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ABSTRACT

This paper givesageneral overview ofhybrid
electric vehicles (HEVs). Fundamental costs and
development within the area of HEVs are analysed
inorderto show the role thatthis technology plays
inthe currentautomotive market. The advantages
and disadvantages of this vehicle technology are
alsodiscussed indetail. The paperwill also focuson
the currentand future market projections of HEVs;
particularly onthelegislativemovements which are
helping to increase the market share for
environmentally friendly vehicles. Opinions of
researchersand automotive companies willbetaken
into account in order to predict which will be the
leading technology trends in the future.

Index Terms— Hybrid Electric Vehicles
(HEV), Batteries, Hybrids vs. Diesels, Future
Trends.

1.INTRODUCTION

Hybrid electric technology has become the
latest milestone for the automotive industry such
have been diesel technology and the gear systemin
the past. The growing threat of global warming,
excessivepetrol dependence, everincreases prices
in fuel, and driving trends are just a selection of
reasons which have accelerated the development of
Hybrid Electric Vehicles (HEV). Also, some
government backing has offered supportto HEV
technology with the introduction of restrictive
legislationparticularly concerned with thereduction
of CO, emissions.

The aim of this paperis to observe the initial
basis of thisincipienttechnology, analyse the current
concepts and discuss the future developments of
HEVs by forecasting future events and market
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sales. Legislative enforcements, different

configurations, thebreakdown of components, and
currently available hybrids will be analysed and
discussedin thisreportwiththeobjectivetoillustrate

alltheissuesinvolved with HEV technology.

This publication has been broken down into
anumber of sections, with arange of areas being
covered throughout. Thehistory behind HEVs will
be presented, providing a brief picture of the
technology. A discussion of what HEVs are, in
explaining the current HEV concepts will follow.
The motivations behind the move towards this
technology will be viewed; showing the reasons
why thistechnology isbeginning to grow in stature.
Thebreakdown of hybrid specific components will
be mentioned, and the differences between these
and conventional configurations willbe compared.
ThewayinwhichHEVswork willbecoveredalong
with the operating features of HEV configurations.
Currentand future HEV models areakeyarea, and
the market status is illustrated and commented
upon. There are comparative buyingissuesbetween
HEV anddiesel technologies, and these areanalysed
and discussed in detail near the end of the work.
The publication will conclude with a look at the
future trends and summarisation of the key ideas
behind this ever growing technology.

2.HEV HISTORY

The competition between vehicles powered
by electric and those powered by an internal
combustion engine (ICE)isnotanew scenario; this
antagonism dates back to as early as the beginning
ofthe 19® century. Between 1890 and 1905 ICEs,
electricvehicles (EVs), and steam powered cars




were all marketed in the United Kingdom and
United States. EVs were the market leader in the
United States at this time; mainly due to the works
of electricity pioneers such as Edison and Tesla.
Thelimitingrange of EVs wasnotabigproblemas
the roads linking the cities were not particularly
adequate for vehicle transportation.

It was evident that the use of batteries in
automobiles was going to pose limitations inrange
and utility of EVs. Dueto the energy advantages of
petrol powered vehicles over battery operation,
petrol became the dominate energy source overthe
next 100years, andis stillleading the waytoday. At
thetimemany automotivecompaniesdesigneddirect
ICE vehicles, but some tried to combine the
advantages of the electric vehicle with those ofan
ICE vehicleby creating ahybrid of the two.

The first ever HEV was built in 1898, and
there were several automotive companies who were
selling HEVsintheearly 1900s. The production of
HEVsdidnotlastthe course oftime duetosignificant
problems withthem. Henry Fordinitiated the mass
productionof combustion engine vehicles; making
them widely available and affordable within the
$455t0$911 price range (H» 375¢ to 750¢ with
prices taken from the current American dollar to
Euro conversionrate). In contrast, the price of the
lessefficient EVs continuedtorise. During 1912, an
electricroadstersold for $1,732 (1,425¢ ), whilsta
gasoline car sold for $547 (450¢ ) as illustrated by
About Inventors. Another problem was the
requirement forasmooth coordination between the
engine and the motor, which was not possible due
totheuse of only mechanical controls.

Since these early attempts, there hasbeena
rise inthe concern for global warming, a continual
rise in fuel prices, and the threat of oil reserves
drying upaltogether. Thishad led tointerestinmore
efficientand environmentally means of transport
again, particularly intheareaof HEV. Withadvances
in battery technologies and onboard computer
systems, the option of aplausible HEV hasbecome
reality, and anumber of models from the likes of
Honda (Civic and Insight) and Toyota (Prius)
havebeenavailable now since 2000.

There have been a number of prospective
designsand HEVshavebeen growingeversince the
inclusion of them onto the world market in 2000.
The increased interest along with legislative
movements has madeadvanced cleanand efficient
transportation notonly a vision for the future, but
one fortoday.

3.WHATARETHEY?

Forthe purpose ofthis work, the definition of
anHEV will be as follows:

«A Hybrid Electric Vehicle (HEV) is
powered by two ormore energy sources,
one of which is an electrical source.»

The two most common sources of power in
an HEV are mechanical (ICE) and electrical (from
batteries). The addition of an electric motorinan
HEYV means thatthe size of the gasoline enginecan
bereduced. The gasoline engine inahybrid ismade
to within the specification of the average power
requirements of the vehicle, rather than the peak
power, thisis because the electricmotor can provide
full operation at low speeds and an acceleration
assist when an extra boost of energy is required
(highaccelerations or climbing steep inclinations).
The combination of thesetwo power sources means
thatthe vehicle hastherapidrefuelling characteristics
ofanICE, and the energy saving capabilities of an
EV. The onboard electronics on an HEV can
determine whether the gasoline engine, the electric
motor, or even both are the most efficient means of
useatany giventime. Inaparallel configured HEV
this operationis evident, where boththe ICE and the
electric motor can provide propulsion powertothe
transmission. A series configured hybrid differs
slightly asthe ICEneverdirectly powers the vehicle.

HEVs do not need to be plugged into an
external source as all recharging is done whilst the
vehicleis in operation. Theelectric motoractsasa
generator through the process of regenerative
braking in order torecharge the batteries with the
energy which would once have been lost through
heat and frictional dissipation. Regenerative
braking occurs whilstthe vehicle is slowing down
orduring idle conditions, such as attraffic lights or
junctions. Through the combination of both the
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direct drive from the engine and the recaptured
energy through regenerative braking the energy
stored withinthe batteries will be a sufficientamount
for the vehicle to operate.
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Figure 1: Gas and Petrol Previsions (Source: Exxon Mobil
2004).

4.MOTIVATIONS

The objective of this sectionistodiscuss the
key motivations behind the introduction and
acceptance of HEVs. A selection of themotivations
to be discussed include; petrol dependency,
environmental concernsand emissions legislation.

4.1.Petrol Dependency
4.1.1.Resource Supply

Thereality that petrolis a finitenaturalresource
is a fact that is often talked about and commonly
over looked. It is an area which needs to be
addressed soonerrather than laterin order to shape
the future better in terms of moving away from our
dependence of this finite natural resource.

Infact, therehave even been predictions into
the forecasts of when this resource will eventually
runout. Hubberthasestablished himselfas a famous
analystdueto his successful predictions during his
career; one occurrence he rightly determined was
the peak inproduction of Americanoilin 1978. He
has proven that he has superior knowledge due to
the successful outcomes of his theories. Hubbert
hasalsopredicted thatin2019, global oil production
will have fallen by 90% of current rates [1]. This
could well be the situation we are heading foras all
of Hubbert’s models and theories to date have
been correct.
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Also, one of the biggest shifts over recent
times has been the increase in the price of fuel. In
fact, since 2001 crude oil prices have doubled [2].
With the rising uncertainty inthe Middle East, itis
becoming more of an issue to be less reliant on
supplies fromthis oil stronghold. Incontrasttothis,
the quick development of both China and Indiahas
provoked an increasing demand for crude oil.

Itcanbeseenthatinfigure I thatitis possible
to compare thenewly discovered oil (primarily in
Saudi Arabiaand Russia)is struggling to matchthe
increase in demand, particularly within the nextten
years; where demand will far out way supply. Itis
becoming imperative to move towards a more
efficientmeans oftechnology within the automotive
industry, inordertokeep all these dependences and
costs discussed here toa minimum.

4.1.2. Transportation Issues

Away from the on-road effect of which oil
has on vehicles, there is the issue of the safe
transportation of oil from overseas.

At3.15pmonthe 13%November 2002, the
single-hulled oiltanker Prestige loaded with 77,000
tonnes of residual heavy fuel oil, sentoutan SOS
message ata distance of 28 miles from Finisterre,
Spain. Itwasthenat 5 pm thatthe firstlitres of crude
oilbegan to pollute the Atlantic Ocean [3].

Since this disaster little has changed inlegal
terms surrounding this issue. The European Union
hashowever forbidden the entry of single-hulled
ships carrying heavy fuel into European ports. This
typeoffuelrepresents only 5% ofall the oil products
which enter Europe. Even withthese minor efforts
inplace, the International Maritime Organisation
(IMO) has already begun to criticise these timid
initiatives.

European coastlines have neverbefore seen
the catastrophe which led to over 2000 kilometres
of coastlinebeing affected by the oil slick. Hundreds
upon thousands of birds were covered in oil, and
eventothis date oilis still reaching the shores of our
European coastlines.



In order to prevent such occurrences from
happening again, itis crucial that the dependency
and thus mass transportation of oil to be reduced.
The Prestige disaster must serve as a constructive
lessonin order to lead and change the direction of
fueldependenceand transportation. Thetechnology
of HEVswilllesson the dependency on fuel, and
reduce the extent of thisrisk from happening again.
Itcannotbe guaranteed thatsuchan occurrence will
never happen again, despite the reduced amounts of
oilbeing shipped, however tighter control methods
willensure that such events would be very unlikely
to cause any serious effects to the level of the
Prestige disaster.

4.2.Environmental Concerns
4.2.1.Driving Trends

Driving habits have changed a tremendous
amountoverthe lastnumberof years. Accordingto
an EUreport, on average each European citizen
travels thirty one kilometres every day by car [4].
This figure has grown substantially over the last
numberofyears, from 23.5 km/day between 1991
and2001,and 16.6 km/day during 1985 and 1986
[4]. According to the same report, the average
number of occupants per vehicle is a lowly 1.3
passenger. Intheearly 1970s this figure was between
2.0-2.1,fallingto 1.5-1.6 during the early 1990s.

This decrease overtimeisaresultofincreasing
car ownership, extended use of cars for commuting
and acontinued decline in the size of households.
The average speed for example in Barcelonais a
mere 13km/h. In such crowded conditions HEVs
would work effectively within this environment. By
taking advantage of electric only drive, and the
recapture of energy through regenerative braking,
these necessary factors would deem the mass
inclusion of HEVsasuccessful venture. One quote
regarding driving trends and particularly theusage
of vehicles is «During 2,000 hours usage of a
vehicle in Paris, the average time the vehicle is
at a complete stop is 700 hours» [5].

4.2.2. Global Warming

The growingeffect of global warming isbeing
madeall the more worse with CO, emissions from
vehicles. Infact, CO, isthe primary greenhouse gas

which increases global temperature. The emissions
of CO, from vehicles are ahuge concern, and there
have been anumber ofresearch efforts whichhave
goneoninorderto fullybegintounderstand the full
extent of the problem [4],[6]. Asanexample, the
emissions of CO, from vehicle transportrepresent
48% ofthe overallamount of CO, produced inthe
whole of Spain. These scary figures need to be
controlled in order to preserve the environmental
safety of Spain and the rest of the world.

Increased global warming concerns have
coincided with the growing interestin HEV's, and
the developmentofimproved battery technologies
andintegrationenhancement. Developments ofthese
sophisticated computer systems will offer greater
efficiency benefits whilst providing a smooth
coordination between the two propulsion systems.
Advanced batteries such as nickel-metal hydride
(NiMH) can now provide much higher energy
densities and a longer cycle life. These features
when used withina HEV cansignificantly reduce
emissions of CO,.

4.2.3. Emission Legislation

Emissions legislation developments are
becoming a motivational development for the
technology of HEVs [9].Ithasbecomenecessary
to create a future regulatory plan to warrant a
suitably clean world to live in. The Kyofo protocol
is one of the main agreements which have been
agreed upon by the majority ofthe countries inthe
world. Thepactrequires that industrialised countries
mustreduce their greenhouse gas emissions to 8%
ofthoselevels during the 1990s, between the years
2008 and 2012 [10].

There have been differing approachesinthe
EU, US and Japan for the regulation of emission
laws. The greatestchange hasbeenregistered inthe
diesel segment due to the major pollution
comparisons which this has with gasolineengines. In
figure2theincrease inthe limits of diesel mechanics
from2000t02012inthe EU, US and Japancanbe
seen.

The furtherdevelopment of strictstandards in

the US musttake into accountthat the diesel market
share only represents 1 t0 2% ofthe total number of
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Figure 2: Emissions Limits Forecasts for Diesel Engines in Europe (Source: Ricardo Consolatory

vehicles sold, with themajority being imported from
European manufacturers suchas Volkswagen[11].

Europe has an established tradition behind
diesel technology, and itis not possible to follow
exactly the same approach regarding emissions
regulations as hasbeendone inthe US. In Europe,
targets have been set to lower the limits of CO,
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emissions to 140 g/Kmby 2008, and reduce these
still further to 120 g/Km by 2012. The current
averagelevels of CO, emissions stand at 162 g/km.

Clearly it can be observed that emission
legislation is becoming more and more focused on
improving the environmental state of the automotive
industry. Theadoptionofmore increasingly stringent



TABLE1

HEV BATTERY PERFORMANCES
Estimated Large-
No. Of 80% .
Max. Energy Max, Power Di scale Production . .
N scharges Before Anode Material Cathode Material
Battery Type Density (Wh/kg) Density (W/kg) Replagcemen ¢ Cost
(€ per kWh)
Lead-Acid (Pb) 35 150 1,000 51 PbO, Pb
Advanced Lead- :
Acid (Pb) 45 250 1,500 161 PbO, Pb
Nickel-cadmium .
NYCd) 50 200 2,000 250 Ni Cd
Nickel-metal 70 200 2,000+ 205 Ni Metal Hydride
Hydride (NiMH) g
Lithium-Ton 120-150 120-150 1,000+ 125 Carbon LiCoO;

Intercalation

Source: “The Electric Car: Development and future of battery, hybrid and fuel-cell cars”, by M. H. Westbrook, Report of the Institution of Electrica

Engineers (IEE), 2001.

laws will enable these targets to be met, and helpto
maintain the healthy state of the planet

4.2.4.Health Effects

There are a number of health complaints
which canbe caused by the emissions from vehicles.
Respiratory problems increase a person’s risk of
cancer-related death, and can also contribute to
birth defects ormake healthy active children 3 to4
times more likely to suffer fromasthma. These are
justaselection of problems which canstem fromthe
pollution from vehicles, particularly CO, emissions.
Even experts have forecasted a number of new
diseases provoked by the high concentration of
CO,[7].

Another form of vehicle related effect is
~ acoustic pollution. Loss of hearing, high blood
pressure, sleep deprivation, productivity lossanda
generalreductionin the quality oflife canall develop
from the noise of traffic. The greatest and most
concerning effects do stem from larger vehicles;
including buses and trucks. There hasbeenresearch
intothe inclusion of HEV buses, primarily withinthe
US, whichhas helpedtoreduce the problem caused
from conventional buses [8].

It can be seen that much sickness is caused
from the vehicles that people drive. A number of
governments worldwide have beguntorealise that
issues such as these need to be prevented. By
regulating tighter measures it will lead to more
efficientand environmentally friendliervehicles.

10

4.3.Conclusion

Inconclusion, itcanbe seen that the continual
rise in fuel prices during the nineties along with the
tax advantage of diesels has had a significant effect
onthesales of diesel vehicles, especially inthe EU.
However, onthe widerscale, itis becoming more
evidentthat global warming and vehicle pollution
are factors which need to be controlled better.
These concerns have to date provoked the
introduction of more hardened emission legislative
laws, especially for diesel vehicles. Inordertohave
alesserdependency on the increased price of fuel
and to operate a more environmentally friendly
vehicle the technology of HEVs would more
than help to satisfy these requirements.

5.COMPONENTS
5.1. Gasoline Engine

ThegasolineengineinaHEV is similarto that
foundinaconventional ICE vehicle. Gasoline engines
inHEVsareusually much smallerthan ones found
incomparable conventional vehicles. Largerengines
are primarily heavier, requiring extra energy during
accelerations or climbing inclinations; pistons along
withothercomponentsareheavierinalargerengine,
which decrease the efficiency and add to the overall
weight of the vehicle. The gasoline engine is the
primary source of power for the vehicle, and the
electric motor is the secondary source of power.
The Toyota Prius for example can operate in stand
aloneelectricmodeatlow speeds (usuallyupto 15
mph), and can offer assistance during heavy
acceleration or when a powerboost is required.
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Honda’sHEVsdonothave an electric-only
modeunlike the Toyota Prius, though during stops
atjunctionsandatlights the ICE automatically shuts
off, and only starts again the accelerator is pressed.
The Honda Civic incorporates Integrated Motor
Assist (IMA), which couples both the gasoline
engine and the electric motor, to offerboosts inboth
performance and fuel economy of the vehicle.

Studies have gone oninthe developmentof
ICEs for HEVsto further optimise the performance
ofthem; one suchstudy hasdeveloped an optimised
compressednatural gas (CNG) engine forahybrid
urbanbus[12]. Both gasoline and diesel engines do
haveanumberofadvantages overother competitors
and alternative technologies. Onekey issue is that
liquid fuelshave extremelyhigh energy densitiesand
canachievealongdrivingrange forarelatively small
storage tank. Another factor is that there are fully
established and functional infrastructures forthese
fuel types; it would costbillions of euros to make
changes to the current infrastructure in order to
introduce new technology types and alternative
fuels. These few advantagesalonemakeitadaunting
task forany alternative technology suchas fuel-cells
to be considered for the short and medium-term
solutiontoamore efficientand emissions free future
for transport.

5.2.Electric Motors

The electric motor is primarily used to drive
HEVsatlow speeds, and assistthe gasoline engine
when additional power is required. The electric
motor can even act as a generator and convert
energy from the engine or through regenerative
braking into electricity, which is then stored in the
battery. This functionality works as the electric
motor applies a resistive force to the drivetrain
which causes the wheels to slow down. The energy
fromthe wheels then beginto turn the electricmotor,
making it operate as a generator, converting this
normally wasted energythrough coastingandbraking
intoelectricity.

5.3.Generator
Inaseries configured HEV (discussed later)

only the electric motoris connected to the wheels.
A series HEV has a separate generator which is

RamMa DE EsTubianTes DEL IEEE pE BARCELONA

coupled with the gasoline engine. The engine/
generator setsupplies the electricity required by the
batteries, in turn feeding the electric motor. The
coupled generator and engine maintain the efficient
usage of the battery system during operation.

5.4. Energy Storage
5.4.1.Battery Technologies

Thebatteries are anintegral component within
HEVs. Electrical energy can be drawn from the
batteries to the electric motor; also this process can
operate in reverse by recapturing energy through
regenerative braking. The only time there is a
large requirement for electrical energy is during
electric only mode, the majority of the time the
electrical loads are easily managed within the whole
vehicular system. Dueto the high costincrement of
the battery for energy storage, it is far more cost
effective to use the engine as the primary power
source for the vehicle at higher loads, rather than
increasing theamount of energy storage. Continued
efforts must concentrate on improving the existing
battery technologies in order to make them more
efficient, rather thanjustincreasing theirsizestogain
a greater output. By improving the current battery
technologies which exist, the costs of HEVs willbe
kepttoaminimum, preventing them frombeingtoo
high forpotential customersto consider.

Table 1 displays the properties asregarding
thekey battery technologies for hybrid applications,
[13]. The following section will discuss the varieties
of battery chemistries available; comparing and
contrasting between the appropriate types, to
determine the most suitable technology forHEV
use.

a) Lead-Acid (Pb)

Lead-acid (Pb) batteries were invented by
Gaston Plantéin 1859 [13]. Gustavo Trouveé first
used them in a vehicle in France in 1881 by
demonstratingtheiruseinatricycle whichtravelled
at7mph. Lead-acidisstill themost commonlyused
electrical storage technology for electrictraction
applications today. One of the main factors in
choosing Lead-acidisthelowestcosting technology
compared to that of other battery chemistry types.
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However, duetotheirlow powerdensities compared
toother slightlyhigher densities offered by alternative
battery types, problems occur when thereisahigh
powerrequirement fortheir design. Inordertomeet
such high power demands largerbattery packs can
beconstructed, whichisnotthe optimal choice due
tothe inefficiencies caused by the increased weight
and cost of such a development. Lead-acid
technologies are not best suited to cold weather
conditions because the battery is severely affected
under low ambient temperatures of anything below
10 °C. By exposing this technology to such low
temperatures it can have damaging effects by
reducing both the effective energy and power
densities of the battery. A way in which to enable
this technology to work under such conditions
wouldbeto havebattery heating device in operation.
A heating device would be able to maintain the
temperature of the battery and allow itto operatein
this state.

Duetotheir costs, they are currently the most
sensible option to use in low power start/stop
systems, which do not require the need to store a
vastamount of energy. A simple idle-off system
would beanideal application forthis technology. If
therequirementhoweveris to achieve asignificant
amount of electric motor assist and regenerative
brakingthenanotherbattery technology arecurrently
moreviable.

b) Advanced Lead-Acid (Pb)

In order to overcome some of the pitfalls of
the conventional lead-acid battery type developers
have engaged in new techniquesinorder to produce
advancedlead-acidbatteries. Some ofthe methods
used include improved computer analysis and
enhancementstomodellingofthe urrentdistribution
inthe batteries.

The authors are members of the Technology
& Information Group (TIG); a research group
basedatthe University of Warwick hasbeeninvolved
inanumberofprojectsengaged inimproving current
lead-acidtechnologies. One project they have been
involved with was RHOLAB (Reliable Highly
Optimised Lead Acid Battery) [14]. The aims of
the project were to develop a traction battery
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suitable for use in an HEV such as the Honda
Insight. Instead of developinganew type of battery
technology, RHOLABtook the existing lead-acid
battery technology and developedit, so thatitcould
beused innew applications in vehicles ofthe future.
TIG 'skey contributions were with the application
of built-in intelligence, module design, case
development and the fabrication of a battery
management system (BMS). Building on fromthe
findings andexperience gained duringthe RHOLAB
project the ISOLAB (Installation and Safety
Optimised Lead Acid Battery 42V) project
followed inits footsteps. The ISOLAB projectaim
is to develop a battery capable of meeting the
electrical power demands of future vehicle, whichis
also able to support alternative installation and
packagingstrategies [15].

Research efforts in Lead-acid technologies
have helpedto improve the grid structure of current
configurations. Battery weights have decreasedon
the whole, which has resulted in lower internal
resistance which can achieve a better retention of
the active plate material. A specificexampleinthe
development of advanced lead-acid batteries is
the Valve-regulated Lead-acidbattery (VRLA).
The VRLA battery is the result ofa collaborative
effortbetween lead producers, battery manufacturers
and component suppliers formedin 1992; whom
joined forces as the Advanced Lead-Acid Battery
Consortium (ALABC) [16].

The key aspiration of the ALABC was to
improve the specific energy of these batteries,
improvingtheirrange percharge. Regardless of the
additional improvements, VRLA batteries still have
arelatively lowpower, density andcyclelife. Lead-
acid still has the potential of being a significant
battery technology, and there has been research
intothepossible future developments ofthe chemistry
[17].

¢) Nickel-Cadmium (Ni/Cd)

Nickel cadmium (Ni/Cd) batteries were first
developed in the early 20® century. They are
constructed ina cell configuration with a sintered
positive nickel electrode and a plastic-bonded
cadmiumnegativeelectrode. Thisbattery technology
has anenergy density of approximately 50 Whrkg
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and arelatively high power density of200 W/kg.
Thistechnology has sparked interestin thepast with
EV developers due to its capability to accept high
charge and discharge rates. One problem Ni/Cd
hasisthatsuch charge capabilities require theuse of
acarefully control management systemto control
thebattery’stemperature, voltage and time of charge
and this adds to the cost and weight of a vehicle
design. Ni/Cd batteries suffer problems when they
arenotdischarged orrecharged fully, as they tend
to remember state-of-charge (SOC) extremes,
meaning they behave as though they have less

capacity.

Due to the increased toxicity of nickel-
cadmium over lead-acid the technology is poor in
terms ofitsrecyclability. Cadmium productsneed
tobeclearly labelled in order to aware people that
theyneed toberecycled ordisposed of properly. If
this task isnoteasily achievable then thismust be
carried out by a professional. This along with a
number of other problems has inhibited the use of
this battery type and has made other battery types
amore viablemeans for HEV applications.

d) Nickel-metal Hybrid (NiMH)

Nickel-metal hydride (NiMH) hasbecome
the long-termreplacement fornickel-cadmium (NV/
Cd) batteries, and has appeared in a selection of
EVs that have recently been developed. NIMH
batteries maximum energy density of 70 Wh/kg s
20 Wh/kg greater than that offered by Ni/Cd types;
this is a valuable asset as the battery canbe of less
weightandstillachievethe performancerequirements
of the vehicle. NiMH can cope with over 2,000
80% discharges before needing to be replaced
whereas Ni/Cd needs to be replaced after a
maximum of 2,000 cycles. The other advantage
NiMH has over Ni/Cd is the factitis £30 cheaper
perunitcost (£ perkWh), this without the toxicity
problems of Ni/Cd [18]. NiMH batteries have a
greater power and energy density than that oflead-
acid types. They have been under development
since the 1970s. The energy density of NiMH is
roughly twice that oflead-acidbatteries, 70 Wh/kg
for NiIMH compared to 45 Wh/kg for lead-acid
[13]. Anotheradvantage isthatNiMH batteries can
be fully recharged within about 15 minutes.
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NiMH batteries are perfectly suited to high-power
hybrids, and have been the battery choice for HEV
models released to date, of which includes the
Toyota Prius, Honda Civic and the Honda Insight.
The key reasons why NiMH technologies have
beenused inthe development of HEVsratherthan
lead-acidisthey can offer higherenergy and power
densities, reduced size mass, longer cycle life and
lower costof ownership. All of whichisillustrated
inTable 1.

e) Lithium-lon

Lithium-ion batteries have an even higher
energy density than thatof NiMH batteries. NIMH
batteries can offer arespectable 70 Wh/kg, whilst
lithium-ion can offerroughly twotimes thatamount
ranging between 120-150 Wh/kg. Lithium-ion has
areasonably low maintenance, offeringanadvantage
that mostotherbattery chemistries cannot. Thereis
nomemory or scheduled cycling requirementsin
orderto prolong the overall life of the battery.

Despite the obvious advantages of lithium-
ion technology, a number of current drawbacks
prevent the technology replacing other current
chemistries. Lithium-Ionis a fragile technology,
whichrequiresaprotection circuitin ordertomaintain
the safe operation of the technology type. The
inclusion ofaprotection circuitdoeshoweverensure
thevoltageand currentlimits remain within theirsafe
limits. Lithium-Ionbatteries become susceptibleto
agingespecially whennotinuse, andare 40 percent
moreexpensive tomanufacture than Ni/Cd. Lithium-
IToniscurrently nota fully matured technology and
the chemistryis changing onacontinual basis. Itstill
requires huge developmentsincyclelife, durability,
and cost, before the chemistry could become
commercially viableandbe included in HEVs.

The developmentoflithium-ionsystemshave
already occurred in research attempts including
[19]and [20]. Lithium-Iontechnologiesare currently
used inanumber of applications including laptops;
cycle life of the chemistry type is expected to
improve within the near future. Looking atthe wider
scale, lithium-ion may not be the breakthrough the
automotiveindustryislooking for, whichisessentially
crucial in order to be able to reduce the cost of
energy storagein HEVs.
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5.4.2.Future Energy Storage

There are a number of demands fora HEV
energy storage system, anumber of which include:
high specific energy and powerto be able achieve
range and performance requirements, long cycle
and calendar life (comparable to that of the overall
lifeofthe vehicle), quickrecharge capabilities, high
efficiency, and low cost and maintenance free.
Technologies to date which have been deemed
suitable forthis applicationare lead-acid batteries,
nickel-cadmium batteries, nickel-metal hydride
batteries (covered in the previous sections),
supercapacitors, flywheels, and hydrogen storage
innanofibres and nanotubes. HEVs energy storage
technologies can be splitup into three main areas:
electrochemical buffers, electrical buffers and
hydrogen sstorage. According toresearch, the current
electrochemical battery options are being
implemented and are universally accepted [21].
The battery technologies currently leading the field
have already been discussed. Further storage
devices ofbothelectrical bufferandhydrogenstorage
types will therefore be discussed in this section.

The supercapacitor or ultracapacitor
(electrical buffer) is a storage technology which
stores a charge within a cell arrangement.
Supercapacitors are more commonly known as
Electric Double Layer Capacitors (EDLCs).
Energy is stored within a boundary layer that is
formed between the interfaces of a conductive
electrode and an electrolyte solution. The interface
oftheelectrode/electrolytehasavery small dielectric
thickness (a few Angstroms) and combined witha
material of high surface area can produce a low-
voltage, high-capacitive, energy storage capacitor.

Supercapacitors have alow resistance and
can therefore offer greater power and efficiency
compared to that of pulse batteries. They can be
producedinlarge cells, whichmake thema suitable
technology for automotive applications.
Supercapacitors have traditionally been created
with carbon electrodes which when treated can
offeraparticularly large surface area ofup to 2,000
square metres per gram. These electrodes are
typically combined with dilute sulphuric acid
electrolytes. The benefits of using an aqueous acid
suchasdilute sulphuric acid arethat they offerhigh
capacitance and power density. A salt solution
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however, can be used instead if there is a higher
preference fora greater energy density than power
density. Withina supercapacitor cell the electrolyte
is in intimate contact with the electrode of high
surfacearea. Thevoltageofthecellis limited tojust
over one volt in order to avoid any chance of
decomposition ofthe waterin the dilute electrolyte
tooxygenand hydrogen.

Thesole use of supercapacitors for the power
requirements of anelectric vehicle ofany formseem
to be a number of years away; due mainly to the
considerable development requirements of the
technology. Supercapacitors would howeverbea
more than viable means to operate in combination
with existing batteries due to their high power
densities. Supercapacitors can now offer power
densitiesupto4kW/kg, whichis 16 times thatofthe
closest battery power density of 250W/kg for
advanced lead-acid types. The combination ofthe
two would work well together as batteries tend to
havehigh specific powers butamuch lower power
density. These benefits along with the factthey are
relatively inexpensive, can be recharged easily
(externally or through regenerative braking) and
that they require no maintenance because their
deteriorationovertime is farless thanthat ofexisting
battery technologies; making them a serious
consideration when developing such vehicles.

The flywheel energy storage system is a
mechanical devicewhich canberegarded as another
electrical buffer, which stores kinetic energy within
a rapidly rotating wheel rotor. They contain no
hazardous chemicals, and are notaffected by high
rises intemperatures, unlike some battery technology
types.Flywheels are atechnology which hasbeen
around foranumber of years, but with performance
capability developments, haverecently beenableto
compete with electrical battery storage systems.
Currently prototype flywheels are considered too
largeand heavy for smallHEVs, althoughefforts are
currently being made into being able to produce
new lightweight, highstrengthmaterials for flywheels.
However, due to the level of complexity, and the
costs in producing an efficient unit may exclude
thereuse in hybrid vehicles altogether.

Hydrogen storage technologies are the other

key areainfuture storage options. Primary Hydrides
(the Millennium cell) are based on the reaction
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between aqueous alkaline sodium borohydride and
high surface areametal catalyst. Thereaction within
this cell is easily controlled as hydrogen is only
producedboth the catalystandreaction solutionare
incontact. Current limitations are thatraw material
costs are quite high, however plans are currently
being put into place to recycle the sodium
borohydride tomake the process cheaper. Although
the cost of the materials for this technology is
considered high, the principal concemis overboth
the control and safety of suchasolution. Tobeable
to be considered a practical solution for HEVs,
improvements mustbe made inthe possible effects
caused by the rise in temperatures, in order to
preventrunaway reactions.

Carbon Nanotubes/Fibresresearchhas been
activeinanumberofinstitutions including: DERA,
Loughborough University, North-eastern
University (USA) and Mannesmann (Germany).
This technology is still only inthe research stages,
but so have the potential for very high storage
densities. Carbonnanotubes dohave alower energy
than that of nanofibres. The reaction between
hydrogenand ethane/carbonmonoxideoverafinely
divided catalystbed produces carbon nanofibres. It
is during the reaction that hydrogen is absorbed
onto the catalyst. The exact carbon nanofibre
structure is reliant upon the reactant gas and
temperature of the catalyst. Throughexposing carbon
nanofibres to hydrogen at high pressures in the
region of 120 bar, the absorption of hydrogen
occurs.

By looking at the possibilities for the short tolong
term solution for energy storage systems in vehicles,
itcan be seen that there are many possible routes in
whichtomovenext. Currentelectrochemical battery
options seem to be the optimum choice for current
vehicles, but with improvements in the other
technology typesdiscussed, there seems as though
there will be ashiftin the approachtoenergy storage
inthe future.

6. HOW HYBRIDS WORK

6.1 Operating Features

6.1.1.Regenerative Braking

Rama pE EsTupiantes DEL IEEE pE BARCELONA

Regenerative brakingisanadvanced feature
inan HEV which allows the electricmotortoactas
agenerator in order to recapture energy that would
once have been lost through heat dissipation and
frictional losses.

a) Physical Brief

As any body, an HEV follows the rules of
physics; equation 1:

F=ma (1)

Where F'is the force being applied, mis the
mass (the vehicle mass in this case), and a is the
acceleration ofthe vehicle. In simplified terms, the
faster you want an object to accelerate, the more
force youhavetoapplytoit. These basic principals
relate straight back to the configurationofan HEV.

Concentrating on the electric motor first,
energy fromthebattery is applied tothe coil windings
withinthe electric motor. A magnetic force isthen
produced on the rotor of the motor, causing the
production of torque on the output shaft. The
generated torque is applied to the wheels of the
vehicleviathecoupled gears and shafts. The wheels
then rotate; applying a force to the ground in the
process. This force is due to the friction between
both the wheel/s and the ground, enabling the
vehicle tomovealong the surface.

b)Regenerative Braking Concept

The matterof frictional loss notonlyneeds to
be considered for conventional vehicles, but for
HEVsas well. Inconventional vehicles torque is
generated in orderto move the wheels todrive the
vehicle on the road. During driving operations,
friction is generated and losses occur. Through
applyingthebrakes, the specially designed material
inthe brake pads, isabletohandle the heatincreases
through friction applied to the drums and rotors
preventing the wheel from turning. A conventional
vehicle has frictional losses in order to move the
vehicle, and uses friction in orderto stop the vehicle.
Sothe situationcanberegard as alose/lose situation.

When considering the frictional losses within a
HEV, thereare frictional losses all throughout the
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system. Thereisresistance between the electrons of
the atoms moving in the wires between the electric
motor and the battery, and through the electric
motoritself. Produced magnetic fields incur friction
in the metal laminations making up the magnetic
circuit with the electric motor. There ismechanical
friction between every mechanical moving partof
the system, including gears, chains and bearings. As
mentioned previously the by-product of friction s
heat, and the higher the frictional force the greater
theresultant heat. The consequence of the sum of
the frictionallosses, determinesthe overall efficiency
ofthevehicle.

Theefficiency of HEVsis greater than that of
conventional vehiclesinthe respectthat HEVscan
reclaim energy which would once have been lost
through regenerative braking. The inertia of the
vehicle is the fundamental factor in being able to
reclaimthe energy back intothebatteries. Instead of
using the full potential of the brakes of the vehicle,
HEVsallow the linkages back to the electric motor
such as the drive shafts, and gears transfer the
torque from the wheels back to the electric motor
shaft. Electricmotors can transfer electrical energy
into mechanical energy and back again, and inboth
case canbeachieved very efficiently. The wayin
whichelectricity isreproducedis throughthe magnets
on the shaft of the motor moving past the electric
coils ofthe statorin the motor, passing the magnetic
fields ofthe magnets through the coils. Electrical
energy is then fed back into the battery, in turn
charging up the hybrid battery pack.

Thereare two forms of regenerative braking
which are parallel vegen and series regen; this is
notrelated to parallel and series configured HEVs
(explained later). The forms are dependant on how
many wheels arebeingused toreclaimthe energy.
The most common approach in vehicles is that the
frontwheelsarethe only wheelsreclaiming energy.
Energy is still lost in this case through the back
wheels as before through minor heat dissipation,
unless they are somehow connected back to the
electricmotor. The otherkey determinant factoris
the battery state-of-charge (SOC) and how hard
the energy is being driven back into the battery.
Overall, theregenerative braking process is highly
advantageous as it eliminates the need foralarge,
on-boardelectrical generating system, like the ones
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which have appeared on most parallel hybrid
gasoline-electricdrivetrains.

6.1.2 Planetary Gear Set

The Battery Management System (BMS)
can beregarded as the brains of a hybrid system,
butitisthe planetary gear set which manages the
physical interaction between the engine, electric
motor and additional generator. The planetary gear
set is a feature which appears only in parallel
configured HEVs; itisnotpractical foruseinaseries
configuration dueto the coupling ofthe ICE and the
electricmotor/sintheparallel configured HEV. The
planetary gear seamlessly harnesses and transmits
power from the electric motor (high-speed), thus
enablingamore compactand powerful motor. This
results inamuch longerlife, fewer frictional losses
and quieter driving.

6.1.3. Continuously Variable
Transmission (CVT)

The Continuously Variable Transmission
(CVT)furtherenhancesthe performance of aparallel
configured HEV. A CVT offers the same potentials
asaparallel HEV, offering increased fuel economy
and minimising emissions in the process. The
combination of the two is therefore a sensible and
advantageousoptiontoemploy. Unlike conventional
vehicles which have a fixed gear ratio typically
offering 4 to 6 gear options, the CVT inan HEV
allows for an infinite number of transmission gear
ratios within the limits of the device. This is
advantageous as it maximises the efficiency of the
powertrain whilstallowing the drivertohaveamuch
smoother ride, thanks primarily to jolt-free
acceleration. Themainreasons behind moving from
manual to CVT is so that the engine will always
operateatits optimumregime and throttle-positions,
whilst adapting to the varying road conditions and
power demands. Currently, conventional vehicles
donotmake use of CVT, onereason for this is that
itsbelt-driven orientation limits itapplication with
vehicles of engine sizes over 1.2 litres; making a
number of conventional vehicles incompatible with
thistransmission type. Otherdisadvantagesinclude
itslarge size and weight. However, developments
are aiming to decrease these effects and make the
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CVT amore viable means of transmission for all
vehicle types in the future.

6.1.4.Integrated Motor Assist (IMA)

The Integrated Motor Assist (IMA) system
owes much of'its remarkable performance to the
application of numerous technologies developed
overthelast fourdecades. Honda forexamplehave
used their knowledge in lean-burn combustion,
low-emissions, variable valve timing, highefficiency
motors, regenerative braking and nickel-metal
hydridebattery to theiradvantage indeveloping the
IMA system for their Insight model. Their aim was
to make the world’s most fuel-efficient gasoline
powered automobile. Honda optimised the
performance of each ofthe technologies within their
knowledge base to create an efficient, lightweight
and compacthybrid drive system. The advantage of

the energy generated during the braking cycle is
recovered for storage in the batteries.

The IMA in the Honda Insight boats an
impressive 24 percentimprovement in efficiency,
which also combines with the factthat the Insight
also meets California’s stringent Ulfra-Low
Emissions Vehicle (ULEV) standard. Another
advantage ofthe IMA systemisit’s capabilities for
long-rangedriving. The Insight cantravel inexcess
of 600 miles; all on asingle tank of gasoline (10.6
gallon)[22].

6.2. Battery Management System (BMS)

Theprimary goal ofthe Battery Management
System (BMS) is to increase the cell life of the
batteriesinaHEV. More commonly referredto as
the Electronic Control Unit (ECU), it manages

,

‘ birection of Briven Power [0

» Regenerative Braking

Battery Management System

Figure 3: Series Configured HEV

suchasystemisthatitis easy for customerstouse,
and requires no changes inlifestyle either.

The key part of the IMA system is the
intelligent power unit (IPU), which controls the
flow of electricity to and from the motor, and
controls the storage of the electrical energy in the
battery pack. During deceleration and braking, the
electric motor acts as a generator, in order to
recharge the battery pack. More than 95 percent of

Rama pE EsTUDIANTES DEL IEEE DE BARCELONA

the power flow between the generator, battery and
the electric motor. By keeping a constant monitor
overvariousdriving conditions, theBMS allowsthe
transmission to gain optimal power and fuel
consumption from the powertrain. The BMS
manages the interaction between the battery and
electricmotor, optimising the movements between
both inthe process [23].
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7. CONFIGURATIONS
7.1. Series HEV

In a series configuration HEV the engine
never directly powers the vehicle. The concept of
theengineistoinitially charge alarge battery pack,
which in turn will power the electric motor in order
toprovide power to drive the wheels with orwithout
the transmission. Observing the components of the
series configured HEV the list featured in figure 3
areas follows: component 1 isthe fuel tank, 2 isthe
ICE, 3the generator (optional inaparallel configured
HEV), 4 thebattery, S the electric motor (can also
operate as a generator when none is present) and 6
the transmission.

Thereareanumberofdisadvantageshowever,
associated with the series configuration. The series
configuration requires an alternator-rectifier, which
is not needed in a parallel configuration. The
alternator-rectifierconvertsthe AC electrical power
into a form which s suitable foruse in the electric
motor. Thetotalsystemefficiencyisreduced dueto
the conversion of mechanical to electrical power
and back to be stored when converted in order to
drivethe wheels. Therehavebeenalotofsimulation
efforts gone on with series configured HEVs in
order to fully optimise this configuration of the
drivetrain[24]. Improvements withthis configuration
makeita viable configurationto be considered for
future HEV models.

TABLE 11
DRIVING RANGES FOR A SELECTION OF CURRENTHEVS

Model Max. Range (km) Max. Range (km)
(City) (Motorway)
Honda Insight
(Manual) 1,033 1,150
Honda Insight
(CVT) 960 950
Honda Civic
(Manual) 970 1,075
Honda Civic (CVT) 1,033 1,150
Toyota Prius 990 856

Source: “Technology Snapshot”, by Thomas J. Gross, An introduction
by the U.S. Department of Energy to commercially available vehicle

technology,
and Renewable Energy.

The electronic controls monitor the electric
motor to ensure the accelerating up to passing
speeds is both quick and smooth. As previously
discussed, the operation of regenerative braking
is shown by the light grey arrows in figure 3. The
direction of driven forceis also shown as the darker
selection of arrows. An advantage of a series
configured HEV isthatitis possible to run the ICE
ata constantspeed whilststill being ableto share its
electrical output to charge the batteries and supply
thepowertothe wheels; minimisingthe emissions of
thevehicle.
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United States Department of Energy,

Energy Efficiency

7.2. Parallel HEV

Theengineinaparallel configuration connects
straight to the transmission as does the electric
motor. Likethe series configured HEV ithasasmall
ICE that works in parallel with an electric motor.
Duringlessintensive power cyclestheparallel hybrid
canutilise the engine in charging the battery pack,
such as when cruising at freeway speeds. Parallel
configured HEVs have the ability to turn off the
engineand run purely offthe electricmotor for short
urbandriving. Thus, behaving as a fully functional
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EV,andbecoming virtually emissions free during
these periods. This can not be achieved with the
seriesconfiguration asthereisonly adirectlink from
the ICE to the transmission via the electric motor.
Therange ofaparallel configured HEV is over 640
km, whichis the limited foraseries configured HEV.
FromtableIlitcanbe seenthatthe drivingrange has
been well in excess of this figure in the first three

mechanical energy the systemis farmore efficient
thanthe series HEV, whichrequires two.

The one big disadvantage with a parallel
configured HEV however, is thatthe ICE can only
be mountedina few very well defined positions in
ordertoenable thedriveto be mechanically coupled
with the powertrain. This also affects other ICE

I- tirction of Briven Power [ - ;:} o
-

Battery z System

Figure 4. Parallel Configured HEV

HEV models onthe market; satisfying the majority
of all journeys. Figure 4 has the same list of
components as the series configuration, with the
addition of the ICE being able to operate the
transmissiondirectly.

The mechanical output from the ICE ina
parallel configured HEV can be controlled by a
continuously variable transmission (CVT)witha
clutchand athree-way gearbox; anumber ofstudies
ofwhichhavelooked into optimisingand developing
this process [25]. The three-way gearbox operates
in such a way that it is capable of transmitting
mechanical powerin eitherdirection in order forthe
disengagement ofthe clutchbetweenthe CVTand
the gearbox to allow for fully regenerated power to
bedirectly stored in the battery by passing through
the electric motor/generator.

There are a few advantages a parallel
configured system has overaseries configuration.
Firstly, unlessthebatteryis low of chargethe engine
noise is kepttoabare minimum because the engine
is only operating when the vehicle ismoving. As
thereis only one conversion between electrical and
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vehicles, butitis farlessrestrictive than for parallel
HEVs. Also, since the engine speed varies more
withinaparallel configurationthe emissions willbe
slightly higherthan whatyou would have inaseries
configured arrangement.

7.3. Start/Stop Hybrids

A Start/Stop hybrid can not be considered
asatruehybrid vehicle, since theelectricity fromthe
battery packsis notused to propel the vehicle. Itis
a useful transitional technology type which has
helped to boost energy-saving building blocks for
hybrid vehicles which have followed on from this.
Start/Stop hybrids conserve energy by shutting off
the ICE during rest periods. The ICE will then
restart when the driver pushes the pedal again to go
forward.

During the initial driving phase the ICE only
starts when the vehicles hasbeguntomove froma
rested state. Whilst the vehicle 1s pulling out the
electric motor/generator uses electricity fromthe



battery toinstantly startthe ICE. The ICE isthe only
power source of the vehicle.

During the braking phase ofthe vehicle, the
start/stop vehicle uses a combination of both
regenerative and conventional friction braking
inorderto slow the vehicle. These features are also
offered by full hybrids, which is why some would
consider the start/stop optiontobe an HEV.

7.4. Summary

Theshift fromtraditional ICE vehicles towards
the future prospect of fuel-cell vehiclesis illustrated
in figure 5. It is important to understand that the
majority ofthe vehicles have already beena success
in the world market, and the shift in propulsion
sources each time, have made the vehicles more
efficientandenvironmentally friendly. Itis important
tomaintain this shift within the automotive industry,
and inspire otherindustries to follow inthe same line
toprovideacleaner future for the planet.

8. HEV MODELS
8.1. Honda Insight

The Honda Insight was the first HEV to be
sold in the US; released in December 1999. The
Honda Insightis aparallel hybrid which combines

s

anadvanced powertrain with light-weight materials,
helpingittobeaerodynamic and ultra-low emissions.
The core of the Honda Insight system is Honda ’s
Integrated Motor Assist(IMA™), whichcombines
a 1.0-litre, 3-cylinder engine and an ultra-thin
permanentmagnetelectric motorinordertoachieve
efficiency. The Honda Insight can achieve 68 mpg
inthe city and 61 mpg on the motorway [26]. Other
reportsregard these figures as questionable as other
suggestions state the vehicle can only achieved 47
mpg[27]. Itisimportant to compare the differences
in the fuel economy estimates between various
sources, as this is one of the key selling points for
HEVs. Withsuchdifferences in estimated values, it
putsinto question whetherthe measuring processis
legitimate or not. This needs to be considered in
order for HEVsto gainastronger market share than
they already possess.

The Honda Insightsold nearly 5,000 models
within its first year. These sales are the second
lowest figures among the 14 models of Honda,
which are currently available in the US, which is
expected due to the overall market share HEVs
currently have in the market in general. Honda s
best selling car being the Accord (38,000 sales in
March2000). The driving conditions of the /nsight
are very similar to any comparable conventional
car, but you must remain in gear whilst slowing
downinordertorecover energy. The brake pads
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Figure 5: Hybrid Types and Configurations
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TABLE 01
CURRENT AND FUTURE HEVs

Vehicle Type Manufacturer Model Relliz::;sfi{)‘;et‘e:ted HoEr:egpi:)lvever E;Ies::iecpl;?et: i Hori:;:)wer
Compact / Sedan Honda Insight 2000 65 hp 13 hp 71 hp
Toyota Prius 2000 76 hp 67 hp 110hp
Honda Civic 2003 85 hp 13 hp 93 hp
Honda Accord 2005 240 hp 16 hp 255 hp
Lexus GS 450h 2006 - - -
Ford Futura 2006 - - -
Nissan Altima 2007 - - -
Chevrolet Malibu 2007 - - -
SUVs / Minivans Ford Escape 2004 133 hp 94 hp 155 hp
Lexus RX 400h 2005 211 hp 167 and 68 hp 268 hp
Toyota Highlander 2005 - - 270 hp
Mercury Mariner 2005 - - 155 hp
Sarurn VUE 2006 - - =
Chevrolet Tahoe 2007 - - -
Dodge Durango 2007 - - -
GMC Yukon 2007 - - -
Toyota Sienna Minivan 2007 - - -
Audi Q7 2008 350 hp 44 hp
Porsche Cayenne 2008 - - -
BMW X3 - - - -

Source: Hybrid Electric Vehicles - A General Review, John E W Poxon 200S5.

will last longer than those of a comparable
conventional vehicle; due primarily to the onboard
regenerative braking.

The Insight has an 8 year warranty on the
majority of the powertrain,and a3 yearwarranty on
therest ofthe car. Boththe motors and the batteries
ofthe Insightrequireno maintenance over the entire
life ofthe vehicle. The current price of which youcan
purchase a Honda Insight is $19,085 (15,705 ¢).
The Honda Insight is not currently available in
Europe, it is only currently selling in the US and
Japan.

8.2. Honda Civic

The Honda Civic Hybridwas firstreleased
inthe US in March 2002. The Honda Insight was
the first vehicle to introduce Honda ’s Integrated
Motor Assist(IMA™) system. The IMA systemis
themotor generator systemwhichpowersthe vehicle.
Hondaused the lessons learntin HEV controland
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strategy fromthe Insight, and improved them for
their Civic model. The Honda Civic, a parallel
HEYV incorporates the second generation of IMA.
The new IMA system combines a 1.3-litre, 4-
cylinder i-DSI (intelligent Dual and Sequential
Ignition) gasoline engine with a 10 kW ultra-thin
permanentmagnetelectric motor.

During 2003 the Honda Civic Hybrid set
consecutiverecords duringMarch, Apriland May,
andsales during 2003 were up by nearly 20 percent
compared to those figures obtained during 2002
through tothe end of May. Work has gone into the
further development ofthe powertrain for the Honda
Civic, by improving the engine; with increased
motor torque, higher efficiency andimproved CVT
[28].

The Honda Civic hosts acomputer control
system which manages the power of the motor,
charging system and nickel metal hydride (NIMH)



batteries. The i-DSI gasoline engine isresourceful
duetoitslean-burning combustion technology with
two spark plugs percylinder. The cylinderidling
system helps to improve the regenerative braking
capabilitiesofthe vehicle; whilstidling ordecelerating;
moreenergy isrecaptured by the electricmotor and
stored in the batteries.

The Honda Civicboosts a 40 percent better
fuel economy than that of a comparable Civic
Sedan; achieving 51 mpginthe cityand46 mpgon
the motorway. The vehicle meets the u/tra-low
emissions vehicle (ULEV) standard, by keeping
NO belowrequiredlevels. TokeepNO_emissions
within the ULEV, Honda developed a NO,
absorptive catalytic converterwhichused amixture
of platinum and other metals to attract the NO,
moleculestoits surfaceduringleancombustion. The
storedNO _ is converted into harmless nitrogen and
water by regenerating the catalystonaregularbasis
by changing the engine fuel strategy to a slightly
richerrun (more fuel and less air). Youcandrive the
Civic Hybridforupto 1,033 km (asshownin table
Il)onasingle tank of gas; generating in the process
50-80 percent fewer emissions compared to thatof
astandard five-passenger car. The price at which
you can buy a Honda Civic stands at roughly
22,200¢ .

8.3. Toyota Prius

The Toyota Prius was in fact the first mass
produced HEV inthe world. During 2005, Toyota
has currently imported 1,000 Prius models per
month to the US from Japan, and sales are at their
highest in Southern California and the Pacific
Northwest. The main objective ofthe inclusion of
the Prius was toreduce exhaust emissions inurban
areas, and in order for Toyota to accomplish this
they designed and created a parallel hybrid
powertrain. It boasts some of the benefits that
wouldbeachieved fromboth aseries and aparallel
hybrid; named aptly the Toyota Hybrid System
(THS)[29].

The Prius uses a power split device which
allows the engine tobe atits most efficientload and
speedrange for the majority of the time. The Power
SplitDevice (PSD)isregarded asthe heart of the
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Prius, and allows the car to operate with the benefits
of eitheraseries orparallel hybrid. The PSDiscan
alsobereferenceasthe CVT, howeveritisnotthe
usual type (Cone and Belt) found in traditional
vehiclesand otherHEVs. Alternatively, thisCVTis
referred to as the planetary type, due to the orbital
movements of the components withinit.

Away from the purely hybrid benefits, the
Toyota Prius is considered even more
environmentally friendly as it is made from 90
percent recyclable materials. The ICE and the
electric motor are connected to the wheels by the
same transmission. The Prius canachieve 52 mpgin
the city, 45 mpg on the highways and can go from
0-60 mph in 14 seconds. However, Consumer
reports magazine say thatundertesting the Toyota
Priusitachieved41 mpg[30]. Again, stressing the
factofthe variability insuch estimations. The current
sales price of the Toyota Prius s 25,912¢.

8.4. Current and Future Models

The importantthing to consider forthe latest
HEV models intothe marketis the shift towards the
premiumrange of vehicles (TableIIT). Theinclusion
ofthe Lexus RX 400h at the beginning 0f2005 has
made it the world's first luxury hybrid vehicle. The
LexusRX400h will further gotowardsbreaking the
EV minded vehicle buyers by offering a substantial
268 hp. With increasing movements towards the
premiumend ofthe market, the commercial success
of HEVs and 4x4s vehicles as a whole is sure to
grow.

Infact, eventhe European car manufacturers
suchas Audi, BMW orPorsche who were reluctant
to develop HEVs, will soon begin to offer this
technology insomenew models. Volkswagen will
alsodevelopaHEYV for the Chinese marketbefore
the next Olympic Games (2008) which will be
celebrated in Beijing.

Thesenew planned models willincludenovel
solutions such as the supercapacitor technology in
the BMW X3 hybrid. Also, the integration of solar
cells into the open sky system (the SUV's large-
format glass sunroof) in the new Audi Q7 hybridin
orderto add another source of energy.
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Emit less climate changing CO,

9.HEVMARKET STATUS

The objective of this sectionistodescribe the
current market status of the European, US and
Japanese markets for HEVs. Figure 6 displays
graphical representations of the predictions foreach
marketinordertoillustrate the following trends.

9.1. European Market

Due to the healthy diesel tradition and the
permissive policies inemission legislation in Europe,
HEV sales have not been as substantial as those
currently inthe US. Anotherreason forthis is that
Europeans are notas excepting for hybrids as the
US have currently been. Some Europeans have
refusedtobelieve inthe hype behind this technology;
howeverthis is due to change overthe nextnumber
of years. For these reasons the European market
willneed more time in order to get the aggressive
incline like the Japanese and US markets have
already witnessed (figure 6). Toyota does hopeto
sell between 15,000 and 20,000 Prius' in 2005,
aiming to capture 0.11% of the European market.

9.2. USA Market

Would you recommend your
hybrid to a friend?

Reasons you bought a hybrid?

Pollute the air less

——

Appealing technology

Save money on gas |—

Since the introduction of hybrid cars in the
USmarketin 1999, sales have had arapid increase,
asshownin figure 6. These sales have grownby an
average annual rate of 88.6% from 2000 to 2003,
according to Michigan-basedR.L. Polk & Co.In
contrast, accordingto 4B/ Research,in2006 HEV
sales will represent 10% ofthe 2 million midsize
vehicles sold annually in the US market [31].
Undoubting, lookingat figure 6 it is clear to see that
this market along with the Japanese has the most
potential riding onit.

9.3. Japanese Market

In2003, HEVswereposition thirdinJapan’s
Automotive Emerging Technologies Study [32],
based onconsumer familiarity, interestand purchase
intent. The two features which came in front of
HEVs were navigation and night vision systems.
However, the HEV technology leaped to first
position within the same study the following year.
This fact illustrates the importance that the main
Japanese car manufacturers (Honda and Toyota)
haveinhybrid vehicles becoming asignificant share
of the worldwide automotive industry. The
resourceful commitment by both Hondaand Toyota
has had positive affects on the final Japanese
customers, as illustrated in figure 6. Toyota has
even begun to suggest in many congresses that

What do you like least?

| [e%]

R

Figure 7: Hybrid Drivers Survey (Source: Oregon Environmental Council 2003)
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theforecast of HEVs will be a 90% share of the
Japanese marketin2010.

10.BUYING ISSUES - HYBRIDS VS.
DIESELS

When a customer goes outto buy anew car,
there are anumber of factors which can determine
which vehicleifany they willbuy. Customers have
differing priorities which could be based on their
country’s culture, past experiences, costs, and/or
his/her own personal preferences. Many customers
thoughhave become more aware and are starting to
consideralternative technologies as apposedto the
more conventional ICEs. Foranumber of reasons
customersare considering alternativessuchas HEVs
and diesel vehicles. The main issues taken into
account when considering the purchase of such
vehicles areanalysed in the following section.

Although Biodiesel is not areality yet, the
current diesel technology isthe mainalternative to
hybrid technology. Diesels have the advantage of
being fully established and are currently of lower
costthan HEVs. Duetothesereasons, the arguments
are goingtobepresented asacomparison between
hybridsand diesels.

Four key factors regarded in this paper for
buyingan HEV are; cost, driver surveys, benefits
legislation and image. The lastissue is discussed
within the subsection environmental concerns
presented in the third section. Notwithstanding, it
will be considered from another pointof view.

10.1. Costs

One of the most important factors when a
customer wishes to buy a car is the associated cost.
Economics maybethebiggest obstacle inaccepting
hybrids. Table IV illustrates an estimation of the
addedretail price foravariety of HEV configurations.

Atafirst glanceitcan seem veryhigh price,
especially ifthis cost is compared with the diesel
costs (Table V). However, according to the
consulted sources, and for the European and US
market, the diesel technologymayrise over the next
few years due tothe increased manufacturing costs
and the development of costlier pollution control
systems [33]. This estimation is based on the most
likely future legislation which will establishamore
restricted pollution limits, and the fact that diesels
willaimtohaveloweremissionsthan HEVs withthe
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inclusion and development ofbiodiesel. Overthe
lifetime ofaHEV the customerwill save money on
fuel expenditure, which help top balance out the
initial offset of costs concerned and offer incentives
intothe purchase of HEVs. For example, one can
claim $2,000ifhe buysahybrid carcertified by the
IRS (for example: Toyota Prius, Honda Insight
and Honda Civic Hybrid) during 2004 and 2005
in USA; this deductionis going to drop to $500 in
2006 [34]. On top of the offered incentives, there
aremany states which offeradditional incentivesto
this state deduction [35]. In [36], it is possible to
check the different incentives in Europe. In the
particular, in the Spanish case, the subventionis
reduced to Castilla Leon where itis able to geta
maximumreduction of4,800.

TABLEV
ESTIMATED ADDED RETAIL PRICE FOR DIESEL ENGINES

Midsize &

Small Cars Large Cars
2005 $1,750 $2,300
2008 $2,280 $2,925

Source: “Future Potential of Hybrid and Diesel Powertrains in the US
Light-Duty Vehicle Market”, by David L. Greene, K.G. Duleep, and
Walter McManus, Report to Department of Energy, July 2004.

Concluding, the US is strongly gamblinga
number oftheir resources in the hybrid technology,
whichisundoubtedly benefiting the rise in sales,
along with the overall potential of the market.
Whereas, European countries donothaveacommon
benefitpolicy regarding thisissue, and as far, have
provoked a sales deadlock in favour of the diesel
market.

10.2. Hybrid Drivers Surveys

Anotherimportant factor when evaluatingthe
potential buying of an HEV is the opinion of the
current hybrid drivers. These kinds of statistics
show the grade of happiness of the customer,
offering potential customers the chance toknow the
weak and strong points. The Oregon
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Environmental Council(OEC)didasurveyinlate
2002 and early 2003, expecting to receive the
feedback of 596 hybrid owners [37]. The results
that they published are provided in figure 7. The
results fromthe Oregon survey couldrepresent the
general view of HEVsin the US; as there isnota
substantial difference with the views of driversin
other states withinthe US. '

Atafirstlook fuel saving could be the most
popular answer to the question «Reasons you
bought a hybrid?». Thetruthisthatitobtainedan
impressive fourth position withavote of 71 percent.
Accordingto this survey, pollute the air less, emit
less climate-changing CO,, appealing technology
are considered the most valuable advantages for
hybrid owners. Therefore, the environmental
motivationis theunique hybrid selling point. Thisin
factis amarketing issuerather thanatechnical one
astheincreasein CO, emissionsisequivalenttothe
decrease in fuel consumption. (CO,t =>kml™'}).

10.3. Image

The image or background perceptionthata
customer has ofaprospectiveproductis animportant
factortotake into account. In fact, the companies
are investing more and more into improving the
advertised image material.

Dieselshaveinthepastandstill slightlytoday,
sufferseveralimageproblems. Aswell asthenoisily,
underpowered and smellrelativeto gasoline vehicles,
thepollutionis presented asthemostunpopular. An
example ofhow significantthe pollutionproblemstill
is for current diesel will be provided; Accordingto
EPA’s Air Pollution Scale (1 to 10 being the 10
lowest pollution), the diesel Volkswagen Golf1.9
(105 CV) obtains 1 and the gasoline 2.0 versionis
rated 6. However, on the same scale, Toyota Prius
earned 9.5 [38].

Althoughtheseproblemshave beenimproved
over the last number of years, there are many
owners of gasoline vehicles who still believe that
aboutdiesels. Also, important markets such asthe
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US do not accept this technology for historical
issues.

Inthe hybrid case are some image barriers
whichare due to the lack ofknowledge. Thetwo
main objections supposedly inferior to gasoline
vehiclesarereliability andacceleration.

Withrespecttoacceleration, itis possible to
check that the used time to get 100 Km/h in a
Toyota Prius 1s 10.9 sec whereas the Seat Leon
1.9 Tdi (110 CV) is 10.7 sec; less than 2% of a
difference. Also, in ordertoillusirate theresearch
invested in this technology, Toyotais evaluating the
possibility to produce a Sport Prius which
accelerates from 0 to 100 Km/h in 8.7 sec.

Onthe other hand, the warranty provided by
Toyotaonthe Priusis 8 years forits hybrid system.
This fact shows the trustinthe hybrid technology.

Another important detail which is hard to
ignoreis the potential positive influence of somany
celebrities jumping on the hybrid bandwagon.
Cameron Diaz, Leonardo DiCaprio and Jack
Nicholson are just a few who have expressed an
interest in HEVs. In fact, many Hollywood stars
used the Toyota Prius instead of the classical
limousine atthe last Oscar’snight. Other reference,

in words of Matt Petersen, president of Global
Green USA: «These celebrities probably don’t
worry about saving money at the gas pump, so
their choice toride ina Prius clearly demonstrates
their concern about the sustainability of our
environmenb.

11.FUTURE TRENDS

According to a major part of the consulted
references, the hybrid fuel cells are the expected
energy for the future. In words of Rick Wagoner,
chairman of General Motors: «The hydrogen fuel
cell is the ultimate answer for eliminating the
automobile from the environmental equationy,
[39]. However, the truth is that at the moment is an
incipienttechnology. The difficult storage, the low
autonomy and therequired energy inorderto getthe
liquid hydrogen state still make very expensive the
use of this technology. Currently it is less
environmentally friendly due to the energy origin
necessary toliquid and to do electrolysis process in
orderto getthe final hydrogen fuel [40].

Therefore the possible technologies usablein
anear future are two: biodieselsand HEV.HEV is
already explained extensively. But, what is the
definition of biodiesel? Biodiesel is the chemical
product of a vegetable oil or animal fat with an
alcohol such as methanol or ethanol in the

TABLE IV
ADDED RETAIL PRICE FOR HYBRID SYSTEMS

Hybrid System Small Cars LB;ESeizga?s
Stop/Start $600 $640
ISAD $1,250 $1,385
IMA $1,620 $1,790
Full Hybrid $3,320 $3,920
Source: “Future Potential of Hybrid and Diesel Powertrains in the US

Light-Duty Vehicle Market”, by David L. Greene, K.G. Duleep, and Walter
McManus, Report to Department of Energy, July 2004.
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Figure 8: Fuel Future Trends Estimation based on important forecasts.

presence of a catalyst to yield mono-alkyl esters
and glycerin, which is removed [41]. There are
some arguments which favourthe use of biodiesel,
for example: itis the Volkswagen option and it is
starting to be used inasmall selection of gas petrol
stations around the world. However, the major
disadvantage ofbiodiesel isstill the high production
costs. Also, the potential increased use of biodiesel
requires cautious reflection of all environmental
impacts. While positive impacts suchasdecrease in
fossil CO, emissions at the combustion stage are
evident, the indirectimpacts such as from fertilizer
production, agriculture, and fuel processing are
more complex toanalyse [42].

Another parameter in order to know HEV
future trends are carmanufacturer’s opinions about
the different requirements that they demand of the
batteries. Ford, Jaguar, Land Rover and Volvo
managers have expressed the improbable
introductionofa42V supply duetoitisnotaffordable
as a short-term solution for price-sensitive
mainstream passenger cars [43]. In the short-term,
accordingto [43]and[33], the 12V systems such
as Start/Stop will be introduced in the short-term
European car market. However, the full hybrid
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configurationis strongly supported by the Japanese
and US markets [44].

Figure 8 shows the proposed automotive
technologies estimations based on future legislation
and forecasts [33,43-46]. Itcan be distinguished
thatthere are two time lines in figure 8; one for the
European marketand other forthe US and Japanese
market. The first stage is just valid for the European
market where 12V systems such as Start/Stop and
traditional vehicles will livetogether [33]. Thisisa
transitional stage necessary forthe European market
duetoaclearcommon legislation absence in favour
of full hybrid or biodiesels for the moment. In fact,
the systems with 12V which save some petrol and
emissions are the best option for a number of car
manufacturers [43]. However, these systems will
representaminority (Y, %>>Y,%).

The second stage will start around the year
2010 for the European market and the next years
forthe US and Japanese market. HEV and biodiesel
willincrease their percentages on the market (X, %
t and X,% ¢) in this stage appreciably due to the
restrictive legislation in the European market (e.g.
Euro 5[45-46]) and the benefits subventions and
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image issues in the US market. In fact, 7oyota
forecaststhat HEVswill represent a 90% share of
the overall market and ithosts of deal of certainty,
taking into account Hubbert s prevision for 2019
[1]. However, the biodiesels in Europe will be more
popularthanthe HEV (X %>X %) incontrastwith
USandJapanese marketwhich will have the opposite
occurrence (X, % > X %). At the end of stage 2
(around 2030) the traditional fossil fuel cars will be
displaced in benefit of cleaner and more efficient
technologies. Even Rinolfi, commonrail’s father,
has forecasted a cost boost in diesels vehicles in
2010, supportingundoubtedly the increase of HEV
sales[33].

The third stage represents the triumph of
hydrogen fuel cells. Thistechnology will be used in
order to mitigate the petrol shortage. However, as
any incipienttechnology it willneed time to optimise
it’s process. In fact, its whole potential could be
accomplished within a few years (stage 4).

12,.CONCLUSIONS

Inconclusionitcanbe seen thatthe growthin
market potential of HEVsis strongly influenced by
the movements of legislation. Therefore, benefits
andstringentemissionlegislationiscommoninareas
where HEVshavebeensuccessful. The US and the
European markets are two important automotive
markets which have been analysed in order to
demonstrate the currentsuccess of HEVs.

The US market is currently suffering strong
rises in fuel prices, and as areferencerose by almost
40% within the first quarter of 2004. Geopolitics
during this period has also led to the US being less
dependant on Middle Eastern oilreserves. There
are two alternative means as discussed which can
be considered as solutionstothese current scenarios;
HEVsordiesel vehicles. Asshownby movements
inbenefitlegislation and the growing restrictions in
vehicular CO, emissions primarily, HEVs have
been the more dominant choice. Currently, diesel
vehiclesalesinthe US represent approximately 1 to
2 percent of the market share; mainly due to the
historical issues of the technology. For thisreason,
theintroduction of morestringentemission legislation
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againstdiesel vehicles is extremely important for
these manufacturers (mainly the European VAG
Group). However, after the US s resignation from
the Kyofo agreement they cannow projecta green
image through the support of HEVs with benefit
legislation. This canbe exploited as anew market
opportunity by their car manufacturers. In fact,
General Motors are currently the third biggest
HEV manufacturerinthe world behind Toyotaand
Honda.

In Europe though, diesel technologieshave
been favourably stronger than in the US, whichis
mainly dueto the appropriate tax conditions and the
healthieracceptance of the technology. The diesel
market within Europe has continued to remain
healthy as high fuel prices have provoked anumber
ofbenefitlegislationattempts during the eightiesand
nineties. In fact, overthe last year 46 percent of new
carregistrations in Europe were diesel; this figure
stands at 60 percent in the Spanish market [48].
This situation could ultimately change in Europe if
more stringent emissions legislation were to be
introduced, which could be the case when the
Euro-5isintroduced in October 2009. Currently,
there are no countries in the European Union (EU)
which offer uniform rebates on the purchases of
HEVs, unlike the US. Clearly, with increased
awareness and further governmental movements,
HEV sales in Europe are sure to increase; as has
already occurred in the US. Iflegislation were to
remainunchanged in Europe then there wouldstill
be an increase in HEV sales, just at a slower rate
thanthose currently inthe US; these would however
continue to rise as the technology became more
established. The marketing and fashions associated
within this technology area along with the growing
concern of global warming are other factors which
areinfluential regardless oflegislation; these factors
alonewould increase the sales potential of HE V.

Concluding, HEVs will have a definite
stronghold in the future of automotive development,
duetotheflexibility of the technology. The current
configuration of HEVs (electricmotorand ICE) is
strongly influenced by legislation, but future hybrid
technologies could work with biodiesels oreven
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fuel-cells. The generated braking energy isoneclear
example of green power which can be taken
advantage of when the current driving conditions
are optimised; regardless of future choices ofenergy
storage devices.
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