scenario assumes that almost all charging occurs at home in the overnight 
hours. Given existing incentives for off-peak energy use it attempts to better optimize the 
use of low cost off peak energy by delaying initiation of household charging until 10 pm 
(Fig. 15) or 11pm according to the utility policy to promote off-peak demand. 
 

 
Fig. 15. Expected charging profile for off-peak charging scenario 

Under this recharging profile, a peak at 10 pm should be expected in a high EV penetration 
scenario. This peak could be smoothed with scheduled strategies for off-peak recharge (Fig. 
16). 

3.3.3 Optimal charging 
This charging scenario also assumes that almost all charging occurs at home during the 
off-peak hours, however it attempts to provide the most optimal low cost charging 
electricity by assuming that the vehicle charging can be controlled directly by the local 
utility. This allows the utility to precisely match the vehicle charging to periods of 
minimum demand, allowing the use of lowest cost electricity, and improving overall 
utility system performance. 
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Fig. 16. Expected charging profile for a smothing off-peak charging scenario 

4. Impacts on primary energy consumption, fossil fuels use, GHG emissions 
and electricity costs 

The impacts of EVs and PHEVs charge on the electric utilities depend on the first place of 
the combination of vehicles’ penetration and charging profile scenarios. The case studies 
considered in this chapter arise from the combination of different scenarios of electric 
vehicle penetration and recharging operation. For each scenario, the following variables 
should be analyzed: 
 Primary energy needs for the electric and transportation sector working as separate 

systems (BAU) and working together (EVs scenarios); 
 Effects in electricity load profiles. 
 Impacts on overall energy and CO2 emissions  
 Impacts on electricity costs. 
 Impacts on fossil fuels use and imports. 

4.1 Primary energy consumption and fossil fuels use and GHG emissions 
Energy consumption, fossil fuels use and CO2 emissions from electricity production and 
transportation (the light duty fleet segment) can suffer great reductions with the integration 
of these two sectors by transport electrification. The replacement of a great amount of ICEVs 
by EVs in a country in which power generation accounts with more than 50% of renewable 
sources has great impacts in fossil fuels use and CO2 emissions reductions. 
In terms of electricity production mix, with plenty renewable sources for generation, two 
extreme cases can be considered: 
1. A dry year, with high prices offers for hydro and natural gas production, the supply 

curves per technology could have the following forms considered a certain power 
installed per technology (Fig. 17a). 

2. A wet year, with low prices offers for hydro and also natural gas production, the supply 
curves per technology could have the forms depicted in Fig. 17b. 

The expected load profiles for 2020 in a dry year hypothesis for a 2 million EVs scenario 
(about 1/3 of LD fleet replacement) should be as depicted in Fig. 18. A peak effect in load 
diagram in an uncontrollable recharge profile can be observed. By transport electrification, 
even in the worst situation of uncontrollable recharge, a 2% decrease in primary energy use, 
9% in fossil fuels use (due to great reductions in the transportation sector) and 8% in CO2 
emissions can be achieved by transport electrification when compared with the case without 
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EVs. An off-peak recharge profile with mass EVs penetration has more effects in energy, 
fossil fuels use and emissions reductions. In fact it was verified a 4%, 10% and 9% reduction 
respectively. 
 

 
Fig. 17. Example of supply curves per technology with a) high prices for hydro and natural 
gas production; b) low prices for hydro and natural gas production 

 
 
 
 

 
Fig. 18. Example of the expected Winter demand profile for a dry year 2020 in an EVs’ peak 
and off-peak recharge scenario 

 

 
Fig. 19. Expected Winter spot prices in a peak and off-peak recharge scenarios for 2M EVs in 
Portugal mainland 

a b 
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In any situation the integration of the electricity generation and transportation sectors has 
energy and environmental advantages. The decrease of fossil fuel use brings also economic 
advantages in the trading balance as all fossil fuels are imported in this example country. 
In terms of the electricity wholesale prices, in a high EV penetration scenario, the leveling of 
the spot prices follow the leveling of the load profile (Fig. 19). 
It is expectable that the peak effect of uncontrollable charging would cause price sparks at 
the peak hours. A time of use price for EVs recharge must be done to avoid this situation. 
In the Island example as stated in sections 2.2 and 2.3.1, uncontrollable EVs recharge has 
worse consequences in renewable penetration and production prices. 

4.2 Electricity costs, the fuel costs for EVs 
As stated in section 2.3., electricity costs for EVs’ recharge, either in a market context or as a 
vertically owned company is a sum of different costs related to production, net use and 
retailing of the product to the final client. To illustrate the differences, we have two case 
studies, the mainland, where there is competition in the production and retailing markets 
and S. Miguel Island where the same company monopolises all activities.  
Adding all the costs associated to electricity supply service, for the mainland case, in a 
scenario of low hydro production the price could reach 17 cents/kWh, for 2 Million EVs 
charging mainly at peak hours, this includes the whole sale price (8c€/kWh) plus the net 
access tariff (the 2010 regulated tariff was used in this example, 9.09c€/kWh) plus the 
retailer revenue (a 4% of the wholesale, 0.32c€/kWh). In a high hydro production and low 
wholesale prices, an off peak recharge could reach the 5.6 cents/kWh. In these extreme 
conditions EV energy prices could be between 0.9€ to 2.8€ per 100 km. Compared with the 
most efficient ICEV cars and the present gasoline and Diesel prices in Portugal that can 
spend between 4.5€ and 8.2€ per 100 km, there are great advantages in charging EVs during 
off-peak hours. These simulations were made considering for the vehicles a slow recharge at 
low voltage at home or at service and no extra charge is considered to pay for the 
parking/charging service. 
For the Island case study, an uncontrollable recharge must be forbidden, as the final 
electricity costs would reach the 20 cents/kWh, with all the environmental consequences as 
EVs would be recharged mainly with fuel oil. An off-peak recharge could cost only 8 
cents/kWh, considered the regulated tariffs imposed (ERSE, 2011). In the Island EVs energy 
costs can be between 1.3€ and 3€ per 100 km. 

5. Conclusion  

Electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs), which obtain their fuel 
from the grid by charging a battery, are set to be introduced into the mass market and 
expected to contribute to oil consumption reduction. PHEVs and EVs can also provide a 
good opportunity to reduce CO2 emissions from transport activities if the electricity they use 
to charge their batteries is generated through low carbon technologies. In addition to the 
environmental issue, EVs bring techno-economical challenges for utilities as well, because 
EVs will have great load flexibility as they are parked 93% of their lifetime, making it easy 
for them to charge either at home, at work, or at parking facilities, hence implying that the 
time of day in which they charge, can easily vary.  
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The replacement of a great amount of ICEVs by EVs in a country in which power 
generation accounts with more than 50% of renewable sources has great impacts in fossil 
fuels use and CO2 emissions. The results obtained from the simulations show that, a mass 
penetration of electric vehicles in Portugal, contributes to decrease energy consumption, 
fossil fuels’ use (mainly oil) and CO2 emissions from the two sectors (electricity 
production and transportation) that nowadays most contribute to the emissions from 
fossil fuels burning.  
The pressure to generate electricity from endogenous low carbon resources in the majority 
of the countries makes naturally transport electrification a solution to lower emissions and 
fossil energy use from the transportation sector also. The cost and range of the vehicle 
remain the main bottlenecks for EVs penetration.  
The cost of the energy to charge the EV is highly dependent on the electricity generation 
technologies in the first place, the electricity market structure (whether there is concurrence 
or not) and the time of recharge (peak or valley recharge) makes the rest influence on final 
costs.  
In the examples used in this chapter, scenarios of EV penetration (energy needed) and 
recharge profile (hourly power demand) combined with the extreme cases of expected 
electricity production lead to different wholesale prices and hourly price profile, as well as 
fossil fuels use and emissions associated to charge the EVs, leading to different costs of the 
EV fuel per km.  
Facing the increasing oil prices, the cost of energy per km of the EVs became even more 
advantageous when compared to ICEVs fuel costs and enough to overcome the initial 
purchase costs difference. 
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1. Introduction 

While electric vehicles (EV) are already widespread in particular applications, e.g. fork lifts 
or baggage carrying (cf. Rand et al., 1998), their use as individual motor cars is still limited. 
E.g., only 2,300 EV were registered in Germany on 1st of January 2011 (Federal Motor 
Transport Authority, 2011). However, many drivers lead towards an electrification of 
individual motor car traffic all over the world: advancing battery technology, high oil prices 
in 2008 and 2011, the recent automobile crisis in 2009 and the hope for ecological advantages 
of EV usage. 
Moreover, the combination of two major energy conversion systems, namely the electric 
utility system and the light vehicle fleet (e.g. individual motor cars), could create 
considerable synergies (Kempton & Letendre, 1997; Kempton & Tomic, 2005a; Tomic & 
Kempton, 2007). One proposed concept is Vehicle-to-Grid realized through “... vehicles with 
an electric drive motor powered by batteries, a fuel cell or a hybrid drive train, [that] can 
generate or store electricity when parked, and with appropriate connections can feed power 
to the grid …” (Kempton & Tomic, 2005b). 
EV can be subdivided into hybrid EV (HEV) and battery EV (BEV). The subset of HEV 
combines the (parallel or serial) electric drive motor with a combustion engine, a fuel cell or 
human power (e.g. Pedelec). The BEV rely only on a – mainly electro-chemical – energy 
storage. Although the energy to fulfill an HEV’s mobility function could be provided 
alternatively (e.g. by fuel or a battery exchange), all EV are assumed to be plug-in vehicles in 
this article. This means they charge from and possibly discharge into the power grid. All in all, 
the term EV refers from now on to (at least partly) electrically propelled cars used for 
individual motor traffic which can be conductively or inductively connected to the power grid. 
A lot of research questions have been raised with respect to EV. Most of them approach the 
subject from a technical (e.g. battery performance), economic (e.g. total cost of ownership) or 
a user (e.g. driving behaviour) perspective, others investigate social, political and cultural 
barriers for broader EV usage (Sovacool & Hirsh, 2009). Information and communication 
technology (ICT) (definition cf. Krcmar 2006), is affected in all of these perspectives, since it 
has to … 
 be mastered technically, 
 be used economically, and 
 increase usability. 
Moreover, research questions can be categorized with respect to an EV’s life cycle which on 
a top view corresponds to the serial phases of production, usage and recycling. While 
questions about production aim at producing EV efficiently for the market demand, the 
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recycling phase refers to economic and ecologic EV elimination. In the usage phase, 
questions about the EV in interaction with users and infrastructure are to be answered.  
The usage phase will be in focus during the following considerations.The remainder of this 
chapter is structured as follows. At first, the closer consideration of the fixed and intersection 
point of energy transmission is motivated (section 2). Afterwards, fundamental dimensions for 
use cases around the energy transmission are presented and discussed (section 3). The 
informational dimension is further detailed to an information system in a separate section 
(section 4). Subsequently, the example of e-mobility roaming illustrates why and how the top 
view of such an information system is necessary (section 5). Finally, concluding remarks 
summarize the status quo and give an outlook on future research (section 6). 

2. Fixed and intersection point: energy transmission 

The usage of EV brings a major problem into focus: energy. Likewise conventional vehicles, 
comfortable and safe mobility can only be guaranteed by a sufficient amount of energy 
available in an EV at every point in time. Thereby, “sufficient” depends on the efficiency of 
the EV as well as the circumstances of its use. While a small city car can be very efficient and 
rarely requires energy for more than 100 km per day, a SUV of a traveling salesman is rather 
energy consuming and could need energy for 1000 km or more. 
Three fundamental ways of energy transmission are currently discussed for EV: conductive 
charging, inductive charging and battery exchange. For one EV, a combination of these general 
transmission types is possible, for example normally recharging conductively at home, but 
exchanging a battery to realize a rare long trip to visit relatives. Though, such a combination of 
different energy transmission technologies clearly comes along with higher costs. 
Due to high costs and a low energy density of its storage, especially BEV still have the 
disadvantage of a low energy storage capacity (cf. Figure 1, left). Neglecting the technically 
more complex battery exchange as well as inductive charging when driving, lifetime 
considerations of the (most often) electro-chemical storage requires slow charging and leads 
to a rather time-consuming replenishment. In contrast to these disadvantages in comparison 
with conventional vehicles, BEV profit from the fact that electricity is already quasi-
omnipresent allowing for many potential suppliers. Conventional vehicles and (to a certain 
extent) fuel-based HEV rely on petrol stations operated by only a few companies at well 
distributed, but at a limited number of places (compare Figure 1, right). 
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Fig. 1. Qualitative comparison of energy storage and availability between BEV and 
conventional vehicles 
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To sum up, the discussion at this point reveals that although BEV are unprivileged with 
respect to the energy storage, the potential availability of energy is significantly higher. 
Therefore, the energy transmission between BEV and the power grid is an important factor of 
all BEV applications. Although HEV are not fully reliant on the power grid, the idea of 
sustainable mobility by charging renewable energy is realizable only for the charged energy. 
Henceforth, all EV business models are forced to define how and when the EV are to be served 
with energy. This is why the energy transmission between the power grid and an EV can be 
seen as a fixed point of EV usage (cf. Fig. 2), in case of BEV a particular important one. 
 

Fixed and Intersection Point: Energy Transmission

Energy Transmission
Infrastructure

Electric Vehicle

Energy

 
Fig. 2. Fixed and intersection point of EV business models 

The energy transmission is not only a fixed point of EV usage, but also a point of 
intersection of different EV business models. For example, an EV manufacturer could 
assume the EV buyer to normally charge via a standard power outlet at a standard parking 
place (e.g. at home). However, mobility of EV implies that the EV could be anywhere else 
other than this standard parking place when the battery runs out of energy. Henceforth, the 
EV manufacturer needs to offer the possibility for energy transmission at other than the 
standard parking places. The same applies for a car sharing or a car rental company as well 
as taxi or delivery services. In all of these examples, an EV can get energy at the standard 
parking place most of the time, but occasionally, the EV would rely on foreign energy 
transmission infrastructure. Consequently, energy transmission is at the same time a fixed 
as well as intersection point of EV usage. 
For conventional vehicles, this point of intersection clearly is the petrol station. Independent 
of the exact vehicle usage, a conventional vehicle can be refueled through the standardized 
filler necks. The petrol stations are not available everywhere, but they are well distributed 
over high frequented places. However, this concept works well only for vehicles with a 
huge energy storage capacity as well as a fast refueling process. Henceforth, it is improper 
for all the EV that need to charge regularly, but can not store huge amounts of energy. 

3. Fundamental dimensions for energy transmission use cases  

By recognizing the energy transmission as a fixed as well as intersection point of business 
models, it becomes apparent that isolated infrastructure is inefficient and renders all business 
models unprofitable. Therefore, significant efforts are necessary to standardize the energy 
transmission – best on an international level to keep production costs low and allow for e-
mobility roaming (cf. chapter 5). This standardization is currently undergoing in several 
working groups of the ISO and IEC in cooperation with national institutes. Fig. 3 gives an 
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overview of standards that exist or are currently developed for conductive charging of EV. 
With respect to communication between charging infrastructure and EV, the standards 
ISO/IEC 15118 (protocol stack for Powerline Communication), IEC 61850-x (adaption of 
substation protocols for EV) and IEC 61851-24 (direct current charging) are particularly 
relevant. 
 

Safety

Communication

Charging Topology

Plug

IEC 61140
IEC 62040
IEC 60529
IEC 60364-7-722
ISO 6469-3

IEC 62196-1
IEC 62196-2
IEC 62196-3

2

1

3 4

IEC 61851-22

IEC 61851-23

IEC 61851-21

IEC 61851-1

IEC 61851-24

IEC 61850-x

IEC 61851-24

ISO/IEC 15118

IEC 61439-5

IEC 62196-1: Plugs, socket-outlets, vehicle couplers and vehicle inlets Conductive charging of electric vehicles, Charging of electric vehicles up to 
250 A a.c. and 400 A d.c.
IEC 62196-2: Plugs, socket-outlets, vehicle connectors and vehicle inlets - Conductive charging of electric vehicles, Dimensional compatibility and 
interchangeability requirements for a.c. pin and contact-tube accessories
IEC 62196-3: Plugs, socket-outlets, and vehicle couplers - conductive charging of electric vehicles, Dimensional interchangeability requirements 
for pin and contact-tube coupler with rated operating voltage up to 1 000 V d.c. and rated current up to 400 A for dedicated d.c. charging
IEC 61850-x: Communication networks and systems in substations
ISO/IEC 15118: Vehicle to grid communication interface
IEC 61439-5: Low-voltage switchgear and controlgear assemblies, Assemblies for power distribution in public networks
IEC 61851-1: Electric vehicle conductive charging system – General requirements
IEC 61851-21: Electric vehicle conductive charging system – Electric vehicle requirements for conductive connection to an a.c./d.c. supply
IEC 61851-22: Electric vehicle conductive charging system – a.c. electric vehicle charging station
IEC 61851-23: Electric vehicle conductive charging system – D.C electric vehicle charging station
IEC 61851-24: Electric vehicle conductive charging system – Control communication protocol between off-board d.c. charger and electric vehicle
IEC 61140: Protection against electric shock - Common aspects for installation and equipment 
IEC 62040: Uninterruptible power systems (UPS)
IEC 60529: Degrees of protection provided by enclosures (IP Code) 
IEC 60364-7-722: Low voltage electrical installations, Requirements for special installations or locations - Supply of Electric vehicle
ISO 6469-3: Electrically propelled road vehicles, Safety specification, Protection of persons against electric shock  

Fig. 3. Standards for conductive charging of EV (German National Platform for E-Mobility, 
2010) 

The fixed point of energy transmission can be characterized and designed with respect to 
various dimensions. Three fundamental dimensions shall be distinguished in the following:  
 Electrical (e.g. charger or specification of plug) 
 Organizational (e.g. parking place type or infrastructure owner) 
 Informational (e.g. ICT hardware or authentication protocols) 
The electrical dimension is the core of energy transmission. That is why international 
standardization efforts have focused on this dimension for a long time. Though, 
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organizational and informational aspects become more and more important. 
Organizational questions appear with respect to relevant roles and business models (cf. 
Fig. 4). Informational aspects are to be investigated since ICT is a promising enabler for 
EV usage due to several reasons: 
1. Process efficiency for energy supplier and infrastructure operator could be increased. 
2. Consumer protection laws require instant, reliable and verifiable information about 

transferred energy quantity and corresponding prices for the EV user. 
3. The possibility to offer value added services such as the routing to and the reservation 

of functioning and free places at the energy transmission infrastructure. 
4. More sophisticated concepts such as Vehicle-to-Grid rely on sophisticated real-time 

information. 
 

Role Example(s) Organizational Question(s)

User • Social services
• Delivery services

Where, when and how should one’s EV be charged?
How to ensure that the EV are always charged 
adequately?

Vehicle
Provider

• Car sharing company
• Car rental company

How to ensure that customers are able to charge where 
ever needed in a comfortable manner?

Mobility 
Provider

• Taxi What is the charging status of each EV and which EV is 
therefore should take which customer?

Energy 
Provider

• Energy supplier
• Distribution network 

operator

How can a customer be provided with energy in transit?
How is it possible to avoid overcharge a certain grid 
string when lots of EV are charging?

Parking Area 
Operator

• Supermarket
• Visitor parking area

How to best comfort customers by providing energy for 
EV?

 
Fig. 4. Organizational questions of energy transmission to EV  

One could regard the informational dimension linking the electrical and organizational 
aspects in order to harmonize the process before, during and after the energy 
transmission. 
The organizational dimension does not need to include the commercial (financial, 
contractual, etc.) aspects, in contrast to the business level identified elsewhere (Bolczek, 
2010). Instead, it can be assumed that basic organizational aspects are describable without 
assuming certain roles or business models. For example, procedures to access infrastructure 
have to be consistent throughout roles and business models and therefore need to be 
described independently. 
There are abstract use cases that can be characterized around the fixed and intersection 
point of energy transmission throughout the three fundamental dimensions. The use cases 
themselves can be part of one or several business models. 
In each dimension, a number of attributes can be identified while an attribute can be 
instantiated by one or several values. This can be seen as a simple morphological box (cf. 
Zwicky & Wilson, 1967). The combination of values over attributes and dimensions leads to 
a particular use case. Many and manifold use cases are possible, however, only a few 
particular types will fit to the requirements of business models in the long run. An excerpt 
of such a box is given in Fig. 5. 
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Dimension Attribute Value(s)

Electrical

Energy
Transmission

Conductive Inductive Battery Exchange

Plug Specification CEE 7/7 CEE 3P+ 
N+PE, 6h

JARI Level 
3 DC

IEC 62196-2 SAE J1772 SCAME

... ... ...

Organizational

Entitled to dispose
of infrastructure

Natural Person
(private: individual)

Legal Person
(private: company)

Legal Person
(public: authority)

Access Level EV parking place EV supply equipment Electricity

... ... ... ...

Informational

Top Level
Elements

User EV EV Supply
Equipment

IT-Backend

Authentication 
Hardware

RFID SmartCard Mobile Phone
(SimCard)

... ... ... ...
 

Fig. 5. Excerpt of attributes in the morphological box in three dimensions 

With respect to the communication with and for EV, the informational dimension is 
pertinent and will be focused on in the following.  

4. Information system for electric vehicles 

The informational dimension can be described via an information system. An information 
system is a social and technical system that combines human and mechanical components to 
achieve the optimal allocation of information and communication (cf. Heinrich, 2005; 
Krcmar, 2007). The description of such an information system is the base to design an 
adequate information flow within and throughout the manifold business models. As seen 
before, the point of energy transmission is a fixed point for all EV. Henceforth, this fixed 
point is a useful starting point for the description of an information system for EV usage. 
Top level elements of such an information system are elements that play a prominent role 
when it comes to using or processing information. Those elements were identified to be the 
user of the EV, the EV itself, the point of energy transmission, as well as the supporting IT-
Backend (cf. Fig. 6). Deliberately, the IT-Backend resembles a cloud, since – with some ups 
and downs – there is a continuous trend towards the flexible utilisation of IT-Infrastructure 
and services over (high speed) internet connections. 
An information system can be detailed via an information system architecture. Several 
information system architectures have been proposed (The Open Group Architecture 
Framework, 2010; Scheer, 2000; Krcmar 2007). However, on the top level the architecture 
components are very similar and the architectures differ mainly with respect to their 
illustration. Although, the information system architecture concepts were originally 
developed for enterprises to describe and design their information system, it can be adapted 
to fit the needs for an information system around EV usage. 
According to Krcmar (2007), an information system architecture consists of six components, 
namely 
 Infrastructure 
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 Communication architecture 
 Data architecture 
 Application architecture 
 Organizational architecture 
 Strategy 
 

Information System

Information

Process

Point of Energy 
Transmission

IT-BackendElectric VehicleUser

Energy

 
Fig. 6. Top level elements of the information system for EV 

The components are structured hierarchically, from rather physical ones (infrastructure) to 
rather logical ones (strategy). In order to emphasize that these components must be well 
balanced to achieve efficient information flows, Krcmar used the spinner to illustrate the 
relations of the components (cf. Fig. 7). 
 

Application architecture

Data
architecture

Infrastructure

Strategy

Organizational
architecture

Depending on 
business models

Independent from
business models

Communication
architecture

Not part of the
informational dimension

 
Fig. 7. Information system architecture as spinner (adapted from: Krcmar, 2006) 

The architecture originally was designed for enterprises which realize at least one business 
model. Thus, the creation of use case types independent of business models requires an 
adaption of the general architecture. At first, due to the close relation to long term profit, the 
strategy has to be left out. Secondly, the organizational architecture that stands for a 
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company’s process and structural organization is not part of the information dimension (cf. 
section 3). Well adapted for a base for use case types are the infrastructure, the data 
architecture, the communication architecture as well as the application architecture. They 
can be characterized as follows: 
 The infrastructure contains all design elements of ICT hardware, for example which 

kind of microcontroller, CPU, graphics card, etc. are used. 
 The data architecture consists of data models and objects that are necessary to provide 

information to EV users and other stakeholders. 
 The communication architecture describes the topology for communication as well as 

the used protocols. 
 The application architecture is built up on the first three components in order to 

provide defined functions for users and systems. 
However, these components of an information system can hardly be interpreted in an 
isolated manner, but are in close relation and interaction. Thus, despite the focus on the 
communication architecture, the remainder of this chapter will also contain aspects of 
infrastructure, data and functions. 
With respect to the communication with and for EV, it is useful to adapt the general 
information system overview (Fig. 6) and explicitly model the most important IT-Systems 
(Fig. 8). In addition to the EV, a mobile device as well as a fixed device is available for an EV 
user. A device shall be considered “mobile” in this context when an EV user can handle it 
comfortably in an upright position. For the following examples, the abstract level of energy 
transmission is left and conductive charging is assumed: 
 An example for a mobile device is a mobile phone that can be used to unlock a charging 

station via a hotline call or a SMS. Alternatively, the widespread smartphones are able 
to unlock the charging station via an application (“App”) offered by the energy supplier 
of the EV user. 

 An example for a fixed device is a desktop personal computer or a notebook. Via a 
client application or a website, they allow for an offline check of the individual charging 
behaviour (e.g. place, energy and cost). 

 

 
Fig. 8. Communication architecture from an EV user perspective 
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This adapted view of the information system is the infrastructural base of communication 
from the EV user perspective. In this chapter, the server landscape in the IT-Backend is not 
further detailed. Although, design and operation of applications and services in the IT-
Backend is challenging, the questions that are to be asked and answered are not necessarily 
specific for e-mobility. In many cases, the integration of e-mobility in existing software 
solutions is the core problem. This is done via interfaces of which four already appear in the 
chosen illustration (Fig. 8). 
After this introduction to the information system at the fixed point of energy transmission to 
and from an EV, an example shall illustrate how this information system view can help to 
master the current informational challenges of EV usage. Interesting examples would be: 
1. Access to own infrastructure under consideration of authentication, authorisation and 

accounting. 
2. Access to foreign infrastructure under consideration of authentication, authorization 

and accounting. 
3. Collection and transmission of metering data with respect to the conflicting goals of 

usage transparency, data reliability and data privacy. 
4. Value added user services such as routing to or reservation of infrastructure. 
5. Vehicle-to-Grid services such as frequency regulation. 
Since Vehicle-to-Grid services and value added user services are not solving one core 
problem of e-mobility (“enough energy for mobility”), they might be less interesting at this 
point. For a discussion of the collection and transmission of metering data, the different 
national laws play an important role. However, access to infrastructure is a prior subject in 
all countries, and when using foreign infrastructure an informational interesting one. 
Therefore, the following chapters use this subject, later defined more precisely as e-mobility 
roaming, to illustrate the information system in detail. For the sake of convenience, again the 
conductive charging is assumed. For inductive charging or battery exchange, similar 
considerations can be made. 

5. E-mobility and roaming 

5.1 Motivation 
Considering private car owners, they can be distinguished by the type of their standard 
parking place (e.g. at home). Either car owners have a dedicated parking space such as a 
garage, or they park curbside somewhere nearby. The former can charge the EV by simply 
plugging it into a fixed socket-outlet in their garage. In this case, no identification and 
authorization is needed – however possibly useful in the future for providing grid services 
(Vehicle-to-Grid). While charging at the standard parking space can cover most trips, 
recharging is necessary from time to time if the trip distance is higher than a typical EV-
range or recharging at the standard parking space is not possible. Hence, in such cases, these 
EV owners rely on foreign charging infrastructure for which physical access, authentication, 
authorization and accounting (AAAA) is needed. The latter group, i.e. EV owners parking 
curbside, need foreign charging infrastructure every day. 
Carsharing companies can have dedicated parking spaces for their cars. For EV usage, they 
can upgrade them with electric vehicle supply equipment (EVSE). Thus, whenever an EV is 
parked there, it can be recharged by using individual methods for AAAA. Since many 
carsharing offers still restrict the start and end of any rental to these dedicated parking 
spaces, regular recharging is guaranteed. However, for two reasons this is not enough: First 
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of all, in some cases, the user might need to additionally recharge somewhere else. Secondly, 
the product “carsharing” mainly sells easy access to individual mobility. Therefore, the most 
successful carsharing companies will allow the start and end of a rental anywhere which 
endangers regular recharging at the dedicated parking spaces. A carsharing company can 
enable recharging not only at those own dedicated parking spaces, but also at foreign 
charging infrastructure by guaranteeing AAAA there. 
 

DefinitionTerm

Operates at least one EVSE as a service for E-Mobility Providers, 
but has no continuous contractual relation to EV Users.

EVSE 
Operator

Uses an EV within a contract with an E-Mobility Provider.EV User

Contracts with EV Users in order to offer services (e.g. charging) and 
can be EVSE Operator at the same time.

E-Mobility
Provider

DefinitionTerm

Operates at least one EVSE as a service for E-Mobility Providers, 
but has no continuous contractual relation to EV Users.

EVSE 
Operator

Uses an EV within a contract with an E-Mobility Provider.EV User

Contracts with EV Users in order to offer services (e.g. charging) and 
can be EVSE Operator at the same time.

E-Mobility
Provider

 
Fig. 9. Terms to define e-mobility roaming 

All in all, these two simple and known business models already show that the usage of 
foreign charging infrastructure would occur regularly. This is often referred to as e-mobility 
roaming, in analogy to the mobile communications sector. More precisely, roaming with 
cellular phones means the uninterrupted availability of all services while moving out of 
range of the former carrier to another one (Schiller, 2003). On this base as well as with the 
definitions in Fig. 9, e-mobility roaming (or just roaming) in this paper refers to the situation 
in which an EV User is using an EVSE within a contract with an E-Mobility Provider that is 
not the EVSE Operator of the used EVSE (cf. Fig. 10).  
 

E-Mobility 
Provider

EV User

EVSE Operator
Roaming
Agreement

Roaming

User
contract

EVSE

 
Fig. 10. E-mobility roaming 

Due to the still prevailing regional and local character of many power markets (e.g. in 
Germany), roaming is likely to happen not only international, but even within one town or 
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street. Having a contract with every single provider is very uncomfortable. Hence, 
mechanisms to enable AAAA for roaming are inevitable. In order to guarantee a user-
friendly e-mobility roaming experience, there are several challenges to cope with. Paying 
cash or via credit card is uncomfortable and requires more expensive infrastructure than 
identifying as a user through an adequate contract. 

5.2 Challenges of roaming 
On the base of the above understanding of e-mobility roaming and its business context, a 
closer look is taken at the preconditions of roaming. Since roaming involves two or more 
parties, the preconditions are closely related to questions of interoperability and the use of 
standards. Preconditions of roaming can be grouped into electrical and commercial issues, 
each concerning aspects of the underlying medium or its use (Fig. 11).  
 

electrical

medium

commercial

use of medium

I
II

III
IV

 
Fig. 11. Categories of requirements for roaming in e-mobility infrastructure 

For example, a straight forward requirement for an electrical medium (I) is – assuming 
conductive charging – a standardized EV plug. Since the usage of adapters is very 
uncomfortable, an EV plug should fit into the outlet of all EVSE. The International 
Electrotechnical Commission (IEC) therefore currently revises the international standard 
IEC 62196. Considering other ways of getting power into an EV, such as induction or battery 
exchange, different requirements must be fulfilled. For inductive charging, a consistent form 
and position of the charger and the inductor is vital. For the battery exchange, especially the 
size and interface of the batteries as well as the security concept must be compatible. Beyond 
pure physical characteristics of the underlying medium, there is a need for its standardized 
use (II). For example, successful conductive charging requires voltage, current, frequency 
and charge mode to be correctly adjusted on both sides as well as to the cable diameter. 
These basic parameters can be negotiated via a control pilot signal as defined in SAE J1772. 
From a commercial point of view, the charging of an EV requires a medium for containing 
or conducting data for authentication, authorization and accounting (AAA) (III). 
Authentication of a user in front of an EVSE could be done for instance via RFID cards, 
magnetic or smart cards, key panels or near field communication by cellular phones. 
Alternatively, authentication data can be transferred via a communication line directly 
out of the EV. In order to exchange the commercially relevant data, the use of the media 
must be further specified by standards for protocols and data types (IV). Considering 
protocol aspects, the standard IEC 15118 is currently developed. It will enable the 
automatic exchange of information between an EV and an EVSE. Therefore, standard 
message types for transferring session, status, metering and billing data are defined on 
different layers of the OSI Model. In addition to protocols using the communication 
connection, there is a clear commercial need for the definition of basic identifiers (IDs) 
that can be used throughout the information systems of involved companies. The 
remainder of this paper focuses on identification issues and discusses possible and 
necessary IDs for roaming with EV. 
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5.3 Identifiers for roaming 
Every Identifier (ID) has a certain scope in which it is valid. For roaming, the distinction of 
intra-company and inter-company IDs (henceforth called uniform IDs) is essential. While 
intra-company IDs such as customer numbers are sufficient for many commercial 
applications, roaming requires uniform IDs for involved objects to allow for inter-company 
data exchange. Since uniform IDs require significant standardization efforts, it is worth to 
investigate which IDs should to be uniform in which cases. The cases clearly depend on the 
underlying business model(s) and technical choices. However, two abstract scenarios can 
cover many of them. Both scenarios differ from each other only with respect to the sequence 
of communication steps (Fig. 12). 
 

EVSE Operator

EV User

E-Mobility
Provider
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A4, B2

A2
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Fig. 12. Two scenarios for the sequence of communication steps 

In scenario A, the EV User (or its EV on behalf of him) passes all information needed for 
authentication through the EVSE (A1) to the EVSE Operator (A2). The EVSE Operator 
forwards the information to the E-Mobility Provider and requests AAA for the EV User 
(A3). If the response (A4) is positive, the EVSE Operator unlocks the EVSE for charging (A5). 
In scenario B, the EV User directly connects to the E-Mobility Provider (B1) for AAA. If 
authorization is successful, the E-Mobility Provider requests the EVSE Operator (B2) to 
unlock the particular EVSE for charging (B3). 
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Fig. 13. Requirement of uniformity depending on scenario 
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Investigating four roaming relevant IDs reveals that – with respect to the need for 
uniformity – each scenario requires at least one uniform ID (Fig. 13). However, even where 
uniform IDs are optional, standardization of such IDs is advantageous. Assuming scenario B 
with authentication of an EV user by a cellular phone, the EV user needs to transfer the IDs 
of the EVSE and the EVSE Operator to the E-Mobility provider. If the EV User is required to 
manually type these numbers in his cellular phone, the usability decreases considerably 
when all EVSE Operators use very different formats for these IDs. Very comfortable would 
be an App that allows to take a picture of a code (e.g. bar code, matrix code, or simply 
number in standardized format) in order to get the EVSE ID on the smartphone. 

6. Conclusion 

At the beginning of this chapter, it was motivated why the energy transmission to EV is of 
high relevance. Its character of a fixed and intersection point was explained. For this fixed 
and intersection point, three fundamental dimensions, namely the electrical, the 
organizational and the informational dimension, were presented and discussed. Afterwards, 
the informational dimension was further detailed with the help of an information system. 
The relevance and usage of the information system finally was illustrated by the example of 
e-mobility roaming. 
All in all, with EV being at the point of broader market penetration, the question of the 
informational integration of these EV into infrastructure and its interaction with user 
services becomes more important. Although, information and communication technology 
has to be seen as a helpful enabling technology of EV usage, it has to be stated that ICT itself 
needs resources to efficiently serve the requirements of EV stakeholders. 
Even though many activities have already started (cf. standardization), a lot of more effort is 
needed to efficiently and economically use ICT for EV. The proposed overview of an 
information system that explicitly combines the user perspective with ICT components at an 
adequate chosen fixed and intersection point (“energy transmission”) can be a good starting 
point for the integration of on-going research activities and derivation of further research 
questions. 
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1. Introduction  

As the continuous growth of global vehicle production and owned, the problems brought by 
vehicles are conspicuousness day after day. These problems are much more serious in 
China. Thus developing zero emission electric vehicles have become the main scientific 
research projects in many countries around the world in 21st century. Energy-saving motor 
drive technology has become one of the key points to the EV commercialization.  
In the present electric vehicles, there are several main drive systems include the chopping 
system of DC motor, the variable frequency drive system of induction motor(IM), the drive 
system of permanent-magnet motor(PM) and switched reluctance drive system(SRM), etc. 
The DC machine has been faded gradually in the electric vehicle drive system for the reason 
of high startup current, huge volume, low efficiency and poor reliability. Even worse, the 
carbon body and the commutator which are not suited for high speed movement need to be 
changed frequently. The variable frequency drive system of IM has a small torque 
fluctuation, but with low efficiency especially in the low speed stage. When the electric 
vehicle is grade climbing, the torque output is small and the current is high. Although the 
permanent-magnet motor is of high efficiency, the manufacturing technique is very 
complicated and the machine will lose effectiveness because of the demagnetization in high 
temperature. So it is not the perfect way. The structure of the SR Motor is firmly and stable. 
The SRD system has a high reliability, wide range of speed regulation, high efficiency, low 
startup current and large torque output, all of which are especially suited for the work 
condition of the electric vehicles. The application of SRD on electric vehicles is affected by 
the torque fluctuation and strong noise. In a word, performance comparisons of the three 
motors are indicated in the following table 1. 
Because of its own characteristics,electric vehicles motor drive system should meet the 
following demands: 
1. Output a large torque under base speed to meet the requirement of starting, 

accelerating, climbing and some other complicated working conditions. 
2. Output constant power above the base speed in order to adapt max speed, overtaking 

and so on. 
3. Maximize motor efficiency over the whole speed range to extend endurance mileage. 
From the table, the SRM has more advantage than the other motors. 
Many control different strategies have been proposed for the torque fluctuation task . Full 
rotor pitched insulating non-magnetic colloid techniques of SRM and SRM fuzzy logic 
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adaptive torque control system based on instantaneous torque sum are proposed in this 
chapter.  
 

Motors
Items 

IM PM SRM 

System efficiency lower higher higher 

Starting torque lower higher highest 

Power density lower highest higher 

Workmanship simple complicated simplest 

Reliability higher lower highest 

Life longer short longest 

Manufacturing cost lower highest lowest 

Table 1. Performance comparisons of IM, PM and SRM 

2. Design of SR motor on EV 

The noise sources can be divided into four broad categories: magnetic, mechanical, 
aerodynamic and electronic . Therefore, according to the magnetic flux in the machine 
passing across the air gap in an approximate radial direction producing radial forces on the 
stator and rotor result in magnetic noise and vibrations, selection of 12/8 construction is 
used in the SRM design and a new rotor structure is proposed in this section.  

2.1 Electric vehicle power demand 
The selection of driving motor on electric vehicles mainly depends on rated power and rated 
speed. The more power grade is choosed the more reserve-power is got and the better 
vehicle driving feature is. But the volume and weight of the motor will increase rapidly by 
the same time and lead to the decline of the motor efficiency. So, the motor power should 
not too large. The calculation of power matching of EV motor is as follows: 
A simplified model of the road vehicle dynamics can be used to estimate the tractive 
requirement of the vehicle drive-train, from which the individual component specifications 
can be rated with-regard-to their peak and continuous duties.  The vehicle model accounts 
for the resultant forces acting against the vehicle when starting and when in motion, as 
illustrated in following figure 1. These forces can generally be considered as comprising of 
four main components, viz.:  

 d w r a jF F F F F             (1) 
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Fig. 1. Vehicles dynamics analysis 

Where the force to overcome the tyre to road power loss, or rolling resistance, Fr = 
krmgcos, a resistive force related to the road gradient, Fw=mgsin, an aerodynamic 
resistance or drag force, Fa=1/2CdAfv2, and the transient force required to accelerate or 
retard the vehicle, Fj=mdv/dt. Where:- 
kr is the rolling resistance coefficient which includes tyre loss and is approximated to be 
independent of speed and proportional to the vehicle normal reaction force; m is the vehicle 
and payload mass;  is the road gradient; g is the gravitational constant;  is the density of 
air; Cd is the drag force coefficient; Af  is the vehicle frontal area, and v is the vehicle linear 
velocity. Having determined the forces acting upon the vehicle, the road wheel torque can 
be calculated from the equation of motion, viz.: 

 w
w w f w d

d
T J d r F

dt


        (2) 

Where Jw,  w,  rw,  are the wheel inertia, angular velocity and mean radius, respectively, and  
df  is a factor proportioning torque distribution on the rear axle.  By way of example, for a 
direct rear wheel drive scenario, it is assumed that there is an equal share of the required 
tractive force between each wheel drive machine (i.e. df = 0.5).  For an on-board drive 
machine option, a gear stage is included in the drive-train, thus the output torque of the 
traction machine is related to the road wheel torque by the total transmission gear ratio, nt, 
transmission efficiency, t, and the machine rotor inertia, Jm.  Incorporating these into the 
equation of motion yields a general expression for traction machine torque:  

 
1m

m m w
t t

d
T J T

dt n



        (3) 

Expressing the wheel and traction machine angular velocities in terms of the vehicle linear 
velocity yields:  

 w
w

v
r

           (4) 

 m t
w

v
n

r
        (5) 
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From which the machine torque equation can be expressed in terms of the vehicle linear 
velocity by substituting eqns.(1), (2), (4) and (5) into eqn.3:  

   21
cos sin

2
f w f wt m w

m r d f
w t t w t t t t

d r m d rn J J dv
T k mg C A v

r n r n dt n
  

  
               

       (6) 

Mechanical power is torque multiplied by mechanical speed:  

 m m mP T                           (7) 

Acording to the confirguration of the PEUGEOT 505 SW8 showed in table 2, the drive motor 
power can be calculated using above equations. 26.36mP kW .Considering batteries 
(weight 650 kg) will be added on the vehicle, the motor should be enlarged to 30kW. 
 

the weight with full load 2000kg 

rolling resistance coefficient 0.0267 

air resistance coefficient 0.3 

windward area 1.75m2 

the average efficiency of motor 0.94 

the density of air 1.205Kg/m3 

the road gradient 15 

the max speed of EV 180km/h 

Table 2. The parameters involved are listed in table 2. 

Assume there are two motors with same rated power, the one with higher rated speed is 
smaller and lighter. In the view of vehicle performance, there will be less mechanical loss if 
the rated speed is higher. Meanwhile, it can provide large speed range to the drive system. 
Although the higher rated speed is favorable, the drive gear will be much more and more 
complicated. So, the above mentioned factors should be all considered in the selection of 
motor rated speed.  

2.2 Designed SRM for PEUGOT 505 SW8 
The parameters design of SR drive motor are contained the preliminary selection of frame 
size, the number of stator poles Ns and the number of rotor poles Nr, the stator and rotor 
pole angle selection, the bore diameter and the stack length, the selection of the conductor 
and the winding design, the calculation of the minimum and maximum inductance 
according to specifications for the SRM selected above, viz. 30kW, 4000r/min, 300v SRM. 
Then the motor verification is designed by Finite Element Analysis. 
Following are the parameters of SR drive motor (Table.3), we choose 300V lead acid storage 
battery as power supply system. The mortor’s performance curves are showed in figure 2, 
3,4. The fig.2 gives the profile of flux linkage vs. current of unaliagned and aliagned stator 
and rotor tooth. The fig. 3 decribes when the rotor’s angel changing, the stator’s winding 
current changs. The fig.4 represents the composed torque of the motor changes with the 
angel. It shows big variety occurs commutation between the winding phase A and B or 
Band C et. Thus measurement should be taken to avoide the torque ripple. 
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Rated power 
(kW) 

30 Rated voltage (V) 300 Rated speed (r/min) 4000 

Poles and phase 12/8, 3 
Maximum value 

of phase 
inductance (mH)

3.98401 
Minimum value of 
phase inductance 

(mH) 
0.379135 

Effective rated 
value of phase 

current(A) 
88.6784 

Motor average 
efficiency 

0.94 
Rotary inertia(kg*m2) 0.0486939 

Table 3. The parameters of SR drive motor 

 

 
Fig. 2. Profile of designed SRM flux-linkage-current 
 

 
Fig. 3. Profile of designed SRM current vs. angle 
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Fig. 4. Profile of designed SRM composed torque vs. angle 

2.3 New rotor structure 
There are large spaces between the present SRM rotor teeth, which will cause strong noise 
when the rotor rotating. A new type of rotor structure is proposed in the chapter. Figure 5 
(a) shows the originally one, (b) (c) is the new structure diagrammatic sketch.The structure 
include 1 shaft, 2 rotor tooth, 3 yoke part, 4 screw bolt and nut, 5 insulating non-magnetic 
colloid, 6 copper collar, 7 steel ring. The insulating non-magnetic colloid is filled in the yoke 
part between rotor teeth. The two copper collars which are used to fix insulating non-
magnetic colloid by screw bolt and nut are connected through the rotor shaft. 
The expansion factor of insulating non-magnetic colloid is similar to rotor silicon-steel sheet, 
which can avoid the fissure between insulating non-magnetic colloid and rotor teeth. There 
are small amount of heat and noise when the new SRM rotor structure is applied during 
high speed rotating. It is obvious that the working efficiency is higher than the existing one. 
 

 
Fig. 5. A novel rotor structure for SRM 

2.4 Drive mode for PEUGEOT 505 SW8 
At beginning development of electric vehicles, inorder to concentrate to develope battery 
cell and drive motor system, electric vehicles conversion design is usually adopted. The 
most defferent between the electric and regular fuel vehicles is energy system. Dynamic 
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system of the EV is composed of battery system and drive motor system. The battery 
provides direct current supply. The supply passing through electric apparatus which is 
made of controller and power main electical circuit is changed into electical power which 
can be used by the motor. Then the motor runs and the wheels are drived. The energy 
power transmission is showed in following figure 6.      
The PEUGEOT 505 SW8 is a kind of wagon which is drived by rear-wheel. So the 
conversion EV can be designed as the motor connecting to gear-box via clutch, transaxle 
driving the wheels through transmission shaft. The drive mode is shown in figure 7. 
 

 
Fig. 6. The power transport process of EV 
 

 
1- motor, 2-clutch, 3-gear-box, 4-transmission shaft, 5-transaxle, 6-steering gear 

Fig. 7. Drive mode for PEUGEOT 505 SW8 conversion 

3. SR drives power converter 

The cost and performance of the SRM drive have been determined by many or converter 
topologies invented, and unlike the conventional inverts-fed induction machine, the SRM 
drives are highly dependent on the convert topology used to dive the SRM. An asymmetric 
half bridge converter topology is adopted in the 3-Phase SRM drive for EV, which is showed 
in figure 8. The main electrical circuit composes of power electrical lead acid batteries Us, 
support capacitor Cs , asymmetric half bridge IGBTs from V11 to V62 and freewheel diodes 
from VD11 to VD62. It permits control of the individual phases fully independent of each 
other and thus permits the widest freedom of control. During normal operation, the 
electromagnetic flux in an SR motor is not constant and must be built for every stroke. In the 
motoring period, these strokes correspond to the rotor position when the rotor poles are 
approaching the corresponding stator pole of the excited phase. In the case of Phase A, 
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shown in figure 8, the stroke can be established by activating the switches V11 and V42. At 
low-speed operation the Pulse Width Modulation (PWM), applied to the corresponding 
switches, modulates the voltage level. When the switches V11 and V42 are turned off in the 
same time, producing transformer electromotive force in Phase A break-over forward 
freewheel diodes VD11 and VD42, the Phase A current after flows through VD11, VD42 and 
Cs. Each of V11 with its anti-parallel diode VD11 and V12 with its anti-parallel diode VD12 
is the asymmetric half bridge structure in the one IGBT module. KDC is a DC contactor 
which powers up to the drive system, and is controlled by key of the vehicle which starts the 
engine originally. 
 

 
Fig. 8. Schematic Diagram of Power converter in Electrical Vehicle 

3.1 Parameter selection of the main circuit 
The driving power Us is composed of 25 series lead acid batteries which rated voltage is 
12V,  capacity is 85Ah. Thus the whole volume of Us is 300V. Because safety working 
voltage arrange of the single battery is from 10.5V to 14.4V, the actual group of batteries 
working voltage arrange is from 262.5V to 360V. Selecting maximum DC bus voltage 360V, 
in the asymmetric half bridge main circuit the main switch IGBT will bear the maximum DC 
power voltage from the bus. Considering twice surplus capacity, the IGBT withdraw voltage 
is in equation 8.  

 r smaxU 2U 2 360V 720V                          (8) 

The effective rated value of the phase current for the designed SRM is 88.6784A, considering 
the overloade current of the drive system two multiple of the phase current, the effective 
rated value of the IGBT current is in equation (9).  

 srms N2 2 88.6784A 177.3568AI I                        (9) 

Having determined the effective rated value of the IGBT current , the peak current of the 
IGBT can be calculated in equation (10), viz 

 
^

S N2 2 q 434.3553AI I                            (10) 
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In the equation (9), m is the number of the phase of the SRM which eaquals 3 in the system. 
Actually power converter parameters involved in the designed SR drive motor are listed in 
table 4. To sum up , the main circuit switch IGBT can be selected as BSM300GA120DLC of 
EUPEC which has 1200V bear voltage ( 080CT C ),  300A effective current value, 600A peak 
current value ( 1pt ms ).   
 

Electrical parameters Values 
Average current of main switch  46.1426 A 
Effective current of main switch 84.7971A 

Peak current of main switch 188 A 
Average current of after flow bidiode  11.878A 
Effective current of after flow bidiode 27.0406 A 

Peak current of after flow bidiode 138A 

Table 4. Designed Parameters of SR Drive Motor 

3.2 IGBT drive and snubbed electronic circuits design   
IGBT is simply voltage driven switches, because their insulated gate behaves like a 
capacitor. Conversely, switches such as triacs, thyristors and bipolar transistors are 
“current” controlled, in the same way as a PN diode. Because IGBT gate drive condition is 
closely related to its static and dynamic performance. The turn-on voltage, switching time, 
switching loss, short-circult withstand capability etc. are ordinately effected by positive and 
negative voltage (VGE and - VGE) between gate and emitter, gate electrode resistance (RG). 
Being reasonably designed drive and protection circuit is quite important.  

3.2.1 IGBT drive conditions 
The concrete requirement of IGBT drive circuit is listed flowering. 
(1)Because IGBT is a type of voltage drive module, it has a threshold voltage value of 2.5 V 
to 5.0V and has a capacitive input resistance. IGBT is very subtle to electric charge 
accumulation of the gate electrode, so the drive circuit must be very reliable to grantee there 
is a discharge loop with a low resistance itself, viz. there is as short as possible wire between 
the circuit and IGBT.  
(2)Charging and discharging the gate oxide capacity with small interresistance drive supply 
inorder to gurantee that the gate electrode controlling voltage has much enough steep 
forward and reverse edge. Because IGBT has nonlinear capacitive character, the driver must 
have enough instantaneous absorbing current capability. Thus the gate electrode voltage can 
be set up or disappear soon inorder to decrease the switch loss lowerly. On the other hand, 
after the IGBT turns on, the gate electrode driver should supply enough power to avoide to 
be destroyed because of exit saturation. The drive interresistance can not be lower than 
commanded RG, otherwise there will have underdamped harmonic motion between the 
stray inductance and the gate electrode capacity in the drive loop . Meanwhile, the surge 
current increases during short switching time. This induces booth unsafty in the main circuit 
and disturbance in the control circuit.    
(3)Although the higher + VGE, the higher current limit becomes, + VGE should be remained 
under maximum rated G-E voltage, + VGES =+20V. The reason is once there is a over current 
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or short current, the higher + VGE, the higher current, the bigger probability of the IGBT 
destroy becaues the time of enduring short current capability decreases. Usually, the value 
of + VGE is considered as between 12V and 15V. 
(4)Set the enough gate reverse bias voltage value(-VGE) to IGBT. While the IGBT is in off-
state, there are some high frenquency osillation signals in the gate electrode circuit because 
the other part circuits are stiill working. These signals may let IGBT to be in micro on-state, 
it results in the power loss of IGBT increase.   Therefore a recommended -VGE to IGBT is -5V 
to -10V (the maximum gate reverse bias voltage value is -VGES =-20V ), so that the IGBT can 
be cut off reliably even if there are switch noises in the gate electrode of IGBT .  
(5) The gate electrode resistance effects RG on the switch loss, switch speed, and even 
involves in whether the drive circuit appears oscillation and the collector electrode 
generates surge current. Usually the value of RG can not be selected to be over 10 times than 
the producer recommended value. In actual application, RG should be ajusted carefully. RG 
should be disposed closely to the gate electrode.  
(6) There should be have a gate electrode amplitude limiting circuit to avoid to 
breakthrough the gate electrode. 
(7) The drive circuit should be isolated from the control circuit so that, when the IGBT is 
destroyed the other components can not be damaged. When the IGBT burns, the collector 
electrode high voltage usually pwties the drive circuit through destroyed the gate electrode, 
and then disrupts some components in the drive circuit . The gate electode drive circuit as 
far as possible should be simple and actual. It is much better that the IGBT itself has 
protection and very strong the ability of disturbance. When the IGBT is under the state of 
load short circuit or over current, the IGBT can prevent fault current automatically through 
decreasing the gate electrode voltage gradually to be switched the IGBT off softly. That is to 
prevent very high di/dt causing by the fault current because of IGBT turn-off swiftly . The 
high value di/dt can produce high spiking voltage under the stray inductance function, 
results in the IGBT to be unbearable and damaged. By the same rule, the soft turn-off 
process of the drive circuit should not be effected by the input signal disappear. The drive 
circuit should have a time logical for thegate voltage control function. When there has over 
current, no matter whether there is the input signal, the drive circuit should be turned off 
unconditionally.      

3.2.2 IGBT drive electrinic circuits design 
The IGBT-driving hydrid IC EXB841 produced by Fuji Electric is used in the EV power 
convter. It can drive 300A/1200V or 400A/600V IGBT moduel and the drive signal delay 
reaches 1.5µs, the maximum switching speed is 40KHz. The drive circuit is designed in 
figure 9 arround EXB841, in which C1 and C2 are two electrolytic capacitors to absorb the 
chang of supply voltage. MC1413,LED,R1,R2 are composed of the drive line from the 
control circuit to EXB841. V3 and V4 are two voltage-stabilizing diodes  to limit amplitude 
of EXB841 output drive voltage, so that to avoide the drive voltage higher and destroy the 
IGBT. V3 and V4 are two voltage-stabilizing diodes which are in inverted series and 
connected in parallel with collector and emitter electrode. The over current protective 
circuit for IGBT is composed of R3, E1,R4, V1 and V2, in which V1 and V2 connecting to 
the sixth pin of EXB841 completes to monitor the collector electrode voltage. V1 is the fast 
recover diode which is ERA 34-10 made from Fuji Electric. V2 is the voltage-stabilizing 
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diode which can change the controlled point of the current protection by adjusting the 
voltage-stabilizing value of the diode. Theoretically, if the over current protection of 
EXB841 takes effect is that the pin of EXB841 outputs a low electrical level when the 
collector electrode voltage monitoring the six pin is greater than 7.5V. Then the opto-
coupler in the figure outputs a fault signal to the control board which is high level OC 
signal. The signal produces interruption on the board and controls CPU to block trigger 
pulse for IGBT. The theoretical protective value 7.5V of EXB841 is the operating point 
which the supply voltage is strictlly controlled at 20V. When the supply voltage has ripple 
or error, the protective value will change. When the supply voltage is greater than 20V, 
the protective value increases 1V as the supply voltage does. When the supply voltage of 
EXB841 is 20V, the drive voltage suppllied IGBT turning on is 15V. According to the 
profile of switching losses of IGBT-inverter of BSM300GA120DLC, the curve of collector 
electrode current vs. IGBT switching on voltage drop VCE can be abttain. The voltage drop 
between the gate and the emitter electrode can be calculated in the following equation and 
figure 10.  

 0CE CV RI V               (11) 

 

 
Fig. 9. IGBT drive circuit 

According to the figure 10 and 11, when vjT 125 C  , IGBT output curve can be linearized 
by line y=Ax+B. Known the three points on the curve, respectively they are (2.0,208), 
(2.5,325), (3.0,465). Using the points (2.0,208) and (2.5,325), the equation is listed in 12.   

 0.0042735 1.01282CE CV I           (12) 

Taking 480CI A , 3.0641CEV V , the error of VCE and the percent rate of error are listed in 
following equations.   

 3.0641 3.06 0.0041CEV                    (13) 
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0.0041

100% 0.133%
3.06

                    (14) 

 
Fig. 10. IGBT BSM300GA120DLC output curve under different voltage 

When the drive voltage suppllied IGBT turning on is 15V, the collector electrode current is 
600A, IGBT switching on voltage drop VCE is about 3.5V calculated by 12 and in figure 10. 
Then the value of voltage-stabilizing diode V2 is selected as 9V. From the table 5, the gate 
resistance value can be chossed 3.3. 
 

 
Fig. 11. Positive output characteristic curve of power devices 

VCE(sat) =V0+RIC 

VF =V0+RIF 

VCE(sat) or VF V0 

IC  or IF  

R



 
Applications of SR Drive Systems on Electric Vehicles 

 

185 

IGBT Rating 600V 200A 300A 400A - 

1200V 200A 150A 200A 300A 

RG 12 8.2 5 3.3 

Icc 5kHz 20mA 22 mA 23 mA 27 mA 

10kHz 24 mA 27 mA 30 mA 37 mA 

15kHz 27mA 32 mA 37 mA 47 mA 

Table 5. Recommended the gate resistance RG and the current loss 

3.2.3 IGBT snubbed electronic circuits design 
When the power electronic device is used, buffer electronic circuit should be designed to 
inhibit respectively di/dt and dv/dt when the device switched on and off. The aim is to 
change switch locus of the device in order to avoid the maximum value of VCE and iC appear 
at same time. Thus the switching loss is decreased and reliability can be improved. T he 
IGBT snubbed electronic circuit is put particular emphasis on the voltage absorbing and 
restraining in switch on state. That is because the IGBT working switch frequency is very 
high, tiny inductance in the electronic circuit can cause very big L di/dt and produce over 
voltage to endanger the IGBT security. RCD snubbed electronic circuit is often used which is 
designed in figure 12. The RCD bridges joint every IGBT module connecting with two ends 
of the power. Capacity and resistance value selection has much more relationship with 
snubbing voltage in the snubbed electronic circuit. If the selection is improper, it would 
affect the voltage absorb so far as to bring about osillation in the circuit.                 
Within the IGBT switching off process, the current of device drops fastly, the current in the 
snubbed circuit increases at same change rating. The magnetic energy stored in the parasitic 
inductance in the main electronic circuit will wholly transfere into the electrical energy in 
the absorbing capacity. Assumming the current flowing the main switch device drops 
linearly when switching off, the current flowing the snubbed circuit increases linearly 
because the switching off process is very short. These two current can be expressed in the 
following equations. 

 T
f

t
i (1 )I

t
                                          (15) 

 C T
f

t
i I i I

t
                                         (16) 

In the equations, iT is the current in the main switch device; iC is the charging current in the 
absorbing capacity; tf is dropping time when switching off. I is the average current in the 
direct current bus line. Therefore, the voltage of capacity two ends is expressed in the 
equation 17. 

 f ft t f
CS C0 0

f

1 1 t It
U i dt Idt

C C t 2C
              (17) 
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Fig. 12. IGBT snubbed elctronic circuit. 

The capacity voltage UCS usually can be selected as 10 to 50 percent of the supply voltage 
UDC at tf . For example, selecting CS DCU 0.5U , the capacity C is in the following equation.  

 f

DC

It
C

U
                                                    (18) 

The value of the absorbing capacity can be selected as 0.47µF according to the the equation 
18 and experience value. The selection rule of resistance R is to releasing electric charge 
thouroghly stored in the snubbed capacity before the IGBT switching off signal comes. If R 
is too large, it makes the discharging time of the capacity C lower. But if R is too small, the 
discharging current is too large and fast when the IGBT switching on, it can endanger the 
device security and cause the osillation. So period (T) of the switch device eaquals 1 or 2 
times of 3RC. So the value of the resistance R can be calculated in the equation 19.   

 
1

R
6 C f


 

             (19) 

R calculated by the equation 19 can not be greater than 41.72 ohm , 39ohm is selcted in the 
RCD snubbed circuit. The maximum power loss on the absorbing resistance can be 
calcultaed as in the equation 20.   

 21
20

2RP C V f W      (20)  

The fast recovery diode is selected as FR607. Beside the IGBT drive and snubbed electronic 
circuits design, the switched power supply circuit and control circuit should be designed. 
Because the length of the chapter, the content cannot be covered all the bases. As figure 13 
shows, the control circuit structure of SRD system is given. With MICM2002 (Motor 
Intelligent Module) based on DSP and AT89C51 singlechip the folowing control strategy is 
realized. When the EV is powered, the controller goes into working state. The control signal 
from all kinds of fault signals and the driver operating system are coded and loaded the 
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AT89C51 through prior coder. If the system is checked with no fault and no operation, the 
system is in standby mode. When the driver gives the start and throttle given signal, 
according to the SRM rotor position signal from the position sensor, the singlechip sends out 
the phase turn on/off signal and the MCIM produces the PWM signal,  then the system 
integrates the protective and the current chopping signals to give the main circuit IGBT 
drive signal and control the power main circuit to supply the SRM windings electricity and 
move the motor. According to the positive and negative rotation setting and the position 
information of the motor, the singlechip controls the windings power-on sequences. When 
the motor rotates at low speed, current chopping control mode can be used. Firstly, the chip 
gives the upper limitation of the current chopping signal and puts it into the MICM through 
D/A converter; secondly, the MICM comparates the current limitation with the phase 
current detecting from the current sensor, then calculates, optimizes and sends out the 
chopping signal. When the motor speed arrives above basic speed, the control mode 
changes into angle control from the current chopping control. When the driver changes the 
operting signal, the control circuit changes the working logic and implements 
corresponding dive requirement through the power circuit. If there is fault in the motor 
running, the control circuit blocks the trigger pulse of IGBT and protects IGBT, and displays 
and alarms through display circuit. Meanwhile it communiates with CAN module and 
sends the fault signal to driver video facility.     
 

 
Fig. 13. Control circuit structure of SRD systems 
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4. SRM fuzzy logic adaptive torque control system 

For the reason of the non-linearity in magnetic circuit, the SRM is hard to analyze and 
control. Also, it is difficult to build an accurate mathematical model. The fuzzy control are 
mainly applied to the system which is severely non-linearity or hard to get the mathematical 
model. The fuzzy adapative control to the SRD system is proposed in order to further 
increase the speed regulating precision and minimize the torque fluctuation. This chapter 
presents a new type of SRM control system which combines the PI regulator and fuzzy logic 
control－the SRM fuzzy logic adaptive torque control system based on instantaneous torque 
sum.       

4.1 Speed PI regulator design 
Figure 14 presents the principal frame of SRM fuzzy logic adaptive control. The 
conventional PI regulator is applied in the external loop and the fuzzy logic adaptive control 
based on instantaneous torque sum is used in the inner loop system. According to the 
voltage balance equation of SR motor: 

 
  a

i s a a s a a s a

a a
a s a a

did dLa
V R i Lai R i La i R i

dt dt dt
di didLa dθ dLa

La i R i La i ω
dt dθ dt dt dθ

      

     
   (21) 

Suppose the inductance change rate is constant, which defined as Lg .      

 a
L

dL
g

dθ
           (22) 

So the equation 21 can be written as following equation.  

   a
i s L a

di
V R ωg i La

dt
         (23) 

 

 
Fig. 14. Principal frame of SRM fuzzy logic adaptive direct torque control system 
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The electromagnetic torque created by phase A is: 

   2
e L a

1
τ θ,i g i

2
          (24) 

According to the torque balance equation 25: 

    
3

e dn L ω
n 1

dω
τ θ,i τ τ ω k ω J

dt
          (25) 

When the system enters steady state, the torque is invariable: 

    
3

e dn L ω
n 1

τ θ,i τ τ ω k ω


           (26) 

τL() is load torque and k is coulomb friction coefficient. 
Compare equation (7) with equation (8), we get:  

  e
dω

Δτ θ,i J
dt

       (27) 

If the sample time T is small enough, load torque and k can be seen as constant in the 

sample interval. So τe（）is proportational to , equation (28) is: 

  e
Δω

Δτ θ,i J
T

                 (28) 

In the equation above, 
d
dt T
 

 . Thus we get the torque deviation signal from speed 

deviation signal through the PI regulator. 

  e pΔτ θ,i K Δω                  (29) 

The bandwidth of speed closed loop is small. It will be better when the proportional 
regulator used. But it is hard diminish to the steady-state error. So, in order to minimize the 
steady-state error and strengthen the disturbance rejection ability, we select the PI regulator. 
Equation 30: 

    i
e p

KΔτ θ,i K Δωs
    
 

            (30) 

4.2 Fuzzy controller design  
From the figure 14, the inner loop is a direct torque control loop which is a three dimension 
self-adjust fuzzy logic control system, in which the torque loop is composed of the 
instantaneous sum torque negative feedback control. The inner loop is completed by 
software to complish the feedback of the fuzzy logic control itself, so that the SRM can be 
controlled in an optimal state. The following detail is about the fuzzy logic controller design 
and the adaptive “soft feedback“ complement.  
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4.2.1   , i  Fuzzy logic tables  

The SRM is multi input multi output controlled object. The fuzzy logic table describes the 
connection between input and output. In mathematics, this table can be seen as a two input 
single output non linear functions. The steps to build the table are as follows: 
First step: confirm input and output fuzzy domain and its membership function. 
Input variable is the rotor position angle and winding current. Their corresponding 
variation range are 0—450 and 0—200A. In order to improve learning rate, we assign that the 
membership function of fuzzy system input is isosceles triangle and its vertexes are located 
in the centre of triangle bottom. Shown in figure15(a)(b). The membership function of 
output flux linkage is shown in figure15(c) and its corresponding range is 0-0.18Wb. The 
fuzzy subset of linguistic value which describes input and output value are:  , ,S M B , 

which S=Small,M=Medium,B=Big. 

      : ,M n Mi n M n
i i i iR if is A i is B then is C    (31) 

Second step: generate fuzzy rules from input data. 
When every membership functions of input and output fuzzy domain is confirmed, we can 
get fuzzy rules from the measured data. Every input-output data pair is consist of current, 
rotor position and flux linkage which has specifically numerical relationship. In the first 
place, we get the membership degree from the corresponding fuzzy membership domain. 
Second, we assign the max membership degree to the variable in the domain. So, the value 
of nth data pair is (n), i(n), (n). The assigned value will point to the fuzzy domain with the 
max membership degree, which can be written as the following fuzzy rules. In this equation, 

     , ,M n Mi n M n
i i iA B C  are respectively represent the fuzzy domain of discrete data to (n), 

i(n), (n). Table 2 is fuzzy rules. For example, if current is max and rotor position is max, the 
flux will be max.  
Third step: confirm fuzzy rules membership degree. 
When every new fuzzy rule is created from the input output data pair, a rule degree or fact 
is connected to this rule. The rule is defined as trust degree to the fuzzy rule. Actually the 
rule degree is related to the function, which describes the relationship between current, 
angle and flux linkage. The rule degree equals to the product of membership degree in each 
fuzzy domain. Like equation 31, can be depict as equation 32. 

      ( ) M M Mn i n n
i i iA B C

Degree Rule        (32) 

The instantaneous torque sum can be get from current, the rotor position angle and flux 
linkage in the following fuzzy logic table (Table 6).   

4.2.2 Fuzzy model trainning 
The phase current I is obtained by magnetic balance Hall current sensor and the angle θ by 
photoelectric position sensor. The flux linkage is calculated by the finite element analysis of 
current and the rotor position angle. The torque order is acquired from rotate speed order 
and then the current order is get from the torque order. Thus the current control can be 
realized. Figure 16 is the fuzzy controller based on MATLAB fuzzy toolbox. Figure 17 shows 
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the finite element analysis －i－ graph. According to finite element data, the model is 
training in the offered Matlab fuzzy toolbox. Figure 18 presents the －i－ graph acquired 
by training the static data in fuzzy model. As we can see from the Figure 17, the established 
fuzzy rules are correct that we can get accurate flux linkage  from the input phase current 
and the rotor position. 
 

 
Fig. 15. Fuzzy domain regions and membership for each variable (a) Rotor position, (b) 
Current, (c) Flux linkage 

 

  Flux linkage 

 
 

Current 
 

Medium (M) S M B 
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Table 6. Fuzzy logic table between  and i－ 
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5. Result 

5.1 Tests on the motor platform 
Before the experiment on vehicle, we do the bench load test with the selected motor first. 
The experiment table includes three phase dynamometer, torque measurement oscilloscope, 
DC generator, resistance box and so on. The DC power needed by EV drive is supplied by 
25 lead acid traction batteries. DC generator and resistance box make up the load of the 
 

 
Fig. 16. Variation of the flux linkages of FEM for a single phase winding with rotor position 
and phase current 

 

 

Fig. 17. Variation of the flux linkages of  FEM for a single phase winding with rotor position 
and phase current  
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Fig. 18. Variation of the flux linkages of fuzzy controller for a single phase winding with 
rotor position and phase current 

drive motor, which is adjusted by excitation voltage.Figure 19 shows the two phase winding 
current waveform of SRM when the motor speed at 500r/min and load with rated torque. 
From this figure we can see that the effective current increases so as to output required 
torque. The out power is 3.2kW, the efficiency is 84% of the SR drive system. Figure 20 
shows the two phase winding current waveform of SRM when the motor speed at 500r/min 
and load with peak torque. 
 

 
Fig. 19. Winding current waveform of n=500r/min under loaded 72Nm 

The output torque is 144N.m and output power is 6.4kw. It is obviously that winding 
current is controlled below the peak value (189A). The waveform of the current is flat top 
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and the drive system is working with full load. This status is used to provide peak torque 
when EV startup or accelerate. In order to improve system reliability, it is allowed to work 
overload for one minute. After that, the control system will lock trigger pulse and give 
overload alert to prevent system damage. The figure 21 shows steady state torque profile at 
speed of 400r/min and output power is 4kW , it shows the torque ripple is only within less 
than 10 N· m. 

 

 
Fig. 20. Winding current waveform of SRM when the motor speed at 500r/min 

 

 
Fig. 21 Steady state torque profile at speed of 400r/min 

5.2 Tests on the PEUGOT 505 SW8 
The SR drive system designed in this chapter was installed on the PEUGEOT 505 SW8 to 
do vehicle tests.The van preserves clutch, gearbox and other transmission mechanism. 
Thus we can reduce effect on vehicle traction performance. On the other hand, in doing so 
can improve startup torque. The installment of Lead-acid Battery mainly considers axis 
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distribution and its structure. The battery is assembled by the space and axis load 
distribution rather than central installation to ensure the balance of front and rear bearing. 
The SR motor is in the position of engine and motor controller is fixed above it. It shows 
the excellent mechanical characteristics of the SRM when the van starts up. Pictures of the 
modificated EV and the SR drive system are showed respectively in figure 22 and 23. The 
starting torqueis almost twice the rated torque, which meet the requirement of starting, 
accelerating, climbing and some other complicated working conditions. The van starts up 
smoothly, the current of the bus is low which is less than 15A. The vehicle test was 
arranged with the battery which was charged full voltage (360V). The driving range was 
205km. The battery voltage was 265V when the van stopped. Table 7 is running test data 
under different dears. Figure 24 shows the battery voltage and bus current when the EV 
climbed the hill which grade was greater than 25º. They were respectively 255V and 70A. 
The current was 120.5A when the EV accelerated and the maximum speed reached 
165km/h. 
 
 
 
 
 

 
 
 
 
 

Fig. 22. Modification of PEUGEOT 505 SW8 
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Fig. 23. SR drive system for EV 

 
Number Gear Speed(r/min) Battery voltage(V) Bus current(A)

1 3 40 360 38 

2 4 50 360 43.3 

3 5 75 355 57 

4 5 95 355 77 

5 5 85 355 60 

6 5 80 335 50 

7 4 80 335 60 

8 5 80 335 52 

9 5 90 330 57 

10 5 65 330 33 

11 5 73 330 45 

12 5 80 320 60 

13 5 70 320 49 

14 5 80 312 55 

15 5 80 313 67.4 

16 5 75 290 72.5 

17 5 70 280 62.7 

Table 7. Testing data of EV running parameter 
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Fig. 24 Battery voltage and bus current climbing the hill 

6. Conclusion 

Through the refitment of the gasoline car,the designed SR motor and drive system satisfy 
the demand of dynamic characteristics, the startup characteristics and the acceleration 
characteristics. In the stage of startup, the current of the SRM is 15A, the torque is stepless 
and the acceleration characteristics are quite well. The maximum speed comes up to 
165kmph and the continuation of the journey reaches 205km or upward. The new rotor 
structure decreases the wind noise,the noise of SRM is only 76dB.  
This chapter designed a 30kW SRD system used on PEUGEOT 505 SW8. The system applied 
fuzzy logic adaptive control based on instantaneous torque sum against the big torque 
fluctuation and strong noise on SRM.The vehicle tests automotive load experiment shows 
that the measures taken are effective. The designed SRD system has a low startup current, 
small torque fluctuation and high efficiency, all of which are especially suited for the 
dynamic characteristics of electric vehicle. So it has a broad application prospects. If the 
batteries and power systems are planed together, the designed SRD system will display its 
superiority by adjusting and integrating the subsystems. 
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1. Introduction 

Rechargeable batteries have largely replaced primary cells as they save resource and reduce 
pollution. Recent increases in demand for oil, with the associated environment sustainable 
issues are continuing to exert pressure on an already stretched and strained world energy 
infrastructure. Clean and efficient energy production from renewable sources is wanted in 
our energy and environment-conscious society. Among the secondary batteries, lead 
batteries and NI-MH batteries have stepped back from market since a new and strong 
system comes into our sight, Li-ion batteries. Li-ion batteries meet what we need. High 
capacity, high electrochemical potential, superior energy density, durability, as well as the 
flexibility in design, all the above outstanding properties accelerate the substitution of 
conventional secondary batteries. They are now prevailingly used in portable electronic 
devices, 57.4% of sale on mobile phone, 31.5% on notebook computer and 7.4% on camera. 
Their application has also been extended over other fields, including hybrid electric vehicle, 
space application, military vehicle et al. The differences between various batteries are 
exhibited in Tab.1. 
 

cathode Li-ion Pb-Acid Ni-Cd Ni-MH 
lifetime/cycle 
Working potential/V 
Specific energy/Wh kg-1 
Specific energy/Wh L-1 

500~1000 
3.6 
100 
240 

200~500 
1.0 
30 
100 

500 
1.2 
60 

155 

500 
1.2 
70 

190 

Table 1. The comparison between various batteries 
 

cathode LiFePO4 
LiFePO4 

+5%C LiMn2O4 LiCoO2 LiNi0.8Co0.2O2 

Density/g cm-3 
Potential/V 
Specific capacity 
/mAh g-1 
Specific energy 
/Wh g-1 

3.60 
3.50 
169 

 
0.59 

3.48 
3.50 
159 

 
0.56 

4.31 
4.05 
148 

 
0.56 

5.10 
3.90 
274 

 
0.98 

4.85 
3.6 
274 

 
0.98 

Table 2. Electrochemical parameters of several cathode materials 
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LiCoO2 is first chose to work as cathode materials when Li-ion batteries come out in 1990. Its 
long history supports LiCoO2 a big progress. During that process, other cathode materials 
are discovered, LiNiO2, LiMn2O4, LiNi1/3Co1/3Mn1/3O2, LiFePO4 et al. Comparisons of 
electrochemical parameters of several cathode materials are listed in Tab.2. 
Each of them has their own characteristics. For example, LiCoO2 is costly and toxic, and its 
resource is no longer abundant (A. G. Ritchie, 2001). LiMn2O4 owns a much lower capacity 
and inferior cycle stability (Yuan Gao & Dahn J. R, 1996). Iron-based compounds look 
attractive as Fe is abundant, inexpensive, and less toxic than Co, Ni, or Mn. The phospho-
olivine LiFePO4 is currently under extensive studies due to its low cost, low toxicity, high 
thermal stability and high specific capacity of 170mAhg−1. Reduced reactivity with 
electrolytes results in the very flat potentials during charge-discharge processes. 
The potential of material is partly decided by the Fermi level (A. K. Padhi et al, 1997). Much 
lower Fermi level is wanted to attain a higher working voltage. Among the iron-based 
compound, especially in LiFePO4, (PO4)3- lowers the Fe3+/Fe2+ redox energy to useful levels. 
Strong covalent bonding within the polyanion (PO4)3- reduces the covalent bonding to the 
iron ion, which lowers the redox energy of iron ion. The Fe3+/Fe2+ redox energy is at 3.5 eV 
below the Fermi level of lithium in LiFePO4. The lower is the Fe3+/Fe2+ redox energy and the 
higher the V vs. lithium for that couple. In LiFePO4, approximately 0.6 lithium atoms per 
formula unit can be extracted at a closed-circuit voltage of 3.5 V vs. lithium. The most 
prominent advantages of LiFePO4 are (1). The structure of material hardly changes while Li 
ion intercalation and deintercalation; (2). It holds a long voltage platform.  
The working principle of Li-ion battery is revealed in Fig.1. Lithium ions extract from anode 
to insert in cathode in the discharge process. The route is inversed as charge takes place. 
FePO4 is the second phase that is present on electrochemical extraction of lithium from 
LiFePO4. The extraction of lithium from LiFePO4 to charge the cathode may be written as 
Formula (1) and the insertion of lithium into FePO4 on discharge as formula (2). 

 LiFePO4 — xLi+ — xe- → xFePO4 + (1 — x)LiFePO4,  (1) 

 FePO4 + xLi+ + xe- →xLiFePO4 + (1 — x)FePO4,  (2) 

 

 
Fig. 1. The schematic diagram of working principle for lithium battery 

More efforts are conducted on the investigations of new electrode materials for lithium-ion 
batteries (Li-ion). The iron based olivine type cathodes (mainly lithium iron phosphate, 
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LiFePO4) are regarded as possible alternatives to cathodes based on rare metal composites 
(i.e. the transition metal oxides LiCoO2, LiNiO2). 

2. Feature of LiFePO4 

2.1 Crystal structure of LiFePO4  
LiFePO4 owns an ordered olivine structure, orthorhombic space group Pnma. Its systal 
constants of a, b and c are 1.033, 0.601 and 0.4693μm respectively. Fig.2 and 3 show the 
crystal structure of LiFePO4, an ideal model and actual structure. The framework of LiFePO4 
consists of FeO6-octahedra and PO4-tetrahedra. FeO6-octahedra and PO4-tetrahedra contact 
each other by sharing oxygen vertices in b-c plane. The FeO6-octahedra then links another 
PO4-tetrahedra by sharing a edge. All the PO4-tetrahedra don’t touch each other. Lithium 
atoms are situated in the interstitial voids of the framework, forming infinite chains along 
the c-axis in an alternate a-c plane. Li atoms occupy M1 site and Fe M2 site. The Fe atoms 
occupy zigzag chains of corner-shared octahedra running parallel to the c-axis in the other a-
c planes. O arranges in terms of hexagonal close packed structure with a slight distortion. 
 

 
Fig. 2. Crystal structure of LiFePO4 (a) ideal model and (b) actual structure. 

 

 
Fig. 3. Crystal structure of (a) LiFePO4 and (b) FePO4 
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The strong P-O covalent bond forms the 3D delocalizating chemical bond, herein LiFePO4 is 
thermodynamically and dynamically stable even at temperature above 200°C. 
A.K.Padhi pointed out that LiFePO4 and FePO4 almost possessed the same structure (Fig.3), 
both of them were of orthorhombic system (A. K. Padhi et al, 1997a, 1997b). The small 
distinction between the two compounds results in only slight volume change, so then it 
won’t cause crystal structure damage during charge and discharge process. Not like other 
cathode materials, the unique olivine structure of LiFePO4 can assure an excellent stability, 
therefore its lifetime is much longer. 
Fig.4 illustrates the theoretical insertion/extraction process of LiFePO4 which is different 
from others. During lithium ions insert into a cathode particle (discharge), the surface region 
of particles becomes lithiated. And a phase interface emerges between two distinct phase 
regions (a lithiated phase and a delithiated phase region). The interface shrinks with charge 
process until the particle becomes one phase region. As discharge proceeds, the surface 
region becomes delithiated. The phase interface between lithiated phase and delithiated 
phase propagates inwards until disappear so that a complete charge and discharge 
procedure is finished. 
 

 
Fig. 4. Complete Li insertion and de-insertion cycle of a spherical LiFePO4 particle. 

That distinct mechanism can explain the phenomenon of super flat voltage plateaus which 
are related to the surface Li concentration of particles. Since the incoming Li leads only to 
inner shift of the phase interface, the Li concentration of surface region is constant. That 
unique flat voltage plateaus are caused by unusual insertion/extraction process of this 
material. 

2.2 Progress in preparing material 
LiFePO4 occurs in nature as the mineral triphylite. However, its impurity could worsen the 
electrochemistry properties so that triphyllite can’t be utilized efficiently. Synthesis of 
LiFePO4 is another way to obtain better materials. Preparation methods decide the 
microstructure of compounds which will carry a big weight in the performance of LiFePO4.  
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2.2.1 Solid and liquid state reaction synthesis technology 

1. High temperature solid state method 
It processes as follows: mix the precursor-salts and lithium salt with a definite ratio, sinter 
the mixture first at a much lower temperature (300~400°C) to remove volatiles second at a 
higher temperature (500~800°C) to crystallize LiFePO4, and then cool, grind and sieve to 
prepare the product. Solid state reaction method has been a developed technology and been 
used much frequently since it’s simple to synthesis and easy to make mass production. The 
need for high temperature unfortunately upgrades cost, what’s more, the product size 
always can’t be small. So other measures are added to circumvent those problems, such as 
slightly lowdowning temperature or adding carbon granules.  
2. Co precipitation method 
Blend the soluble precursor-salts and lithium salt in water, adjust the PH value under N2 
atmosphere with stirring until the mixture react to precipitate LiFePO4. Filter, wash and dry 
LiFePO4 so then dispose it under high temperature. The temperature won’t largely affect the 
microstructure as high temperature solid state method does .This technology needs a shorter 
reaction time and lower temperature compared with solid state reaction. The particle size 
can reach the nanometer level and this reduced size can help to enhance the charge-
discharge performance especially at big current condition. The inadequacies inhibiting mass 
production are the complex process and large power consumption. 
3. Sol-gel method 
Complexing agent helps the Li+, Fe2+ and PO43- to form sol in water solution. Sinter the 
precipitation of sol-crystal at 400~900°C. The uniform distribution of ions in solution finally 
acts out a much uniform product that in nanometer size. Monitor the process is easy but 
industrialization of this technology is hard as the method is complex. Much waste water is 
produced at last also. 
4. Hydrothermal method 
The reactions of reactants that dissolve in water proceed in high pressure autoclave at a 
fixed temperature (<150°C). The product is then watered, filtered and dried to receive pure 
phase LiFePO4, in small uniform size just like sol-gel does. This pure phase material can’t 
behave excellent unless be doped with carbon. So then its capacity could reach to 
137~160mAh g-1. Rietveld analysis from S. Yang found that 7~8% Fe2+ occupy the Li+ sites, 
which is related to the weaker charge/discharge behavior (S. Yang et al ,2002). LiOH as 
precipitator is added excessively to make sure the completeness of reaction which increases 
the cost. This system no more needs the protection from inert gas since O2 is hardly 
dissolved in water. But operation is on a tiny scale constrained by the manufacture 
condition. 

5. Carbothermal method 
J. Barker adopt a new way to synthesize LiFePO4 with the very inexpensive and readily 
Fe2O3 as available precursor source, instead of FeC2O4 et al (J. Baker et al, 2003). The 
precursors are intimately mixed and pelletized. The reaction mixture is then heated in a tube 
furnace (at ~750°C) equipped with a flowing Ar atmosphere holding for about 8h. The 
transition metal reduction and lithium incorporation processes are each facilitated by the 
high temperature carbothermal reaction based on the transition from C to CO. The Fe3+ 
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always can’t be deoxidated absolutely and impurities can’t be avoided virtually which will 
have a bad effect on battery performance. 
6. High energy ball mill method 
The reaction of Ball mill method is drived by the energy generated from steel balls in high 
speed revolution. A homogeneous solid solution with a small amount of contaminant, 
coming from the milling equipment, are obtained after 10~24h of high-energy milling of the 
initial mixture. A single calcination step goes on for no more than 1h. High energy ball mill 
method (also called Mechanochemical activation) is able to produce homogeneous powders 
with a particle size in the nanometer range, an increased specific surface area and typically, 
a high degree of activity. So the discharge capacity of LiFePO4 can reach 150mAh g-1 at rate 
0.5C as S.Franger have achieved (S.Franger et al, 2003). 
7. Microwave synthesis method 
The starting materials are mixed with ethanol in an agate mortar. The mixed powder is 
dried at ~60°C (lower than that required for furnace heating) and pressed into pellets. Each 
pellet is covered with glass wool and placed in an alumina crucible with a lid to be heated in 
microwave oven. Electromagnetic energy is simultaneously absorbed by all parts of 
precursor so that uniform and rapid heating can be achieved within a short period of time. 
This distinctive character results in no temperature gradient within all parts. The initial 
discharge capacity was about 125mA g-1 at 60°C by Masashi Higuchi et al which can 
increased to 161mAh g-1 if LiFeOP4 is doped with carbon.(Min-Sang Song et al, 2007) This 
method can be used together with other synthesis approach so to largely reduce their 
process time. 
8. Pulsed Laser Deposition (PLD) 
Thin film electrode can relief the problem of poor conductivity. Pulsed Laser Deposition has 
been used to fabricate LiFePO4 thin film electrodes. During the synthesis process of LiFePO4, 
a laser with a fixed wavelength is used in the deposition. The films are deposited on 
platinum plates or basal planes of highly oriented pyrolytic graphite for minutes at room 
temperature. The films are then annealed at high temperature for hours under Ar or O2 gas 
flow. The electric characters of thin film electrodes can be easily influenced by the articles 
size and fabrication process. Large particles on the surface of thin film electrode will lead to 
a bad capacity and poor cycling performance. 
9. Electrostatic Spray Deposition (ESD) 
A positive voltage of 8.0kV from a direct current power supply is applied to a stainless steel 
nozzle of a syringe to generate an aerosol. A syringe pump with a definite flowing rate is 
used to pump the precursor solution. The sample deposited on the substrate by ESD is 
calcinated at 500~750◦C for hours under pure Ar ambient.(A. Yamada et al, 2001) 
Electrostatic force shatters the solution into small drop of liquid with charge. So then the 
coulomb repulsion between drops can prevent them from collecting together. Dispersion 
degree is flexible by adjusting various voltage electrostatic fields. ESD method offers many 
advantages for thin-film deposition, such as low cost set-up, high deposition efficiency and 
easy control of composition of the deposited films. 
10. Template-mediated approach 
Templates such as silica and polycarbonate are used in the process. Charles R. Sides adopted 
polycarbon to manipulate the method as follows. An approximately 1cm2 piece of the 
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polycarbonate filter is immersed in the electrode precursor solution of 1M LiFePO4 prepared 
by sol-gel method in water for 24h. The impregnated template is then attached to a Pt 
current collector and dried in air at 80°C for 10min. The template does not require tedious 
etching with HF or KOH to be removed since it is decomposed into carbon just for 
improved conductivity. The nanocomposite electrode prepared by Charles R. Sides (C. R. 
Sides et al, 2005) delivers almost 100% of its theoretical discharge capacity at the high 
discharge rate of 3C, and 36% of its theoretical capacity at the enormous discharge rate of 
65C. 
Lim et al reported the mesoporous LiFeO4 using silica (KIT-6 and SBA-15) as template 
which is removed finally (Sunhye Lim et al, 2008). Both the nanowire and hollow LiFePO4 
cathodes demonstrate excellent rate capability, showing 137mAh g-1 at 10C rate. However 
such ex situ templating methods are both expensive and inefficient. 
Biological systems offer capabilities for environmentally benign materials synthesis. An M13 
virus–based biological toolkit has been developed for the design of nano-architectured 
structures and materials. Yun Jung Lee fabricated high-power nanowire batteries materials 
using M13 bacteriophage (phage or virus) organized on a polymer surface (Yun Jung Lee et 
al, 2009). The gene VIII protein (pVIII), a major capsid protein of the virus, is modified to 
serve as a template for amorphous iron phosphate (a-FePO4) growth. The first discharge 
capacity of electrode generated by this method at 10C reaches 130mAh g-1. And also this 
nanowire LiFePO4 shows the stable capacity retention. Cycling at 1C, up to 50 cycles, 
virtually no capacity fade is observed. 
11. Other novel methods 
Ultrasonic spray pyrolysis (USP) 
An aqueous solution containing sugar and raw material is ultrasonically nebulized and a 
flow of argon carries the droplets through a heated tubular reactor where solvent 
evaporation and precursor decomposition occur. The pyrolysis product is collected in a 
series of water bubblers at the reactor outlet where the salt byproduct dissolves leaving 
LiFePO4. The manufacturing process is one-step process and can prepare the well 
crystallized and homogeneous small particles with the spherical shape, pure phase. LiFePO4 
powders, reported by Mu-Rong Yang, can get the initial discharge capacity of 150mAh g-1 at 
C/10 and 50 ◦C. ( M. R. Yang et al, 2006) 
Freeze-drying 
The procedure includes four steps: preparing the precursor solution, freezing the solution, 
drying the congelation, and calcining the drying product. The products of freeze drying are 
pure amorphous nanopowder without hard agglomerations. Nanocrystals are subsequently 
obtained by calcination. 
Coupling technique  
Quantities of methods have been developed but each generated with different 
characteristics. The combination of two and several techniques can take the merits and 
discard the defects. 
Microwave hydrothermal method 
Compared with Hydrothermal method, the process is almost the same but only the the type 
of heating is changed. The mixture in water is treated in a vessel using a microwave 
digestion system (Maria Cristina D’Arrigo et al, 1998). Microwave-hydrothermal method 
can be used to crystallize nanophase materials with very high surface areas in a matter of a 
few minutes.  
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Microwave-Co. precipitation method 
K. S. Park reported a capacity of 151mAh g-1 of LiFePO4 at small current density through 
this coupling technique (K. S. Park et al, 2003). The use of microwave greatly cut down the 
reaction time for Co. precipitation method so that can save the power. 
Ball-milling followed by solid-state reactions 
Byoungwoo Kang successfully synthesized high-rate material though ball-milling and solid-
state reaction. At 50C, corresponding to a time of 72s to fully discharge the capacity, the 
material achieves about 80% of its theoretical capacity (Byoungwoo Kang et al, 2009). 
Precursor is synthesized by ball-milling, then heating the mixture at 350◦C for 10h. The 
sample is cooled, ground and pelletized manually then heated at 650◦C for 10h under argon. 
The excellent rate property is thought to be caused from the strategy to facilitate transport 
across the surface by creating a poorly crystallized layer with high Li+ mobility. 
Various approaches have been developed to improve electrochemical performance. In 
addition, the performance can be enhanced though the optimization of the synthesis 
processes, adjusting weight and ratio of the raw materials even with common routes. Yanyi 
Liu fabricated nanocomposite film cathodes by sol–gel processing with excessive polymer 
additive (l-ascorbic acid C6H8O6) while carbon serving as both defects and conductive 
nanocoating on the surface of LiFePO4 particles. High electrochemical performance with 
initial discharge capacity of 312mAh g-1 is observed (Yanyi Liua et al, 2011). Capacities 
higher than theoretical limit observed in other nanostructured electrode materials have also 
been reported in literatures by other authors (Colm O'Dwyer et al, 2009; Chunhai Jiang et al, 
2007; Dawei Liu et al, 2009). On the other hand, different carbon sources for carbon coating 
around LiFePO4 particles have been implemented at enhancing the intrinsic electronic 
conductivity of LiFePO4. However, many obstacles have been encountered for these 
methods from a laboratory process to mass production because of the complicated synthesis 
techniques and the hard controlled synthesis situation. The lack of an excellent large-scale 
synthesis technique is the obstacle to the commercial application of LiFePO4. Therefore, it is 
critical to develop economic and efficient synthesis routes for the practical application of 
LiFePO4 materials. 

2.3 Drawback analysis 
Despite the above mentioned advantages, the observed electrochemical performances of 
LiFePO4 are found to be less impressive at high rates as this material has intrinsically poor 
ionic and electronic conductivity. A report (Amin et al, 2007) on the electronic and ionic 
properties of LiFePO4 single crystals pointed out that the Li+ conductivity was nearly four 
orders of magnitude lower than the electronic conductivity along the b-and c-axes and many 
orders of magnitude lower along the a-axis, implying that mass transport of Li+ was crucial 
for improving the kinetic issues. The low ionic conductivity can be attributed to the one-
dimensional nature of Li diffusion in unique olivine LiFePO4, as clearly shown by a recent 
first principles calculation (Chuying Ouyang et al, 2004a, 2004b). Normally speaking, there 
are three kinds of possible paths for lithium ions to transport, i.e. [010], [001], [101]. Fig.5 (b) 
directs that three move paths, denoted as A, B and C direction, respectively. Figuring out 
the diffusion pathways is always crucial in understanding the microscopic diffusion 
mechanism. Some articles investigate the diffusion via computing with sorts of methods. 
Saiful Islam calculated the activation energy of various passageways to estimate the most 
possible transport route using well-established atomistic modeling techniques (Saiful Islam 
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et al, 2005). The lowest Li migration energy is found for the pathway along the [010] channel 
with a nonlinear, curved trajectory between adjacent Li sites. D Moran attained the diffusion 
constant of Li ions in different axis with density functional theory (DFT)-based calculations 
(D.Morgan et al, 2004) on LiMPO4 (M Fe, Mn, Co, Ni), and have found low activation 
barriers for Li ion motion through one-dimensional channels. Different calculation methods 
lastly come into the same result as Tab.3 revealed. 
 

a.  b.  

Fig. 5. Curved trajectories for Li ion migration between sites in the [010] direction. The 
diffusion path lies out of the x-y plane. (a,2D model. b,3D model, A, B, C denote [010], [001], 
[101] direction respectively) 

This unique structure constrains the Li ions to move only in one wave-like chain since the 
polyhedra are slightly distorted (illustrated in Fig.5a). This “wavelike” trajectory for long- 
range migration results in lower migration energy than that of condition if the Li ion 
followed a direct, linear path. The different energy barriers for the three species are mainly 
due to the different atomic surroundings of the diffusion pathway, including the different 
ionic position and bonding length. Distortion of the hcp oxygen array has been related to the 
cation-cation coulomb repulsion across the shared edges. 
 

 
 

D. Morgan M. Saiful Islam 

[010] [001] [101] [010] [001] [101] 

Space between Li-Li 
Emig(eV) 
Eact(eV) 

D(cm2 s-1) 

3 
 

0.27 
10-8 

4.7 
 

>2.5 
10-45 

5.7 
 
1 

10-19 

3.01 
0.55 

 
 

4.67 
2.89 

 
 

5.69 
3.36 

 
 

Table 3. Description of Li+ migration path in LiFePO4 crystal structure form some references 

And within this crystal, all the FeO6-octahedra can’t form a share-edge network structure 
because polyanions PO4 separate them. Therefore electrons also can’t pass smoothly. In the 
layered compounds such as LiCoO2, transition state of hybrid Co4+/Co3+ anions make a 
contribution to the electron conductivity between layers, whereas that don’t happen in 
olivine LiFePO4 structure because FePO4 was formed after extraction of Li+. 
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The low temperature performance of LiFePO4 is inferior. The capacity at 0.1C (156mAh g-1) 
and 0.3C (148mAh g-1) at 25◦C deteriorate largely, and only 91mAh g-1 and 65mAh g-1 are 
yielded at 0.1C and 0.3C at -20◦C respectively. 

3. Avenues to enhance performance 

The performances of LiFePO4, however, are limited by its poor electronic conductivity and 
the sluggish kinetics of lithium ions to diffuse through the LiFePO4/FePO4 interface, which 
can result in a significant loss of capacity at high currents (Padhi et al., 1997; Prosini et al., 
2002). And the high power density is the requirement of the power batteries for electric 
vehicles. Avenues of synthesizing composite materials, doping ions, nanocrystallization and 
others are introduced to clarify its improved electrochemical properties.  

3.1 Composite materials  
Owing to the poor inherent electronic conductivity, LiFePO4 can be incorporated with 
conductive additives to form composite materials. 
 

 
Fig. 6. The performances of C-LiFePO4 composite materials (Aricò et al., 2005)  

Carbon sources, such as acetylene black, glucose, sucrose and other organics, are added into 
the raw material and then carbonized at high temperature to form LiFePO4/C materials. The 
LiFePO4 particals are tightly coated with carbon and the interface between crystallized 
LiFePO4 and amorphous carbon is nicely observed in Fig.6. An excellent cyclical stability is 
also observed. The reasons of its outstanding electrochemical performances are that the 
addition of carbon does not only perform its electrical conductivity, but also enhances 
electrolyte penetration into the cathode (Aricò et al., 2005). And the uniform small grain size 
would be beneficial to high rate performance. While the density of carbon is 40% lower than 
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that of LiFePO4, adding too much of which would lead to low tap density and also influence 
volume energy density of the cathode. So a reasonable amount of it is preferred. 
Electric polymer organics (PAn, PPy, PTh, PPP and so on) work with inorganic cathode has 
emerged as one measure to address problem. Such as adding polyaniline (PAn) into the C-
LiFePO4, both the function of electronic conductive reagents and that of active materials are 
performed by adding it. The capacity of 87mAhg-1 can be performed by PAn at 0.1C, which 
can contribute to the specific capacity of the composites. 
Some other materials like metals (Cu, Ag, Ni, etc.) can also be used to composite with semi-
conducting LiFePO4. TiO2-LiFePO4/C had higher electrochemical reactivity for lithium 
insertion and extraction than the un-doped LiFePO4. The initial discharge specific capacity 
of the 30-min coating TiO2-LiFePO4/C material was about 161mAhg-1, showing the potential 
of this material being used as a cathode material for Li-ion batteries. They decrease the 
charge transfer resistance and increase the surface electronic conductivity. Besides, the Fe 
dissolution might be simultaneously overcome by coating the LiFePO4 particles with 
electrical conductive. 
Compositing with additive can not only enhance the electronic conductivity and the 
penetration with electrolyte but also restrain the grain growth and the dissolution of 
Fe2+/Fe3+ ions in the electrolyte. Above all, the electrochemical performances can be 
improved through forming the composite materials. 

3.2 Doping 
LiFePO4 is a semiconductor with a band gap of 0.3eV, which is determined by its 
structure. The electrons transport is restricted by the strong Fe-O bonds and the Li+ 
diffusion is limited by the Li-O bonds and one dimensional Li+ migration pathways. 
Coating LiFePO4 with conductive materials did not change the structure parameters and 
had no effect on altering the inherent conductivity of the lattice, while doping ions into 
LiFePO4 can make it. It could be an effective method in increasing its electronic 
conductivity and Li+ diffusion coefficient.  
Many researchers have made numerous achievements. Various ions have been attempted to 
be doped in LiFePO4. On the basis of different sites, it can be classified as doping at Li (M1) 
sites, Fe sites (M2) and O sites. Chung et al. reported chemical doping of LiFePO4 with 
multivalent ions (Mg2+, Ti4+, Zr4+ and Nb5+) into the Li 4a site. They found the electronic 
conductivity was increased by eight orders of magnitude and absolute values >10–3 S cm–1 
over the temperature range from –20°C to +150°C (Fig.7). Doping it with supervalent ions 
can form p-type semiconductors with conductivities of ~10–2 S cm–1 arising from minority 
Fe3+ hole carriers (Chung et al., 2002). 
The Li+ ion diffusion could be optimized by doping F- into the lattice of olivine structure. 
The capacity is increased after doping and the value varies with the doping amount. As is 
shown in Fig.8, the capacities are improved after doping especially with the amount of 2%F-, 
achieving 156 mAhg-1. The cycling performances are also enhanced. That could be 
attributedto the introduction of F− into the lattice of olivine structure, which result in the 
weakness of Li-O bonds (Sun et al., 2010). However, as is shown above, there is an optimum 
doping amount to make the materials exhibit the best electrochemical performances. When 
the ions are doped to a certain extent, it will increases the degree of disorder of ions and so 
lead to the enhancement of impedance (Fig.9). And the electrochemical performances will be 
ultimately affected. 
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Fig. 7. The electrical conductivity of Doped olivines of stoichiometry Li1–xMxFePO4 M=Mg, 
Ti4+, Zr4+ and Nb5+) (Chung et al., 2002)  
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Fig. 8. The electrochemical performances of LiFe(PO4)1-x/3Fx/C(x=0, 0.01, 0.02, 0.03, 0.04) 

Compare doping with one kind of ions, the co-doping with two or more would be much 
more beneficial to increase the electrochemical properties. It has been proved to be 
successful in LiFe0.99Mn0.01(PO4)2.99/3F0.01/C. Mn2+ and F− addition make the lattice parameter 
and the cell volume expanded which can facilitate the Li+ diffusion between LiFePO4 phase 
and FePO4 phase(Yang et al., 2010). The Mn-Cl co-doped in LiFePO4 also shows outstanding 
electrochemical properties, it can be achieved the capacity of 157.7mAhg−1 at 0.1C and 
nearly unchanged after 50cycles. For all these reasons, doping is an effect avenue to enhance 
the inherent conductivity of the lattice. 
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Fig. 9. Electrochemical impedance spectra of LiFe(PO4)1-x/3Fx/C(x=0, 0.01, 0.02, 0.03, 0.04) 
cathodes at 25°C (amplitude is 5mV in the frequency range of 105Hz~0.01Hz) 

3.3 Nanocrystallization and preferential growth of particles 
Nanoarrays have attracted significant attention for their applications in energy 
storage/conversion devices. The nanocrystallization and preferential growth of cathode 
materials have advantages, including (i) short path length for lithium-ion and electronic 
transport and large surface area to enhance the electrode/electrolyte contact.  All of these 
result in the improved cycle life and higher charge/discharge rates (Aricò et al., 2005). For 
the nano-sized materials, the limiting factor for charge/discharge is the delivery of Li+ and 
electrons to the surface rather than bulk diffusion (Kang & Ceder, 2009). So the inferior rate 
performance, caused by intrinsic low diffusion, can be perfected by synthesizing the coated 
nano-sized materisals, the ultrafast charging and discharging performances of which are 
remarkable to be applied on EVs (Fig.10).  
The morphologies can be controlled by adopting specific synthetic routes and additive. 
Spherical particles, nanorods, flaky materials and nanowires are the common morphologies 
(Fig.11), the sizes of which are all nano level.   
The lithium ions can only extracted from LiFePO4 and intercalated into FePO4 in the [010] 
direction (Islam et al., 2005). Preferential growth of particles can shorten the (010) facet path 
and may increase the ratio of one-dimension tunnels in the bulk of the crystal. Hence, the 
diffusion across the surface towards the (010) facet can be increased to enhance rate capability. 
 

 
Fig. 10. The high rate performances of nano-sized LiFePO4. (Kang & Ceder, 2009) 
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Fig. 11. The SEM micrograph of prepared LiFePO4 with various morphologies: (a) Spherical 
particals(Kima et al., 2007), (b) nanorods(Huang et al., 2010), (c) flaky materials(Zhuang et 
al., 2005) and (d) nanowires(Wang et al., 2009) 

3.4 Other means 
To prepare the high power battery, the improvement of electrolyte and anode is also 
necessary, besides that of cathode. Especially at low temperature, the Li-ion cell containing 
liquid electrolyte can not cycle if the electrolyte is frozen. Ethylene carbonate (EC) is useful 
to form the solid electrolyte interphase (SEI) layers, but the high ratio of EC would result in 
high viscosity and high melting point. Adding low melting point electrolyte like Ethyl 
methyl carbonate (EMC) and diethyl carbonate (DEC) would increase the Li+ ion diffusion 
performance. The LiPF6 is wildly used as electrolyte lithium salt but its weak stability leads 
to the formation of HF that accelerates the Fe dissolution from cathode. By contrast, LiODFB 
can match the low-temperature electrolyte and forms steady SEI film, so it can enhance the 
performances of batteries.  

4. Application 

To date, lithium ion batteries have become the predominant power source, owing to their 
high electrochemical potential vs Li/Li+, light weight, flexibility in design and superior 
energy density. Cost and safety are still seen as important factor limiting expansion of 
application of Li-ion batteries. Li-ion batteries are scattered in a wide range of industries. 
Mobile phone, notebook computer, and camera, such electronic products are the vast 
number of application. According to the need of development, Li-ion batteries tend to the 
use in electric vehicle.  

4.1 HEV 
Batteries make the consumer electronics convenient, even more after lithium ion batteries 
successfully enhance the power efficiency. This technology is now actively pursued for 
electric vehicle application. The lack of oil enhances the development of batteries, especially 
the one with high power and energy used in electric vehicle. High light is casted on Li-ion 
battery to look for hope.  
Hybrid electric vehicle (HEV) is the most likely to be achieved as it combines the merits of 
electric vehicle (EV) and petrol-driven ones, i.e. HEV owns batteries and combustion engine 
simultaneously. According to the placement of combustion engine and electromotor, HEV is 
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divided into series-type and parallel-type. S-type HEV is drove by batteries which are 
charged by combustion engine. P-type HEV uses electromotor to work during complicate 
and changeable working condition (launch, speed change, et al), and it shifts to combustion 
engine if condition is steady such as long-distant course in suburb. Both P and S-type avoid 
the loadswing and fast response of combustion engine whereas the fuel automobiles do 
which can lessen thermal efficiency. Related to mass application in HEV, the most 
appropriate power system should be splendid in terms of safety, cycle, calendar lifetime and 
cost. In addition, the availability and cost of the transition metals used in these compounds 
are unfavorable as the Wh/$ is a more important figure of merit than Wh/g in the case of 
large batteries to be used in an electric vehicle or a load-leveling system. Batteries are not so 
demanding in high energy and also capacity could not be high since engine can charge it 
consecutive. In HEV systems the operation windows would be defined much smaller (e.g. 
SOC=30–60%), according to power requirements, cold cranking and aging issues. 
Low cost, long cycle life and non-toxic are the most obvious advantages of LiFePO4. It’s 
normal for LiFePO4 to maintain almost sound structure after 1200 cycles at 1C. The power 
capability of olivine cells for very short-term pulse durations is nearly independent from 
SOC and SOC history. As a reference, the current price per unit of LiFePO4 ranges from 
$1.90/Wh to $2.40/Wh. Although a little higher compared with $0.86/Wh for typical 
manganese-based Li-ion batteries, it is estimated that the price of LiFePO4 will go down 
companying with the rapid development of technique. It is reported that the electrolyte 
decomposes completely below the limit of 5.0V with lithium cobalt and manganese oxides 
as cathodes due to the catalyses effects on the electrolyte/electrode interface. The 
overcharge test of LiFePO4 doping with Al3+ appreciates a higher electrolyte decomposing 
voltage plateau that appeared between 5.20 and 5.45V (Hui Xie et al, 2006). It has been 
proved that LiFePO4 can maintain the perfect olivine structure of the composite under 
overcharging conditions. Its thermal stability is superior as LiFePO4 can endure condition 
under 400~500◦C (~200◦C for LiCoO2 and LiMn2O4). LiFePO4 as cathode material has 
become one of the most promising candidate for hybrid/electric vehicle propulsion. 

4.2 Potential in future 
LiFePO4 is adaptable to serve as the safety motive power so can scatter in much more fields 
besides vehicle. The prospect of the design of the rubber-tyred container gantry crane 
without diesel generating set becomes more and more practical owing to the application of 
this new energy storage unit．The transfer of the rubber-tyred gantry crane can be solved in 
essence owing to the adoption of lithium iron phosphate battery to supply power. Based on 
the development trend of the substation system, i.e. high-degree of automation and 
integration of service supply, the ferric phosphate lithium cell accelerates the step of 
bringing the trend into practice. It also can enhance the usage efficiency of green energy 
resource (solar, wind, et al) aiming at address the instability problem of these system since 
electricity produced by solar and wind are not always constant. LiFePO4 has attracted 
considerable attention as next generation cathode material of lithium ion battery. 

5. Conclusion 

More knowledge is understand about LiFePO4 and much more rapid is the ongoing 
progress. Lithium ion batteries have become the predominant power source, owing to their 
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high electrochemical potential vs Li/Li+, light weight, flexibility in design and superior 
energy density. To date, quantities of methods have been developed in order to realize mass 
practical application with favorable properties. Avenues of synthesizing composite 
materials, doping ions, nanocrystallization and others have been conducted to improve 
electrochemical properties. More enterprises dedicate their efforts into manufacturing 
olivine cell besides A123, Valence in USA and Phostech in Canada, the industry giants 
related to LiFePO4 material. Quantity production and mass application are much closer to 
reality due to the durability, non-toxic, high capacity and energy density of LiFePO4. The 
iron based olivine type cathodes (mainly lithium iron phosphate, LiFePO4) are regarded as 
possible alternatives to cathodes based on rare metal composites.  
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1. Introduction 

Electric Vehicles (EV) have been available in the market the last 110 years.  During the first 
stage of vehicles’ development there were only two competitors, internal combustion engine 
(ICE) and EV. The EV was a lead vehicle compared to ICE until 1930; after that time the 
panorama changed due to the maturity of gasoline, the mass production of Ford Model T, 
the high performance of ICE and its low cost.  Those facts and a limited electricity 
infrastructure produced a lack of interest and development of EV technology (Chan & Chau, 
2001).   
This forgotten research area for near 40 years came back in the early 70´s with more strength 
since the appearance and continue development of advanced semiconductor devices, new 
storage technologies, sophisticated materials, advanced modeling and simulation 
techniques, real time implementation of complex control algorithms, maturity of power 
electronics and motor drives area. Since it is second big pushed to EV, a lot of improvements 
have been achieved by the constant effort of physics, chemical, mathematics, mechanical, 
computer, electrical and electronics specialists committed to develop a highly energy 
efficient device of transportation (Chan & Chau, 1997). 
Nowadays, the term EV includes plug-in hybrids, extended range EV and all-EV, 
(Department of Energy of the United States of America, 2011). One big step forward to the 
mass introduction of all-EV has been the introduction of hybrid electric vehicle (HEV) in 
several automobile companies. The mass introduction of HEV started in 1997 by Toyota 
with the Hybrid-Prius, a parallel configuration integrated with a Toyota Hybrid Systems 
(THS). The THS-C was implemented later to the Estima Hybrid, (a THS combined with a 
continuous variable transmission (CVT)).  Following this trend, a Toyota Hybrid Systems 
for Mild hybrid system (THS-M) was implemented in the Crown. In 2004, the THS II was 
installed in a new Prius, which had the main characteristic to increase the power supply 
voltage. This electric drive train added a direct current to direct current (DC/DC) converter, 
between the low voltage battery pack (276-288V) and the traction motor (500V or more), to 
use a smaller battery pack and more powerful motors compared with its previous version. 
In addition the THS name was modified to Hybrid Synergy Drive (HSD) to allow its use in 
other vehicles´ brands (Pyrzak, 2009). It is necessary to say that Toyota is not the only 
vehicles´ manufacturer to develop hybrid technology other brands include Ford, GM, 
Honda, Nissan, etc.  
Today, the $12 billion investment to develop vehicle technologies given by the Department 
of Energy (DOE) from the United States of America (USA) has opened a third stage in the 
development of EV. It is foreseen that the classical high vehicle costs, performance 
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predicaments, and safety issues claimed in EV sector; will be overcome in the near future 
motivated by the American Recovery and Reinvestment Act and DOE’s Advanced 
Technology Vehicle Manufacturing (ATVM) Loan Program. Those programs will support 
the development, manufacturing, and deployment of the batteries, components, vehicles, 
and chargers necessary to put on America’s roads millions of electric vehicles in 2015. 
Accordingly with USA’s Vice President Joe Bide in 2015 the cost of batteries for the typical 
all-EV will drop almost 70% from $33,000 to $10,000, and the cost of typical PHEV batteries 
will fall in the same rate from $13,000 to $4,000 (Department of Energy, United States of 
America, 2011). 
Currently, there is no doubt that EV is playing a fundamental role in our society and it is 
expected that it will continue growing specially in the social, economical and industrial 
sectors; lastly motivated by environmental issues. Besides the importance of EV, there are a 
few worldwide bachelors, undergraduate and postgraduate programs that attempt to 
synthesize all areas involved in the design of EV in a single curriculum (See Section 1.4). On 
the contrary, the development of EV has been addressed as an isolated application of 
previous training in the area of electric machines, power electronics, power energy, chemical 
engineering or mechanical structures. At the present time, it is usually missed the 
integration and particularities of the different aspects of this inherent multidisciplinary 
application, as a result potential and more cost-effective solution to develop high efficiency  
EV are missed  or misunderstood due to the lack of experience and expertise.    

1.1 Typical EV electrical architecture and energy storage unit 
Current electric, hybrid and plug-in electric vehicle (EV, HEV, PHEV) power trains 
comprise at least of one on-board energy generation unit, energy storage, traction drive and 
peak power unit (Wirasingha & Emadi, 2011). The correct power management of those 
different sources increase the energy efficiency and reduces the overall fuel consumption 
(hence cost and emissions) (Kessels et al., 2008). In general the advantages of EV are higher 
energy efficiency and regenerative braking (Lukic & Emadi, 2004) compared with 
conventional ICE.  Since electric motor efficiency is higher than the heat engine, overall 
significant efficiency fuel consumption can be achieved by assigning electric motor or 
engine for the propulsion depending on driving cycle. In addition, some EVs are able to 
generate electricity and recharge battery without any external supply (Emadi & Ehsani, 
2001).  
At the present moment, different HEV has been reported for instance vehicle to the grid 
(V2G), V2G plus vehicle-to-load, V2G plus vehicle-to-home, V2G plus vehicle-to-premise, 
V2G plus vehicle-to-grid-net metered, V2G plus advanced vehicle-to-grid (Tuttle & Baldick, 
2011). The main characteristic of those proposals are the use of a particular power electric 
drive train for each specific applications.  
In contrast all-EV traction train configuration proposed in literature are simpler than HEV 
and they can use for example battery (B), fuel cell (FC), photovoltaic (PV) as their main 
energy generation/energy storage unit. Additionally several arrays of B, FC and PV linked 
with supercapacitors (SC) in all-EV has been reported (Emadi, 2005), (Pay & Baghzouz, 
2003), (Schofield, 2005), (Solero et al., 2005), (Intellicon, 2005). Figure 1 shows the most 
common configurations. 
Today in the all-EV there are two main energy generation units, B and FC; both of them with 
the following characteristics, 
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1. They produce current just when it is supplied by its fuel/energy storage unit. 
2. They achieve a high energy efficiency between 40-60%, which its load dependent.  
3. B-EV and FC-EV produces zero or almost zero pollution and noise. 
4. Li-ion battery and Proton Exchange Membrane (PEM) fuel cell are best candidate for 

vehicular applications due to its high power density, small volume and low 
temperature. 

In contrast to the B-EV, the FC-EV particularities such as load dependency, incapacity to 
accept regenerative energy, intolerance to the input ripple current, start-up time, and slow 
load response, make unviable the single use of FC in traction applications. Therefore 
different FC-SC configurations have been proposed, i.e. characteristics of configuration i) 
are, 
1. The use of only one power electronic converter (PEC). 
2. The use of a SC as a peak power buffer during EV acceleration. 
3. The SC accepts the regenerative power for the EV breaking period. 
4. There is an inherent decoupling between the peak and average EV power. As a result 

the power converter just deals with the average power. This behavior is translated in a 
small size and weight of the PEC.  

5. The PEC needs to operate in a wide input voltage operation region caused by the FC 
load dependency.  

6. It is necessary to implement a Power Management Strategy for the appropriate 
operation of the overall system. 

It has been reported in literature different power converter that can be used as a step-
up/down converter for configuration i). For example Boost, Buck/Boost, Boost interleaved, 
Half Bridge, Full Bridge, Full Bridge Zero Voltage Switching (ZVS) and/or Zero Current 
Switching (ZCS) or Push-Pull, (Profumo et al., 2004). Their main differences are the 
conversion ratio, power ratio, current ripple, uni/bidirectional capacity, efficiency and 
isolation (Blaabjerb et al., 2004) (See Section 1.3).  
 

 
Fig. 1. Different  all-EV configurations reported in literature. 
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1.2 Mechanical drivetrain EV 
The basic mechanical architecture of EV, HEV and PHEV found in the market consists at 
least of one ICE and one electric motor where the torque produced by the engine is 
transmitted to the wheels  by using a lossy and heavy mechanical shaft directly coupled to 
the rear or front wheels. Figure 2 a) shows a typical four wheel all-PEV with mechanical 
differential.  
In this configuration, it is used a mechanical differential to produce different speed to each 
wheel during cornering, the closer wheel to the curve will run slower compared with the 
outer wheel. However such relationship is usually fixed and it does not depend of the 
steering angle and a rollover phenomena can be produced (a similar action is produced in 
the three wheel configuration). The trend for advanced vehicle architecture is to remove the 
traditional mechanical drive shaft and differential, and replacing it with an Electric 
Differential (ED) implemented by electric motors directly coupled to the wheels (using one 
fixed gear). Another trend is completely removing the gear and allocating the motor inside 
the wheel; this configuration is known as in-wheel motors, the in-wheel motors can be 
brushless or permanent magnet (Tabbache et al., 2011).  
Additional features of ED are a) no mechanical link between the wheels, b) it is applied lees 
power to the inner wheel in a turn, c) there is synchronization between the wheels during 
straight paths and d) it uses a virtual masterfor relative speed synchronization (Perez-Pinal, 
2009). Figure 2 b) shows a typical four wheel all-PEV with ED. 
The main characteristic of ED is the use of one PEC for each motor and the increment of 
vehicle´s safety during cornering and risky maneuvers compared with its mechanical 
counterpart. Those advantages are achieved by two reasons: a direct torque control in the 
wheel and on-the-fly change in the differential ratio.  

1.3 Modern EV design  
At the beginning EV were directly adapted from ICE, such replacement was achieved by 
replacing the combustion engine and the fuel tank by an electric motor and a battery pack. 
In this kind of conversion usually were remained the overall components (Ehsani et al., 
2004; Miller, 2004). However, low performance was a characterization of those EV.  
The vehicles´ mechanical operation (ICE or EV) are based in fundamental mechanical 
laws,  the inital design variables are two, static and dynamic. The initial static 
characteristics are a desired acceleration, stop, driving and turning angle. The dynamic 
characteristics include the aerodynamic resistance, the rolling resistance, and the traction 
force (Emadi, 2005a).   
Nowadays, to design a modern EV are involved chemistry, mechanical, electronics, 
computer engineers and business’ guys (Ehsani et al., 2004), in other words an EV has 
evolved from a pure mechatronic system to a more chemechatronic system (the word che- 
mistry plus mechatronic). The term chemechatronic was firstly employed in 1991 by the 
company Tosoh to describe its research efforts in the area of biotechnology and 
pharmaceutics (Tosoh, 1991). In addition (이시우, 2003) used the same term to describe a 
system on a chip that includes in a single device chemical, mechanic, electronic, control 
system and computer science technology, it can be noticed that in essence an EV is 
chemechatronic system. Along this chapter the chemechatronic term refers to the approach 
that integrates areas of chemistry, control theory, computer science, electrical and electronics 



 
An Integrated Electric Vehicle Curriculum 

 

221 

within a product development with the main aim to enrich and/or optimize its 
functionality. 
 

a) 

b) 

Fig. 2. Typical four wheel all plug-in electric vehicle a) with mechanical differential, b) with 
electric differential. 

Accordingly with (Perez-Pinal, 2006) a lot of research has been done in order to develop 
accurate guidelines to design EV, some text book and classical papers can be found in 
literature (Ehsani et al., 2004; Miller, 2004; Emadi, 2005b; Ehsani et al., 1997; Husail & Islam, 
1999). The main three characteristics required for modern EVs are, 
1. Low weight. 
2. High energy efficiency. 
3. High torque response. 
In addition, modern EV performance is evaluated in terms of, 
1. Acceleration performance 
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 Acceleration time. 
 Acceleration distance. 

2. Maximum cruise speed. 
3. Gradeability. 
4. All the last characteristics inside a driving cycle. 
The first step to design an EV is to determine the relationship between the mechanical 
torque and the power electronic stage including the electric motor (Perez Pinal, et al., 2006). 
There exist two different techniques to initially design the power stage of an EV. The first 
technique determines the maximum mechanical power needed by the EV based on a driving 
cycle. The second technique finds the average mechanical power needed in terms of an 
initial speed, acceleration time and the maximum speed, for both techniques once the 
mechanical power is determined. 
The second step sizes the maximum electric power needed for the power stage; in this step it 
must be considered the kind of electric motor and power losses. The kind of motor is 
generally chosen in terms of the base speed, maximum mechanical speed, power losses, and 
control topology.  
The third step determines the main source and DC- bus voltage. In this stage there are many 
possibilities in terms of energy source and energy storage unit.  The main motivation to 
choose one or another are based on the environment of the final product, sell point, and 
performance (Ehsani et al., 2004), this step is related with the selection of the PEC to step up 
the energy source unit. Here, it can be found several architectures related with the PEC, 
some criteria to select one or another are related with the power range, isolation 
requirement, efficiency and cost. However, the most important criterion to select one PEC 
configuration is to supply the deficiencies of the power source unit. For instance, a PEC for a 
FC power source unit should fulfill the following characteristics, 
1. An efficient increment of the low output voltage from the FC to the motor drive. 
2. A low input current ripple.  
3. A unidirectional power direction between the power source unit and the motor drive. 
As it can be implied from the list of requirements, there are several PEC architectures that 
satisfy those needs, the most usual are the following (Profumo et al., 2004), (Blaabjerb et al., 
2004). 
1. Boost converter, 
2. Buck/boost converter. 
3. Interleaved boost converter. 
4. Half bridge and full bridge converter. 
5. Full bridge converter with zero voltage-zero current switching (ZVS-ZCS). 
6. Push-pull converter. 
Table 1 summaries the overall characteristics of the PEC, it can be observed that several 
PECs can be used for the DC/DC power stage. 
The general characteristic of the isolation architectures is that an input current reduction can 
be achieved at the expenses of increasing the inductors’ values, or increasing the switching 
frequency.  However an increment of the switching frequency produces an increment of the 
semiconductors switching losses.  Isolation architectures are suitable for applications with 
high conversion ratio or where isolation is mandatory i.e. Japan and USA. In order to select 
the appropriated topology for any EV, it is necessary to perform a comparison of the device 
losses, power density, and efficiency. Recently there is a trend to use paralleled or 
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interleaved topologies; some advantages of those topologies are an inherent power sharing 
between the number of cells, an inherent robustness, and an increment of the switching 
frequency (Chan & Pong, 1997). 
 

Converter Conversion 
ratio 

Current 
ripple 

Power 
direction Efficiency Power 

range Isolation 

Boost Up to 5 
times High Unidirectional Medium < 3kW No 

Buck/boost Up to 2 
times High Unidirectional Medium < 3kW No 

Boost 
interleaved 

Up to 5 
times Low Unidirectional High < 10kW No 

Half bridge 
Variable 
with 
Transformer 

High Bi-directional Medium < 10kW Possible 

Full bridge 
Variable 
with 
Transformer 

High Bi-directional Medium < 10kW Possible 

Full bridge 
ZVS-ZCS 

Variable 
with 
Transformer 

High Bi-directional High < 10kW Possible 

Push-pull 
Variable 
with 
Transformer 

High Unidirectional High < 10kW Yes 

Table 1. Overall characteristics of different DC/DC converters. 

After it has been determined the size and characteristics of the power source and storage 
unit, the following step is to select the motor drive. The final drive depends on the selected 
motor, which can be direct current (DC) or alternating current (AC).  For example, the 
available topologies considering a three - phase induction motor are, 
1. Hard-switching voltage source inverter (VSI). 
2. Hard-switching current source inverter (CSI). 
3. Resonant phase leg inverter (RPLI). 
4. Active clamp resonant dc link inverter (ACRDI). 
5. Auxiliary resonant commutated pole inverter (ARCPI). 
6. Push pull. 
Additionally, it can be integrated the step-up converter and inverter in a single stage, i.e. the 
Z converter (Blaabjerb et al., 2004). Once again, the most important criterion to select one or 
another is the energy efficiency, power density and cost. 

1.4 Current curricula efforts  
There are different programs in the area of EV and HEV implemented up to now, Table 2 
shows a list of current programs available in the market, (Center for Automotive Research, 
2003; CSU Ventures, 2009; Ferdowsi, 2010; Hammerstrom & Butts, 2011; Heinz & 
Schwendeman, 2011; Michigan Technological University, 2011; Purdue University, 2010; 
Rizkalla et al., 1998; Simon, 2011; The National Alternative Fuels Training Consortium, 2009; 
University of Detroit Mercy, 2009). 



 
Electric Vehicles – The Benefits and Barriers 

 

224 

Additionally to these programs other universities and companies offer courses in the EV 
and HEV such as the Department of Automotive Engineering Cranfield University, the 
company Georgia Power, The Illinois Institute of Technology (IIT), The University of 
Manchester (UMIST), among others.  
 

Year Program Title / University  Level Area 

1998 
A new EE curriculum in electric vehicle 
applications, Purdue School of Engineering 
and Technology at Indianapolis 

Undergraduate, 
Graduate EV 

2003 Center for Automotive Research, The Ohio 
State University 

Certificate Program, 
Graduate 

EV, 
HEV 

2007 

Designing a Multi-Disciplinary Hybrid 
Vehicle Systems Course Curriculum Suitable 
for Multiple Departments, Minnesota State 
University, Mankato 

Graduate EV, 
HEV 

2009 The National Alternative Fuels Training 
Consortium, West Virginia University 

Colleges, 
Undergraduate 

EV, 
HEV 

2009 
Certificate engineering program in 
Advanced Electric Vehicles (AEV), 
University of Detroit Mercy 

Undergraduate, 
Graduate 

EV, 
HEV 

2009 

Advanced Electric Drive Vehicle Education 
Program: CSU Ventures,  Colorado State 
University (CSU), Georgia Tech (GT), 
Ricardo, MRI, KShare, Arapahoe 
Community College, Douglas County 
Schools 

Colleges, 
Undergraduate 

EV, 
HEV 

2009 J Sargeant Reynolds Community College Certificate, 
Undergraduate 

EV, 
HEV 

2010 

Advanced Electric Drive Vehicles –A 
Comprehensive Education, Training, and 
Outreach Program, Missouri University of 
Science and Technology,  University of 
Central Missouri, Linn State Technical 
College, St. Louis Science Center 

  College, 
Undergraduate, 
Graduate 

EV, 
HEV 

2010 Electric Vehicles part 1 and 2, Portland State 
University  

Undergraduate, 
Graduate 

EV, 
HEV 

2010 

Indiana Advanced Electric Vehicle Training 
and Education Consortium, (I-AEVtec), 
Purdue University, NotreDame University, 
IUPUI, Ivy Tech, Purdue-Calumet, Indiana 
University –Northwest 

Technician, 
Undergraduate, 
Graduate 

EV, 
HEV 

2010 

Development and Implementation of Degree 
Programs in Electric Drive Vehicle 
Technology,  Macomb Community College, 
Wayne State University, NextEnergy 

Certificate, 
Undergraduate, 
Graduate 

EV, 
HEV 

Table 2. Current HEV, EV programs. 
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From Table 2, it can be observed that only three programs have a link between college and 
graduate studies. One similarity in those programs is a permanent effort between regional 
Colleges, Universities and vehicles’ companies. For example, the program from The 
University of Detroit, Mercy’s College of Engineering and Science in conjunction with 
Engineering Society of Detroit is founded by Ford. This program is focused on electric and 
hybrid drivetrain technology, and it is expected to open seven new courses related to the 
automotive and defense ground vehicles industries. 
Another similarity between those programs is to prepare and recruiting technician and 
automotive engineers starting in the high school level by conducting seminars and summer 
camps. In addition, it is expected to develop education material and video demonstration 
about EV and HEV to inform the general public by using internet as their main platform. 
After analyzing those programs and its references were identified eight different areas 
related with EV, Figure 3.  
It must be mentioned that overall areas from the technician to the PhD level proposed in this 
chapter are related with Figure 3 (see Section 2). In general the area of technician is related 
with the maintenance and repair of the end user product, in this stage the understanding of 
each particular area and a general appraise of each stage is not fundamental. This level is 
related to know how work the overall EV´s devices and it is not emphasized to answer why 
they behave in a certain or different way. Those questions are further explained in the 
undergraduate and graduate levels, where a fully understanding and generation of novels 
ideas to the state of the art is expected in the final levels. 
 

Electric Vehicle

-System 
architecture
-System 
engine

- Battery
- PV
- Fuel cell
- Bio fuel

- Energy 
conversion
- Motor 
modelling

- Power 
Devices
- Power 
Electronics 

- Energy 
Economic 
and policy- Embbeded 

Systems for 
AEV

- Lineal 
Control

- Advanced 
Control 

- Power Train

Chemistry Mechanical Electrical Electronic ComputerControl and 
Energy 

Management

Power Business

- Supercapacitor

- Modeling and 
simulation

- Hydrogen

- Power 
system 

- Smart grid

- Thermal 
management 

- Recycle 
management

- Drives 

- Advanced 
PE

- EMI

- Circuit 
Design - CAD

 
Fig. 3. Typical areas covered by Electric Vehicles. 

1.5 Organization of the chapter 
In order to come out with an integrated curriculum, different active learning techniques and 
curriculum strategies were compared and integrated in this proposal. The chapter begins 
(Section 2) with the overall description of the curricula in the following levels: Technician, 
Bachelor in Technology, Bachelor in Science, Master in Engineering/Science and Doctor in 
Philosophy (Ph. D.). Moreover, the objective of each level, its requirements, expected results, 
and overall recommendations are also given. This section provides the mandatory and final 
elective courses in each level. In Section 3, it is presented the proposed teaching model based 
on inquiry-based learning and active learning techniques widely developed in McMaster 
University. The inquiry process is about exploring, discovering, and ultimately, reaching a 
higher level of understanding. Here, it is addressed the recommended methodology to 
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lecture this topics and a general flowchart is provided.  Finally some concluding remarks, 
future directions, and particularities are given in Section 5.  

2. Curricula description 

It is widely know that the design of a curriculum is not an easy task. The curriculum itself is 
the fundamental part of any institution, from basic to graduate level, in the design of a 
curriculum can be given the desired requirements and characteristics for admission and 
graduation. In addition, it can be addressed the general requirements and difficulty of each 
course, textbook, interrelation to other courses, lab session, credits, duration, syllabus, etc.  
The design of a curriculum in engineering has been performed before in other areas. For 
example in the area of electronic engineering was proposed a power electronics (PE) 
curriculum after a meeting sponsored by the National Science Foundation (NSF), (Batarseh 
et al., 1996). As a result of that meeting, new directions and activities to increase the 
recruiting of students was pointed out i.e., to use EV as a catch, the intensive use of 
multimedia, state of the art lab facilities, open houses for research labs and environmental 
concerns. Those activities were summarized and they were a basic step in the development 
and growth of this area. However, several changes have been produced around the globe 
the last years in the area of engineering i.e. globalization, financial reorganization, advances 
in information technology and resource limitation. Those are some factors that motivate a 
substantial change in the design of a curriculum in the areas of engineering (Faculty of 
Engineering, 2009). Additionally to those facts, the area of EV is broader than PE, and it is in 
essence a multidisciplinary area, see Section 1. Therefore in order to come out with an 
integrated curriculum, in this section is proposed a modular curriculum oriented from the 
basic understanding of EV to the development and researching of more advanced 
applications. This proposal has been inspired by tools introduced in the Development of a 
Curriculum (DACUM, 2011), and it was complemented to the new and expected needs in 
the area of EV.  
Accordingly with (DACUM, 2011), the main characteristic of DACUM are a natural 
relationship from its early stages between a desired competence or module, measurement 
on performance, and the curriculum designed to fulfil that competence; that basic idea has 
been preserved in this work. However, that idea has been completed with the following 
methodology (Schmal & Ruiz-Tagle, 2008): an identification of a module, module sequence, 
structuring of module, revision of each module, revision of curriculum and construction of 
syllabus for each module. As it can be noticed from this process the curriculum is an active 
entity, which needs to be adjusted and updated in a regular time-basis. Additionally, it has 
been emphasized the competency-based in all the stages of this curriculum and the 
permanent link between industry and academia. Figure 4 shows the three key areas 
interrelated in this proposal: experience, infrastructure and collaboration.  
Experience from academics is one fundamental requirement in the practice of any 
curriculum. This experience and expertise must be reflected in the number of papers, books, 
patents, projects, etc., summarized for the overall academia involved in the curriculum 
implementation. However the isolated knowledge of the engineering area is just one 
requirement, for a good practice of this curriculum; it is recommended to implement a 
mandatory training in learning and lecturing in higher education. The main idea of that 
mandatory course is to increase the understanding of student learning, to improve the 
academic teaching expertise, and develop information for educational improvement at the 
level of courses at overall programme (McMaster University, 2010).  
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Another important area is infrastructure which is related with collaboration. There is no 
doubt that economic constraints have produced a new way to accomplish the learning 
activity. Today it is not longer attractive to have one laboratory per module or per academic 
faculty this way of organization is impractical and expensive. In this work, it is proposed the 
use of share resources at four different levels, industry, government, departments and 
universities. Through this scheme a more efficient way to achieve the learning scheme can 
be accomplished, see section 3.  
 

 
Fig. 4. Areas to match. 

Based on the premises discussed previously, Figure 5 shows the modular EV curriculum.  
Here, it is proposed at the beginning a three year studies finishing with a technician degree. 
This technical level is mainly focused to the maintenance and service of EV; areas covered in 
this level are fundaments of mechanics, battery management and disposal, circuits, 
fundamentals of electronics and others.  
The second stage comprises two possible degrees the first part is a two year Bachelor in 
Technology, which can be updated to a traditional Bachelor in Science with an additional 
two years studies and mandatory one module section. The main characteristic of this level 
is the emphasis in hands-on experience in the first two years and the optional module 
complete the knowledge in math and engineering required for continuing with the 
Bachelor in Science. The difference between the Bachelor in Technology and Science is 
that the second option is more design oriented rather than maintenance or diagnostic. 
Both programs can be delivered in the form of lectures, tutorials, seminars and 
laboratories. Nowadays, a similar program is being adopted by Mohawk College and 
McMaster University, Canada; those programs offer university level courses, work in 
industry-focused lab and mandatory co-op work experience (McMaster-Mohawk, 2010). 
The main difference with the current system in McMaster University-Mohawk College 
and this proposal, it is the natural link between technician, bachelor level and graduate 
level proposed here, which is not currently offered. 
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A similar two year program is proposed in the graduate studies with two options, Master in 
Engineering and Master in Science. Here, it is proposed a 180 credits program for the first 
option (one year and a half) and 180 credits for the second one (two years), , the different 
between both programs is the teaching or research oriented emphasis. This organization is 
already implemented with good results in universities like The University of Manchester, 
UK. The final stage proposed in the graduate level is PhD, here it is proposed a traditional 
three year course oriented to research in the areas discussed in Figure 3.  
It can be noticed in the right of each level a transversal module. Those modules are 
proposed to be elective and they must be satisfied to change from one grade to another.  
This flexibility is based on the premise that some students start from the know-how and 
they become interested in the know-why. In addition, it has not been provided any 
percentages or credits per grade with the main aim to provide flexibility for the adoption of 
this curriculum to any institution. 
 

 
Fig. 5. Proposed modular model. 

2.1 Technician curricula 
The main objective is to bring the students the knowledge of maintenance and repair of EV 
considering the different automakers philosophy and EV structure. In this level, the student 
will acquire training in basic dynamic, electric fundamentals, computing, safety, equipment, 
tools, and software related with the diagnostic of EV. The student will be able to deal with 
user and maintenance manuals, to detect failures in the areas of mechanics, electric and 
electronics. In addition, the student must fulfill preventive and corrective maintenance for 
the different EV automakers.  
This level is organized in two terms per year and five courses per term. A common core is 
proposed for the first four terms based on chemistry, physics, computing and mathematics. 
Table 3 shows the common core following by a list of optional third year courses.  
In order to obtain industry experience before completing the technician level; it is proposed 
a mandatory four month internship or co-op after completing the second term in year two.  
This practical experience will help the student to probe their skills before completing the 
third year and it will help them to further select their final years´ areas of interest. In 
addition, it is proposed to review the technical program every three years for possible 
updates. As mentioned earlier, it is proposed in the final terms elective courses following 
the main areas shown in Figure 3. 
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Year 1 Year 2 Year 3 
Term 1 Term 2 Term 1 Term 2 Term 1 Term 2 

Math 1 Math 2 Electric 
Circuits 1 

Electric 
Circuits 2 Optional Optional 

Computer 
Science 1 

Computer 
Science 2 Electronics 1 Electronics 2 Optional Optional 

Physics 1 Physics 2 Mechanics 1 Mechanics 2 Optional Optional 

Chemistry 1 Chemistry 2 Introduction 
to EV 

Automotive 
software Optional Optional 

Reading 
and writing 
workshop 1 

Reading 
and writing 
workshop 2 

Health and 
Safety Management Optional Optional 

Table 3. Technician level organization. 

Area Chemistry 
1. Introduction to Energy Storage Unit. 
2. Maintenance and repair of Energy Storage Unit. 
3. Administration and Recycle of EV materials. 
Area Mechanics 

4. Introduction to ICE. 
5. Introduction to Diesel motor. 
6. Maintenance and repair of Suspension. 
7. Maintenance and repair of Braking System. 
8. Maintenance and repair of Automatic Transmission and CVT. 
9. Maintenance and repair of ICE. 
10. Maintenance and repair of Diesel motor. 

Area Electrical 

11. Introduction to Electric Machines. 
12. Maintenance and repair of Electronic and Control Unit. 
13. Maintenance and repair of Electric System. 
14. Maintenance and repair of Electric Machines. 
15. Maintenance and repair of Charging Station. 
 

It can be noticed from Table 3 that the first and second year gives to the student the basic 
tools that they will use in more advanced courses. In addition the working co-op experience 
will provide to the students a real-world experience for a better choice of specialization. In 
addition, it would provide to the academic a state of the-art feedback from their student 
resulting in a better understanding of the market needs. 

2.2 Bachelor in technology / science curricula 
The main objective of the Bachelor in Technology (B. Tech.) is to provide the knowledge of 
analysis, operation and planning in the maintenance and repair of EV considering the 
different automakers philosophy and EV structure. In this level, the student will acquire 
advanced training in mechanics, electric systems and software related with EV. The student 
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will be able to deal with different automaker´s maintenance manuals to detect errors and 
implementing upgrades in the areas of mechanics, electric and electronics. Additionally, 
after completing the Bachelor in Technology, the students have the option to take in the 
summer a mandatory module required to pursuit a Bachelor in Science (B. Sc.) degree.  
It is necessary to say that the Bachelor in Science is a design oriented program rather than 
maintenance in the areas shown in Figure 3. In particular, emphasis is given in: power 
source, materials, manufacturing, electric and electronic systems, charging infrastructure, 
control systems, embedded systems, management and quality control. Table 4 shows the 
core for both programs following by a list of optional second year’s courses.  
In order to obtain industry experience before completing the Bachelor in Technology and 
Bachelor in Science; it is proposed a mandatory four month internship or co-op after 
completing the second term in year two, respectively. In a similar way that in the Technician 
level, this practical experience will help the student to master their skills before completing 
the second year and it will help them to further select their final years´ courses. In addition, 
it is proposed to review both programs every two years for possible updates.  
As mentioned earlier, it is proposed in the second year several elective courses for the 
Bachelor in Technology and Sciences following the main areas shown in Figure 3.  
 

Year 1 Year 2 
Term 1 Term 2 Term 1 Term 2 
Math 1 Math 2 Elective Elective 

Mechanics 1 Mechanics 2 Elective Elective 
Chemistry 1 Chemistry 2 Elective Elective 
Electronics 1 Electronics 2 Elective Elective 

Electric Circuits 1 Electric Circuits 2 Elective Elective 
Year 3 Year 4 

Term 1 Term 2 Term 1 Term 2 
Math 3 Math 4 Elective Elective 

Mechanics 3 Mechanics 4 Elective Elective 
Chemistry 3 Chemistry 4 Elective Elective 
Electronics 3 Electronics 4 Elective Elective 

Electric Circuits 3 Electric Circuits 4 Elective Elective 

Table 4. Bachelor level organization. 

Elective Year 2. Bachelor in Technology 
Area Chemistry 

1. Energy Storage Unit. 
2. Advance Material. 

Area Mechanics 

3. ICE and Diesel Motor. 
4. Heat Transfer. 
5. Thermodynamics. 
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6. Steering and Suspension. 
7. Introduction to Mechatronics. 

Area Electrical 

8. Energy Conversion. 
9. Electric Drive in EV. 
10. Electromechanics. 

Area Electronic 

11. Electronic Control Unit. 
12. Power Electronics. 

Area Power 

13. Power System Distribution. 
14. Renewable Energy. 
Area Control and Management 
15. Automatic Control of Dynamic System. 

Area Computer 

16. Vision Systems. 
17. DSP Programming. 

Area Business 

18. Administration and Recycle of EV Materials. 
19. Business Logistic and Supply Chain. 
20. Quality Control of EV. 
21. Project Management. 

Elective Year 2. Bachelor in Science 
Area Chemistry 

1. Production and Storage Hydrogen. 
2. Production and Storage Biofuel. 
3. Fuel Cell and Supercapacitor Technology. 

Area Mechanics 

4. Modeling and Design of Steering and Suspension. 
5. Modeling and Design of Advanced Braking System. 
6. Modeling and Design of CVT and Transmission. 
7. Computer-aided Design, (CAD). 
Area Electrical 

8. Advanced Theory of Electric Machines. 
9. Electromagnetic Interference in EV. 
Area Electronics 

10. Embedded Systems. 
11. Design of Hardware in the Loop Automotive Systems. 
12. Modeling of PE. 
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13. Control of PE. 

Area Power 

14. Design of Charging Station. 
15. Power Protection. 
16. Smartgrid. 
Area Control and Management 
17. Advanced Control. 
18. Digital Control. 
Area Computer 
19. Design of Navigation System. 
20. Finite Element Analysis. 
21. Dynamic Programming. 
Area Business 
22. Energy and Sustainability Management. 
23. Human System Integration in EV. 
 
Once again, it can be noticed from Table 4 that the first year gives to the student the basic 
knowledge that they will use in more advanced courses. The required course from Bachelor 
of Technology to Bachelor in Science is proposed related with Mathematics for Engineering. 
Once completing the Bachelor levels the students could work in areas such as: design of EV 
and their components, manufacturing of EV, quality control, development of electronic, 
electric, and software related with EV, etc. 

2.3 Master in engineering / science curricula 
In this document a Master degree is understood like a postgraduate study to specialize in 
some area related with EV, it is proposed a Master in Engineering (M. Eng.) and Master in 
Science (M. Sc.) postgraduate studies. The following are the common structure for both 
degrees: two year length, full or part-time, lectures, assignments, exams, laboratory and one 
year common core. The difference between both degrees is on the second year where the 
students have to select among a professional oriented program M. Eng. and a research 
intensive program M. Sc. 
The objective of the M. Eng. to provide the students with in-depth skills in a particular 
area of EV. Once completing this program, the student will be able to propose new 
designs, to lead projects and to manage people under its supervision in the area of EV. In 
order to graduate from this program, it is necessary to submit a teaching- based project 
report. 
In contrast, the objective of the M. Sc. is to provide the students with research skills in a 
particular area of EV. Once completing this program, the student will be able to propose 
and develop innovative solutions for new designs and carry on projects in the area of  
EV. In order to graduate from this program, it is necessary to submit a research thesis, 
two research papers in a major conference of the area, or one paper in an ISI  
transaction. 
Table 5 shows the proposed structure program. Once again in order to select a project can be 
used the areas shown in Figure 3.  
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Year 1 Year 2 MEng 
Term 1 Term 2 Term 1 Term 2 

Storage System 1 Storage System 2 Seminar Seminar 
Control System 1 Control System 2 Management 1 Management 2 

Computer Design 1 Computer Design 2 Business 1 Business 2 
Advanced Power 

Electronics 
Automotive 
motor drives Project MEng Project MEng 

Mechatronics Systems Mechatronics Systems 
2 Year 2 MSc 

  Seminar Seminar 
  Project MSc Project MSc 

Table 5. Master Degree level organization. 

2.4 PhD curricula 
The degree of Ph. D. is proposed to be a minimum of three year research oriented program, 
with the main aim to provide original results in one or more areas related with EV, Figure 3. 
Here, it is proposed to follow the traditional scheme and presenting after the first year a 
comprehensive report to the supervisory committee outlining the proposed line of research, 
timetable, expected minimum deliveries, etc.  Once completing this program, the student 
will be able to propose and develop novel solutions for new designs and carry on 
independent projects in the area of EV. In order to graduate from this program, it is 
necessary to submit a research thesis, and least one paper in an ISI transaction. 

3. Some implementation guidelines 

There is no doubt that the era of Information and Technology (I&T) has arrived in the 
classroom, in fact our students are more active and visual that they used to be just five years 
ago. Today, we face in the lecture or classroom the Y generation; so far Facebook, Twitter, 
Blogs, wikis, instant messaging are just some of the several tools currently used by our 
students to share information. The use of a computer or smartphone with several ads-on for 
everyday activity is familiar to our students and the students expect from the faculty to be 
familiar with those tools and they also expect an inclusion of those technologies in the 
classroom (McMaster University, 2010b). Therefore, for a better practice of this curriculum is 
recommended to include those new tools in the design of the overall courses. This will 
provide a natural way to engage the student´s interest in the subject. For example, it can be 
included a twitter account for the course administrated by the faculty, where the students 
can check any last minute announcement. 
In addition, another change in the classroom is the increment of students per academic 
faculty, in the first world universities is a common practice the use of large auditoriums for 
lecturing. That fact has reduced to a minimum the classical relationship between the student 
and instructor and the learning activity has become almost anonymous. Those constrains 
have opened a new paradigm in the area of research and development in academia and 
industry, today is not longer valid the exclusive use of blackboard and chalks for the 
academic intercourse. Based in that scenario, it is recommended to implement new teaching 
techniques in the proposed curriculum, the students learn by doing, making, writing, 
designing, creating and solving (McMaster University, 2010b). Therefore, it is proposed for a 
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successful implementation of this curriculum the adoption of active learning techniques, 
which contributes to the student motivation and curiosity to learn new material. Active 
learning techniques have been widely applied in McMaster University by the Centre for 
Leadership in Learning. Some examples of active learning strategies are a) to capitalize on 
student´s interest, b) to collect students´ feedback regarding what makes their classes more 
or less motivating, c) to increase motivation and curiosity.  
Figure 5 shows a proposed flowchart based on active learning techniques, which can be 
implemented to any level by giving emphasis to the engineering or science degree. It is 
necessary to say that the academic faculty can develop their own flowchart based on their 
teaching style and needs. 
 

 
Fig. 5. General learning flowchart. 

3.1 Course webpage 
In addition to the active learning techniques included in the lecture or classroom; it is 
necessary to prepare a well-organized course and friendly webpage. Those actions will 
increase the interest in the students providing them with all the required information in one 
single place; and it will help the academic faculty to reduce his time delivering new material 
related to the course, Figure 6 shows a proposed web page per faculty and teaching course 
(Perez-Pinal, 2011). It is necessary to say that there is in the market software oriented for 
delivering courses such as Blackboard, Avenue, Moodle, etc. That software is known like 
Course Management System (CMS), also known as a Learning Management System (LMS) 
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or a Virtual Learning Environment (VLE), those are applications that instructors can use to 
create effective online learning sites (Blackboard, 2011). Objectives of those platforms are the 
same that the course website, which are to connect more effectively to the students with 
their instructor to keep the student, informed, involved and collaborating in the course. 
Figure 6 shows a proposed course webpage, which is divided in three main sections, left 
menu, center part  to display information and right menu to provide the course in-depth 
details.  
In the left section, it is given a menu to select the information regarding the instructor, i.e. 
background, expertise, awards and citation, news, contact etc.  This menu will provide all 
the information to the student about his instructor, providing confidence about the 
instructor´s expertise. In addition, at the center section it is displayed all the information 
selected in the left menu.  
In particular, the teaching course section has a submenu titled “Further details,” this 
submenu option will display a password protected menu displayed on the right, Figure 7.  
This new menu provides all the information regarding the particular course, for instance 
course home, syllabus, readings, labs, assignments, exams, tools, and download course 
material. Here it is proposed to publish the announcement in the course home in addition 
to the course description and course characteristics. In this section is also included the 
information regarding the textbook. The syllabus sections provides the information of the 
term, teaching assistant, lab staff, schedule, prerequisite, course description, course 
objectives, assessment criteria, written work and late submissions, academic integrity, and 
notes. The reading section gives information on the course's lecture sessions; here are 
posted the lectures´ slide, complementary notes, animations, and simulations presented in 
the lectures. The labs section provides information on the laboratory sessions schedule, 
laboratory manuals and laboratory policy, and safety considerations. The assignment 
section provides information regarding the assignments topic and schedule, tutorial 
calendar and slides. In addition, here it is proposed to include some practice problems 
with solutions. The exam section contains the current term's exams, i.e. midterm, final and 
test samples. The section tools contain the tutorials, multimedia and simulation resources 
for the course. Finally, the option “course materials to download” contain the same 
content as the online version in a single file. 
It can be noticed that this proposed webpage design can be upgraded with a twitter account, 
a question & answer section and blog to obtain instant feedback from students.  In addition, 
it can be included a section of video lectures to provide off-campus service. 

4. Conclusion 

In this work it has been given an overview of electric vehicle technology. It has been 
presented a typical EV electrical architecture and energy storage unit, the mechanical 
drivetrain, some guidelines regarding the EV design, and it has been provided a state of the 
art of the current curricula efforts. It was concluded that the EV is becoming a 
chemechatronic system, and it is foreseen that this trend will remain in the area.  
Moreover, it has been proposed an integrated curriculum that emphasizes the main areas of 
EV, and it proposes EV´s studies from the technician to graduate studies. Here it was given 
the main objectives in each level, its requirements and different areas of specialization. In 
general eight areas have been detected and different subareas of specialization have been 
proposed. In addition, some general guidelines for a correct implementation of the proposed 
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Fig. 6. Web page model one. 

 
 

 

 
 

Fig. 7. Web page model, two. 



 
An Integrated Electric Vehicle Curriculum 

 

237 

curriculum were presented, which are based on active learning techniques. It was also 
presented an example for a webpage design related with a course that presents in a single 
place all the information regarding the course. 
It is necessary to say, that there still a lot of open questions in the area of EV and EV´s 
curriculum development.  This dynamic area of researching and development must be able 
to adopt in a natural path the state of the art tools and techniques in software, animations, 
learning skills, etc; in order to guarantee the transportation demands for today and future 
generations. 
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