Introduction

Modernsociety relies heavily on fossil fuel based transportation for economic and
social development — freely moving goods and people. There are about 800 million cars
in the world and about 260 million motor vehicles on the road in the United States in
2014 according to the US Department of Transportation’s estimate [1]. In 2009, China
overtook the United States to become the world’s largest auto maker and auto market,
with output and sales respectively hitting 13.79 and 13.64 million units in that year [2].
With further urbanization, industrialization, and globalization, the trend of rapid
increase in the number of personal automobiles worldwide is inevitable. The issues
related to this trend become evident because transportation relies heavily on oil. Not
only are the oil resources on Earth limited, but also the emissions from burning oil
products have led to climate change, poor urban air quality, and political conflict. Thus,
global energy system and environmental problems have emerged, which can be
attributed to a large extent to personal transportation.

Personal transportation offers people the freedom to go wherever and whenever they
want. However, this freedom of choice creates a conflict, leading to growing concerns
about the environment and concerns about the sustainability of human use of natural
resources.

First, the world faces a serious challenge in energy demand and supply. The world
consumes approximately 85 million barrels of oil every day but there are only 1300
billion barrels of proven reserves of oil. At the current rate of consumption, the world
will run out of oil in 40 years [3]. New discoveries of oil reserves are at a slower pace
than the increase in demand. Of the oil consumed, 60% is used for transportation [4].
The United States consumes approximately 25% of the world’s total oil [5]. Reducing oil
consumption in the personal transportation sector is essential for achieving energy and
environmental sustainability.

Second, the world faces a great challenge from global climate change. The emissions
from burning fossil fuels increase the carbon dioxide (CO,) concentration (also referred
to as greenhouse gas or GHG emissions) in the Earth’s atmosphere. The increase in CO,
concentration leads to excessive heat being captured on the Earth’s surface, which leads
to a global temperature increase and extreme weather conditions in many parts of the
world. The long-term consequences of global warming can lead to rising sea levels and
instability of ecosystems.
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Gasoline and diesel powered vehicles are among the major contributors to CO,
emissions. In addition, there are other emissions from conventional fossil fuel powered
vehicles, including carbon monoxide (CO) and nitrogen oxides (NO and NO,, or NOx)
from burning gasoline, hydrocarbons or volatile organic compounds (VOCs) from evapo-
rated, unburned fuel, and sulfur oxide and particulate matter (soot) from burning diesel
fuel. These emissions cause air pollution and ultimately affect human and animal health.

Third, society needs sustainability, but the current model is far from it. Cutting fossil
fuel usage and reducing carbon emissions are part of the collective effort to retain
human uses of natural resources within sustainable limits. Therefore, future personal
transportation should provide enhanced freedom, sustainable mobility, and sustainable
economic growth and prosperity for society. In order to achieve these, vehicles driven
by electricity from clean, secure, and smart energy are essential.

Electrically driven vehicles have many advantages and challenges. Electricity is more
efficient than the combustion process in a car. Well-to-wheel studies show that, even if
the electricity is generated from petroleum, the equivalent miles that can be driven by
1gallon (3.81) of gasoline is 108 miles (173 km) in an electric car, compared to 33 miles
(53km) in an internal combustion engine (ICE) car [6-8]. In a simpler comparison, it
costs 2 cents per mile to use electricity (at US $0.12 per kWh) but 10 cents per mile to
use gasoline (at $3.30 per gallon) for a compact car.

Electricity can be generated through renewable sources, such as hydroelectric, wind,
solar, and biomass. On the other hand, the current electricity grid has extra capacity
available at night when usage of electricity is off-peak. It is ideal to charge electric
vehicles (EVs) at night when the grid has the extra energy capacity.

High cost, limited driving range, and long charging time are the main challenges for
battery-powered EVs. Hybrid electric vehicles (HEVs), which use both an ICE and an
electric motor to drive the vehicle, overcome the cost and range issues of a pure EV
without the need to plug in to charge. The fuel consumption of HEVs can be signifi-
cantly reduced compared to conventional gasoline engine-powered vehicles. However,
the vehicle still operates on gasoline/diesel fuel.

Plug-in hybrid electric vehicles (PHEVs) are equipped with a larger battery pack and a
larger-sized motor compared to HEVs. PHEVs can be charged from the grid and driven a
limited distance (20—40 miles) using electricity, referred to as charge-depletion (CD) mode
operation. Once the battery energy has been depleted, PHEVs operate similar to a regular
HEV, referred to as charge-sustain (CS) mode operation, or extended range operation.
Since most of the personal vehicles are for commuting and 75% of them are driven only
40 miles or less daily [9], a significant amount of fossil fuel can be displaced by deploying
PHEVs capable of a range of 40 miles of purely electricity-based propulsion. In the extended
range operation, a PHEV works similar to an HEV by using the onboard electric motor and
battery to optimize the engine and vehicle system operation to achieve a higher fuel
efficiency. Thanks to the larger battery power and energy capacity, the PHEV can recover
more kinetic energy during braking, thereby further increasing fuel efficiency.

1.1 Sustainable Transportation

The current model of the personal transportation system is not sustainable in the long
run because the Earth has limited reserves of fossil fuel, which provide 97% of all
transportation energy needs at the present time [10]. To understand how sustainable
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transportation can be achieved, let us look at the ways energy can be derived and the
ways vehicles are powered.

The energy available to us can be divided into three categories: renewable energy, fos-
sil fuel-based non-renewable energy, and nuclear energy. Renewable energy includes
hydropower, solar, wind, ocean, geothermal, biomass, and so on. Non-renewable
energy includes coal, oil, and natural gas. Nuclear energy, though abundant, is not
renewable since there are limited resources of uranium and other radioactive ele-
ments on Earth. In addition, there is concern on nuclear safety (such as the accident in
Japan due to earthquake and tsunami) and nuclear waste processing in the long term.
Biomass energy is renewable because it can be derived from wood, crops, cellulose,
garbage, and landfill. Electricity and hydrogen are secondary forms of energy. They
can be generated by using a variety of sources of original energy, including renewable
and non-renewable energy. Gasoline, diesel, and syngas are energy carriers derived
from fossil fuel.

Figure 1.1 shows the different types of sources of energy, energy carriers, and vehicles.
Conventional gasoline/diesel-powered vehicles rely on liquid fuel which can only be
derived from fossil fuel. HEVs, though more efficient and consuming less fuel than
conventional vehicles, still rely on fossil fuel as the primary energy. Therefore, both
conventional cars and HEVs are not sustainable. EVs and fuel cell vehicles rely on
electricity and hydrogen, respectively. Both electricity and hydrogen can be generated
from renewable energy sources, therefore they are sustainable as long as only renewable
energy sources are used for the purpose. PHEVs, though not totally sustainable, offer
the advantages of both conventional vehicles and EVs at the same time. PHEVs can
displace fossil fuel usage by using grid electricity. They are not the ultimate solution for
sustainability but they build a pathway to future sustainability.

1.1.1 Population, Energy, and Transportation

The world’s population is growing at a rapid pace, as shown in Figure 1.2a [11]. At the
same time, personal vehicle sales are also growing at a rapid pace, as shown in Figure 1.2b
(www.dot.gov, also http://en.wikipedia.org/wiki/Passenger_vehicles_in_the_United_
States). There is a clear correlation between population growth and the number of
vehicles sold every year.
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Figure 1.2 Trends of world population and vehicles sold per year. (a) World population, in billion.
(b) Passenger cars sold per year, in millions.

Fuel economy, as used in the United States, evaluates how many miles can be driven
with 1gallon of gas, or miles per gallon (MPG). Fuel consumption, as used in most
countries in the world, evaluates the gasoline (or diesel) consumption in liters for every
100km the car is driven (I per 100km). The US Corporate Average Fuel Economy
Standard, known as the CAFE standard, sets the fuel economy for passenger cars at
27.5MPG from 1989 to 2008 [12]. With an average 27.5 MPG fuel economy, an average
15,000 miles driven per year, and 250 million cars on the road, the United States would
consume 136 billion gallons of gasoline per year. This is equivalent to 7 billion barrels of
oil, or 0.5% of all the proven oil reserves on Earth.

China surpassed the United States in 2009 to become the largest vehicle market in the
world, with more than 13 million motor vehicles sold in 2009. Growth in China has
been in double digits for five consecutive years. In 2009, overall vehicle sales dropped
20% worldwide due to the global financial crisis, but China’s car market still grew by
more than 6%, along with its sustained economic growth of close to 10%. In 2016, China
sold more than 27 million vehicles. China used to be self-sufficient in oil supplies, but is
now estimated to import 50% of its oil consumption (http://data.chinaoilweb.com/
crudeoil-import-data/index.html).

In addition to industrialized countries such as Japan and Germany which have high
demand for oil imports, developing countries such as India and Brazil have also seen
tremendous growth in car sales recently. These countries face the same challenges in oil
demand and environmental aspects. Figure 1.3 shows liquid energy consumption and
demand per day by country [13].

Figure 1.4 shows the history and projections of oil demand and production (http://
www.eia.doe.gov/steo/contents.html). Many analysts believe in the theory of peak oil at
the present time, which predicts that oil production is at its peak in history, and will
soon be below oil demand. The gap generated by demand and production can most
likely cause another energy crisis in the absence of careful planning.

1.1.2 Environment

Carbon emissions from burning fossil fuel are the primary source of GHG emissions
that lead to global environment and climate change. Figure 1.5 shows the fossil carbon
emissions from 1900 to the present time [14]. The most dramatic increase of GHG
emissions has happened in the past 100 years. Associated with the increase of
GHG emissions is the global temperature increase. Figure 1.6 shows the global mean



[\e]
W
T T T

S
|

—_
W

—_
S

Billion barrels

- [
Nl DB T

usS Japan Germany China India Canada

Figure 1.3 Average crude oil consumption per day by country in 2014, in million barrels. The left
column for each country is the production and the right column is the consumption [13].
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Figure 1.4 World oil demand and depletion history and projections.
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Figure 1.5 Global fossil carbon emissions from 1800 to 2004 [14]. On the right tip points, from top to
bottom: total CO,, oil, coal, cement production, and other. Source: ONRL.
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Figure 1.6 Global annual mean surface air temperature change. Data from http://data.giss.nasa.gov/
gistemp/graphs/. Courtesy NASA.
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land—ocean temperature change from 1880 to 2015, using the period of 1951-1980
temperature as the basis for comparison (http://data.giss.nasa.gov/gistemp/graphs/).

As an example of how car emissions contribute to GHG emissions, Figure 1.7 shows
the emissions of a typical passenger car during a cold start. Modern cars are equipped
with catalytic converters to reduce emissions from the car tailpipes/exhausts. But the
catalytic converter needs to heat up to approximately 350°C in order to function
efficiently. It has been estimated that 70-80% of the total emissions occur during the
first two minutes after a cold start during a standard driving cycle.
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Figure 1.8 Energy consumption per capita in 2014 in kilograms of oil equivalent. (http://data.worldbank.
org/indicator/EG.USE.PCAPKG.OE?order=wbapi_data_value_2014+wbapi_data_value+wbapi_data_
value-last&sort=desc)

1.1.3 Economic Growth

Economic growth relies heavily on energy supply. For example, from 1999 to 2015, China’s
economy attained an average growth rate of nearly 10%. In the same period, energy
demand increased by more than 15% per year. In the early 1990s, China’s oil production
was sufficient to support its own economy, but by 2009, China imported a large portion
of its oil consumption, estimated at 40% (http://data.chinaoilweb.com/crude-oil-import-
data/index.html). China imports more than 50% of its liquid fuel consumption.

Figure 1.8 shows the energy consumption per capita, in kilograms of oil equivalent
[13]. It is evident that developing countries are still well below the level of the developed
countries. To reach sustainability, the global economy must embrace a new model.

1.1.4 New Fuel Economy Requirement

In 2009, the US government announced its new CAFE standard, requiring that all car
manufacturers achieve an average fuel economy of 35 MPG by 2020 and 54.5 by 2030.
This is equivalent to 6.7 1/100 km. The new requirement is a major increase in fuel
economy in the United States in 20 years, and represents approximately a 40% increase
from the current standard as shown in Figure 1.9. This new legislation is a major step
forward to effectively reduce energy consumption and GHG emissions. To achieve this
goal, a mixed portfolio is necessary for all car manufacturers.

First, auto makers must shift from large cars and pickup trucks to smaller vehicles to
balance the portfolio. Second, they must continue to develop technologies that support
fuel efficiency improvements in conventional gasoline engines. Lastly and most impor-
tantly, they have to increase HEV and PHEV production.

1.2 A Brief History of HEVs

EVs were invented in 1834, that is, about 60 years earlier than gasoline-powered cars, which
were invented in 1895. By 1900, there were 4200 automobiles sold in the United States, of
which 40% were electric cars (http://sites.google.com/site/petroleumhistoryresources/
Home/cantankerous-combustion).
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Figure 1.9 Fuel economy evolution in the United States (CAFE requirements).

Dr Ferdinand Porsche in Germany built probably the world’s first HEV in 1898, using
an ICE to spin a generator that provided power to electric motors located in the wheel
hubs (http://aoghs.org/editors-picks/first-auto-show/). Another hybrid vehicle, made
by the Krieger Company in 1903, used a gasoline engine to supplement the power of
the electric motor which used electricity from a battery pack (http://www.hybridcars.
com/history/history-of-hybrid-vehicles.html). Both hybrids are similar to the modern
series HEV.

Also in the 1900s, a Belgian car maker, Pieper, introduced a 3.5hp Voiturette in which
the small gasoline engine was mated to an electric motor under the seat (http://
en.wikipedia.org/wiki/Voiturette). When the car was cruising, its electric motor was
used as a generator to charge the batteries. When the car was climbing a grade, the elec-
tric motor, mounted coaxially with the gas engine, helped the engine to drive the vehicle.
In 1905, a US engineer, H. Piper, filed a patent for a petrol-electric hybrid vehicle.
His idea was to use an electric motor to assist an ICE, enabling the vehicle to achieve
25mph. Both hybrid designs are similar to the modern parallel HEV.

In the United States, there were a number of electric car companies in the 1920s, with
two of them dominating the EV markets — Baker of Cleveland and Woods of Chicago.
Both car companies offered hybrid electric cars. However, the hybrid cars were more
expensive than gasoline cars, and sold poorly.

HEVs, together with EVs, faded away by 1930 and the electric car companies all failed.
There were many reasons leading to the disappearance of the EV and HEV. When com-
pared to gasoline-powered cars, EVs and HEVs:

e were more expensive than gasoline cars due to the large battery packs used

o were less powerful than gasoline cars due to the limited power from the onboard
battery

o had limited range between each charge

¢ needed many hours to recharge the onboard battery.
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Figure 1.10 Ford Electric Ranger.

In addition, urban and rural areas lacked accessibility to electricity for charging
electric and hybrid cars.

The major progress in gasoline-powered cars also hastened the disappearance of the
EV and HEV. The invention of starters made the starting of gasoline engines easier, and
assembly line production of gasoline-powered vehicles, such as the Model-T by Henry
Ford, made these vehicles a lot more affordable than electric and hybrid vehicles.

It was not until the Arab oil embargo in 1973 that the soaring price of gasoline sparked
new interest in EVs. The US Congress introduced the Electric and Hybrid Vehicle
Research, Development, and Demonstration Act in 1976 recommending the use of EVs
as a means of reducing oil dependency and air pollution. In 1990, the California Air
Resource Board (CARB), in consideration of the smog affecting Southern California,
passed the zero emission vehicle (ZEV) mandate, which required 2% of vehicles sold in
California to have no emissions by 1998 and 10% by 2003. California car sales have
approximately a 10% share of the total car sales in the United States. Major car manu-
facturers were afraid that they might lose the California car market without a ZEV.
Hence, every major auto maker developed EVs and HEVs. Fuel cell vehicles were also
developed in this period. Many EVs were made, such as GM’s EV1, Ford’s Ranger pickup
EV (Figure 1.10), Honda’s EV Plus, Nissan’s Altra EV, and Toyota’s RAV4 EV.

In 1993, the US Department of Energy set up the Partnership for Next Generation
Vehicle (PNGV) program to stimulate the development of EVs and HEVs. The partner-
ship was a cooperative research program between the US government and major auto
corporations, aimed at enhancing vehicle efficiency dramatically. Under this program,
the three US car companies demonstrated the feasibility of a variety of new automotive
technologies, including an HEV that can achieve 70 MPG. This program was cancelled
in 2001 and was transitioned to the Freedom CAR (Cooperative Automotive Research),
which is responsible for the HEV, PHEV, and battery research programs under the US
Department of Energy.

Unfortunately, the EV program faded again away by 2000, with thousands of EV programs
terminated by the auto companies. This is due partly to the fact that consumer accept-
ance was not overwhelming, and partly to the fact that the CARB relaxed its ZEV mandate.

9
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The world’s automotive history turned to a new page in 1997 when the first modern
hybrid electric car, the Toyota Prius, was sold in Japan. This car, along with Honda’s
Insight and Civic HEVs, has been available in the United States since 2000. These early
HEVs marked a radical change in the types of cars offered to the public: vehicles that
take advantage of the benefits of both battery EVs and conventional gasoline-powered
vehicles. At the time of writing, there are more than 40 models of HEVs available in the
marketplace from more than 10 major car companies.

1.3 Why EVs Emerged and Failed in the 1990s,
and What We Can Learn

During the 1990s, California had a tremendous smog and pollution problem that needed
to be addressed. The CARB passed a ZEV mandate that required car manufacturers to sell
ZEVs if they wanted to sell cars in California. This led to the development of electric cars
by all major car manufacturers. Within a few years, there were more than 10 production
EVs available to consumers, such as the GM EV1, the Toyota RAV4, and the Ford Ranger.

Unfortunately, the EV market collapsed in the late 1990s. What caused the EV
industry to fail? The reasons were mixed, depending on how one looks at it, but the
following were the main contributors to the collapse of EVs in the 1990s:

o Limitations of EVs: These concerned the limited range (most EVs provided 60—100
miles, compared to 300 or more miles from gasoline-powered vehicles); long charging
time (eight or more hours); high cost (40% more expensive than gasoline cars); and
limited cargo space in many of the EVs.

o Cheap gasoline: The operating cost (fuel cost) of cars is insignificant in comparison
to the investment that an EV owner makes in buying an EV.

o Consumers: Consumers believed that large sports utility vehicles (SUVs) and pickup
trucks were safer to drive and more convenient for many other functions, such as
towing. Therefore, consumers preferred large SUVs to smaller efficient vehicles
(partly due to the low gasoline prices).

e Car companies: Automobile manufacturers spent billions of dollars in research,
development, and deployment of EVs, but the market did not respond very well. They
were losing money in selling EVs at that time. Maintenance and servicing of EVs were
additional burdens on the car dealerships. Liability was a major concern, though
there was no evidence that EVs were less safe than gasoline vehicles.

o Gas companies: EVs were seen as a threat to gas companies and the oil industry.
Lobbying by the car and gasoline companies of the federal government and the
California government to drop the mandate was one of the key factors leading to the
disappearance of EVs in the 1990s.

e Government: The CARB switched at the last minute from a mandate for EVs to
hydrogen vehicles.

o Battery technology: Lead acid batteries were used in most EVs in the 1990s. The
batteries were large and heavy, and needed a long time to charge.

o Infrastructure: There was limited infrastructure for recharging the EVs.

As we strive for a way toward sustainable transportation, lessons from history will
help us avoid the same mistakes. In the current context of HEV and PHEV development,
we must overcome many barriers in order to succeed:
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o Key technology: That is, batteries, power electronics, and electric motors. In
particular, without significant breakthroughs in batteries and with gasoline prices
continuing at low levels, there will be significant obstacles to large-scale deployment
of EVs and PHEVs.

e Cost: HEVs and PHEVs cost significantly more than their gasoline counterparts.
Efforts need to be made to cut component and system cost. When savings in fuel can
quickly recover the investment in the HEV, consumers will rapidly switch to HEVs
and PHEVs.

o Infrastructure: This needs to be ready for the large deployment of PHEVs, including
electricity generation for increased demand by PHEVs and increased renewable
energy generation, and for rapid and convenient charging of grid PHEVs.

e Policy: Government policy has a significant impact on the deployment of many new
technologies. Favorable policies including taxation, standards, consumer incentives,
investment in research, development, and manufacturing of advanced technology
products will all have a positive impact on the deployment of HEV and PHEV.

e Approach: An integrated approach that combines high-efficiency engines, vehicle
safety, and smarter roadways will ultimately help form a sustainable future for
personal transportation.

1.4 Architectures of HEVs

A HEV is a combination of a conventional ICE-powered vehicle and an EV. It uses both
an ICE and an electric motor/generator for propulsion. The two power devices, the ICE
and the electric motor, can be connected in series or in parallel from the power flow
point of view. When the ICE and motor are connected in series, the HEV is a series
hybrid in which only the electric motor is providing mechanical power to the wheels.
When the ICE and the electric motor are connected in parallel, the HEV is a parallel
hybrid in which both the electric motor and the ICE can deliver mechanical power to
the wheels.

In an HEV, liquid fuel is still the source of energy. The ICE is the main power con-
verter that provides all the energy for the vehicle. The electric motor increases system
efficiency and reduces fuel consumption by recovering kinetic energy during regenera-
tive braking, and optimizes the operation of the ICE during normal driving by adjusting
the engine torque and speed. The ICE provides the vehicle with an extended driving
range therefore overcoming the disadvantages of a pure EV.

In a PHEV, in addition to the liquid fuel available on the vehicle, there is also electricity
stored in the battery, which can be recharged from the electric grid. Therefore, fuel
usage can be further reduced.

In a series HEV or PHEYV, the ICE drives a generator (referred to as the I/G set). The
ICE converts energy in the liquid fuel to mechanical energy, and the generator converts
the mechanical energy of the engine output to electricity. An electric motor will propel
the vehicle using electricity generated by the I/G set. This electric motor is also used to
capture the kinetic energy during braking. There will be a battery between the generator
and the electric motor to buffer the electric energy between the I/G set and the motor.

In a parallel HEV or PHEV, both the ICE and the electric motor are coupled to the final
drive shaft through a mechanical coupling mechanism, such as clutchs, gears, belts, or
pulleys. This parallel configuration allows both the ICE and the electric motor to drive

11
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Figure 1.11 The architecture of a series HEV.

the vehicle, either in combined mode or separately. The electric motor is also used for
regenerative braking and for capturing the excess energy from the ICE during coasting.

HEVs and PHEVs can also have either the series—parallel configuration or a more
complex configuration which usually contains more than one electric machine. These
configurations can generally further improve the performance and fuel economy of the
vehicle with added component cost.

1.4.1 Series HEVs

Figure 1.11 shows the configuration of a series HEV. In this HEV, the ICE is the main
energy converter that converts the original energy in gasoline to mechanical power. The
mechanical output of the ICE is then converted to electricity using a generator. The
electric motor moves the final drive using electricity generated by the generator or elec-
tricity stored in the battery. The electric motor can receive electricity directly from the
engine, or from the battery, or both. Since the engine is decoupled from the wheels, the
engine speed can be controlled independently of vehicle speed. This not only simplifies
the control of the engine, but, more importantly, can allow the operation of the engine
at its optimum speed to achieve the best fuel economy. It also provides flexibility in
locating the engine on the vehicle. There is no need for the traditional mechanical
transmission in a series HEV. Based on the vehicle operating conditions, the propulsion
components on a series HEV can operate with different combinations:

o Batteryalone: When the battery has sufficient energy, and the vehicle power demand
is low, the I/G set is turned off, and the vehicle is powered by the battery only.

o Combined power: At high power demands, the I/G set is turned on and the battery
also supplies power to the electric motor.

o Engine alone: During highway cruising and at moderately high power demands, the
1/G set is turned on. The battery is neither charged nor discharged. This is mostly due
to the fact that the battery’s state of charge (SOC) is already at a high level but
the power demand of the vehicle prevents the engine from off or it may not be effi-
cient to turn the engine off.

o Power split: When the I/G is turned on, the vehicle power demand is below the I/G
optimum power, and the battery SOC is low, then a portion of the I/G power is used
to charge the battery.
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Figure 1.13 The architecture of a parallel HEV.

o Stationary charging: The battery is charged from the I/G power without the vehicle
being driven.

e Regenerative braking: The electric motor is operated as a generator to convert the
vehicle’s kinetic energy into electric energy and charge the battery.

A series HEV can be configured in the same way that conventional vehicles are con-
figured, that is, the electric motor in place of the engine as shown in Figure 1.11. Other
choices are also available, such as in-wheel hub motors. In this case, as shown in
Figure 1.12, there are four electric motors, one installed inside each wheel. Due to the
elimination of transmission and final drive, the efficiency of the vehicle system can be
significantly increased. The vehicle will also have all-wheel drive (AWD) capability.
However, controlling the four electric motors independently can be a challenge.

1.4.2 Parallel HEVs

Figure 1.13 shows the configuration of a parallel hybrid. In this configuration, the ICE
and the electric motor are coupled to the final drive through a mechanism such as
clutchs, belts, pulleys, and gears. Both the ICE and the motor can deliver power to the
final drive, either in combined mode, or each separately. The electric motor can be used
as a generator to recover the kinetic energy during braking or by absorbing a portion of
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power from the ICE. The parallel hybrid needs only two propulsion devices, the ICE
and the electric motor, which can be used in the following modes:

1

Motor-alone mode: When the battery has sufficient energy, and the vehicle power
demand is low, then the engine is turned off and the vehicle is powered by the motor
and battery only.

Combined power mode: At high power demands, the engine is turned on and the
motor also supplies power to the wheels.

Engine-alone mode: During highway cruising and at moderately high power
demands, the engine provides all the power needed to drive the vehicle. The motor
remains idle. This is mostly due to the fact that the battery SOC is already at a high
level but the power demand of the vehicle prevents the engine from turning off, or it
may not be efficient to turn the engine off.

Power split mode: When the engine is on, but the vehicle power demand is low and the
battery SOC is also low, then a portion of the engine power is converted to electricity
by the motor to charge the battery.

Stationary charging mode: The battery is charged by running the motor as a generator
and driven by the engine, without the vehicle being driven.

Regenerative braking mode: The electric motor is operated as a generator to convert the
vehicle’s kinetic energy into electric energy and store it in the battery. Note that in regen-
erative mode it is in principle possible to run the engine as well, and provide additional
current to charge the battery more quickly (while the propulsion motor is in generator
mode) and command its torque accordingly, that is, to match the total battery power
input. In this case, the engine and motor controllers have to be properly coordinated.

.4.3 Series-Parallel HEVs

The series—parallel HEV shown in Figure 1.14 incorporates the features of both a series
and a parallel HEV. Therefore, it can be operated as a series or parallel HEV. In compari-
son to a series HEV, the series—parallel HEV adds a mechanical link between the engine
and the final drive, so the engine can drive the wheels directly. When compared to a
parallel HEV, the series—parallel HEV adds a second electric machine that serves
primarily as a generator.

( Wheel )

Inverter — Generator Mechal.ncal Mechanical
coupling transmission
Battery —— Inverter — Motor
( Wheel

mmm Mechanical
— Electrical

Figure 1.14 The architecture of a series—parallel HEV.
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Figure 1.15 The electrical four-wheel drive system using a complex architecture.

Because a series—parallel HEV can operate in both parallel and series modes, the fuel
efficiency and drivability can be optimized based on the vehicle’s operating condition.
The increased degree of freedom in control makes the series—parallel HEV a popular
choice. However, due to increased components and complexity, a series—parallel HEV
is generally more expensive than a series or a parallel HEV.

1.4.4 Complex HEVs

Complex HEVs usually involve the use of planetary gear systems and multiple electric
motors (in the case of four/all-wheel drive). One typical example is a four-wheel drive
(4WD) system that is realized through the use of separate drive axles, as shown in
Figure 1.15. The generator in this system is used to realize the series operation as well
as to control the engine operating condition for maximum efficiency. The two electric
motors are used to realize all-wheel drive, and to provide better performance in regen-
erative braking. They may also enhance vehicle stability control and antilock braking
control by their use.

1.4.5 Diesel and other Hybrids

HEVs can also be built around diesel vehicles. All topologies explained earlier, such as
series, parallel, series—parallel, and complex HEVs, are applicable to diesel hybrids. Due
to the fact that diesel vehicles can generally achieve a higher fuel economy, the fuel
efficiency of hybridized diesel vehicles can be even better when compared to their gaso-
line counterparts.

Vehicles such as delivery trucks and buses have unique driving patterns and relatively
low fuel economy. When hybridized, these vehicles can provide significant fuel savings.
Hybrid trucks and buses can be series, parallel, series—parallel, or complex structured
and may run on gasoline or diesel.

Diesel locomotives are a special type of hybrid. A diesel locomotive uses a diesel
engine and generator set to generate electricity. It uses electric motors to drive the train.
Even though a diesel locomotive can be referred to as a series hybrid, in some architec-
tures there is no battery for the main drive system to buffer energy between the 1/G
set and the electric motor. This special configuration is sometimes referred to as
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Figure 1.16 A parallel hydraulic hybrid vehicle (LP, Low Pressure).

simple hybrid. In other architectures, batteries are used and can help reduce the size of
the generator, and can also be used for regenerative energy capture. The batteries, in
this case, can also be utilized for short-term high current due to torque needs, without
resorting to a larger generator.

1.4.6 Other Approaches to Vehicle Hybridization

The main focus of this book is on HEVs, that is, electric—gasoline or electric—diesel
hybrids. However, there exist other types of hybridization methods that involve other
types of energy storage and propulsion, such as compressed air, flywheels, and hydraulic
systems. A typical hydraulic hybrid is shown in Figure 1.16. Hydraulic systems can pro-
vide a large amount of torque, but due to the complexity of the hydraulic system, a
hydraulic hybrid is considered only for large trucks and utility vehicles where frequent
and extended period of stops of the engine are necessary.

1.4.7 Hybridization Ratio

Some new concepts have also emerged in the past few years, including full hybrid, mild
hybrid, and micro hybrid. These concepts are usually related to the power rating of the
main electric motor in an HEV. For example, if the HEV contains a fairly large electric
motor and associated batteries, it can be considered as a full hybrid. But if the size of the
electric motor is relatively small, then it may be considered as a micro hybrid.

Typically, a full hybrid should be able to operate the vehicle using the electric motor
and battery up to a certain speed limit and drive the vehicle for a certain amount of
time. The speed threshold is typically the speed limit in a residential area. The typical
power rating of an electric motor in a full hybrid passenger car is 50-75kW.

The micro hybrid, on the other hand, does not offer the capability to drive the vehicle
with the electric motor only. The electric motor is merely for starting and stopping
the engine. The typical rating of electric motors used in micro hybrids is less than
10kW. A mild hybrid is in between a full hybrid and a micro hybrid.

An effective approach for evaluating HEVs is to use a hybridization ratio to reflect the
degree of hybridization of an HEV. In a parallel hybrid, the hybridization ratio is defined as
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Figure 1.17 The general nature and required engineering field by HEVs.

the ratio of electric power to the total powertrain power. For example, an HEV with a
motor rated at 50kW and an engine rated at 75kW will have a hybridization ratio of 50/
(50 + 75)kW = 40%. A conventional gasoline-powered vehicle has a 0% hybridization
ratio and a battery EV has a hybridization ratio of 100%. A series HEV will also have a
hybridization ratio of 100% due to the fact that the vehicle is capable of being driven in
EV mode.

1.5 Interdisciplinary Nature of HEVs

HEVs involve the use of electric machines, power electronics converters, and batteries, in
addition to conventional ICEs and mechanical and hydraulic systems. The interdiscipli-
nary nature of HEV systems can be summarized in Figure 1.17. The HEV field involves
engineering subjects beyond traditional automotive engineering, which was mechanical
engineering oriented. Power electronics, electric machines, energy storage systems, and
control systems are now integral parts of the engineering of HEVs and PHEVs.

In addition, thermal management is also important in HEVs and PHEVs because the
power electronics, electric machines, and batteries all require a much lower temperature
to operate properly, compared to a non-hybrid vehicle’s powertrain components.
Modeling and simulation, vehicle dynamics, and vehicle design and optimization also
pose challenges to the traditional automotive engineering field due to the increased
difficulties in packaging the components and associated thermal management systems,
as well as the changes in vehicle weight, shape, and weight distribution.

1.6 State of the Art of HEVs

In the past 20 years, many HEVs have been deployed by the major automotive
manufacturers. Figure 1.18 shows HEV sales in the United States from 2000 to 2016,
and predictions (http://electricdrive.org/ht/d/sp/i/20952/pid/20952). Figure 1.19
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Figure 1.18 Total numbers of HEVs sold in the United States from 2000 to 2016 (in thousands):
left bar, actual sales number; right bar, predicted.
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Figure 1.19 Breakdown of HEV sales by manufacturer in the United States in 2009 (in thousands).

shows the US HEV sales breakdown by manufacturer (https://www.google.com/
url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKEwjOkp-
wtZVNAhVDF2MKHSWGAMQQFggmMAE&url=http%3A%2F%2Fwww.
afdc.energy.gov%2Fuploads%2Fdata%2Fdata_source%2F10301%2F10301_hev_sales.
xlsx&usg=AFQjCNEpgbwPbD7Y-swdSbwDq14QJHVCDg&sig2=0fMr8WxcjNxIC4
d9mgc5Mw). It is clear that HEV sales have grown significantly over the past 20 years.
In 2008, these sales had a downturn, which is consistent with conventional car sales
which dropped more than 20% in 2008 from the previous year. Another observation is
that most HEV sales belong to Toyota, which manufactured the earliest modern HEV,
the Prius, and also makes most of the models available (including the Lexus).



Table 1.1 Hybrid Electric Vehicle (HEV) Sales by Model.

Vehicle Pre 2010 2010 2011 2012 2013 2014 2015 Total
Toyota Prius 814,173 140,928 136,463 164,618 145,172 122,776 113,829 1,637,959
Toyota Camry 154,977 14,587 9,241 45,656 44,448 39,515 30,640 339,064
Honda Civic 197,177 7,336 4,703 7,156 7,719 5,070 4,887 234,048
Ford Fusion 15,554 20,816 11,286 14,100 37,270 35,405 24,681 159,112
Lexus RX400h 87,790 15,119 10,723 12,223 11,307 9,351 7,722 154,235
Toyota Prius C - 30,838 41,979 40,570 38,484 151,871
Toyota 102,053 7,456 4,549 5921 5070 3,621 4,015 132,685
Highlander

Toyota Prius V - 28,450 34,989 30,762 28,290 122,491
Ford Escape 95,285 11,182 10,089 1,440 117,996
Hyundai Sonata - 19,673 20,754 21,559 21,052 19,908 102,946
Honda Insight 34,490 20,962 15,549 5846 4,802 3,562 1,458 86,669
Lexus CT 200h - 14,381 17,831 15,071 17,673 14,657 79,613
Ford C-Max - 10,935 28,056 19,162 14,177 72,330
Hybrid

Honda Accord 27,086 996 13,977 11,065 53,124
Lexus ES Hybrid - 7,027 16,562 14,837 11,241 49,667
Kia Optima - 10,245 13,919 13,776 11,492 49,432
Hybrid

Toyota Avalon - 747 16,468 17,048 11,956 46,219
Hybrid

Ford Lincoln - 1,192 5,739 6,067 7,469 10,033 8,403 38,903
MKZ

Chevy Malibu 6,255 405 24 16,664 13,779 1,018 59 38,204
Nissan Altima 26,564 6,710 3,236 103 36,613
Buick Lacrosse - 1,801 12,010 7,133 7,353 4,042 32,339
Honda CR-Z - 5,249 11,330 4,192 4,550 3,562 3,073 31,956
Lexus HS 250h 6,699 10,663 2,864 650 4 20,880
Mercury Mariner 11,916 890 12,806
Saturn Vue 9,979 50 10,029
Chevy Tahoe 7,045 1,426 519 533 376 65 8 9,972
Volkswagen Jetta - 162 5,655 1,939 740 8,496
Hybrid

Nissan Infiniti - 307 3,456 4,012 7,775
Q50

Lexus GS 450 h 4,576 305 282 615 522 183 91 6,574
Buick Regal - 123 2,564 2,893 662 186 6,428
GMC Yukon 3,543 1,221 598 560 288 31 10 6,251
Cadillac Escalade 2,759 1,210 819 708 372 41 7 5,916
Chevrolet Sierra/ 1,598 2,393 1,165 471 104 24 2 5,757
Silverado

(Continued)



Table 1.1 (Continued)

Vehicle Pre 2010 2010 2011 2012 2013 2014 2015 Total
Subaru XV - 5,589 5,589
Crosstrek

Nissan - 334 2,480 2,245 5,059
Pathfinder

Hybrid

Nissan Infiniti - 676 1,678 2,356 4,710
QX60

Porsche Cayenne - 206 1,571 1,180 615 650 4,222
Lexus NX Hybrid - 354 2,573 2,927
Mercury Milan 1,468 1,416 2,884
Acura ILX - 972 1,461 379 22 2,834
Hybrid

Lexus LS600hL 2,102 129 84 54 115 65 47 2,596
Nissan Infiniti - 378 691 475 180 176 1,900
M35h

Saturn Aura 1,584 54 1,638
Audi Q5 Hybrid — 270 854 283 97 1,504
Toyota RAV4 — 1,494 1,494
BMW - 402 905 151 30 1,488
ActiveHybrid 3

(335ih)

Mercedes S400 - 801 309 121 64 10 1 1,306
Mazda Tribute 570 484 90 1,144
BMW - 403 520 112 12 1,047
ActiveHybrid 5

(535ih)

Chevy Impala - 56 565 272 893
Hybrid

VW Touareg - 390 250 118 30 16 804
Hybrid

BMW - 102 338 230 31 45 25 771
ActiveHybrid 7

Porsche - 52 570 113 735
Panamera S

Mercedes - 627 1 22 11 20 10 691
ML450h

Mercedes E400H - 282 158 53 493
Acura RLX - 133 250 383
BMW X6 - 205 43 3 251
Chrysler Aspen 79 79
GMC Sierra - 65 6 1 72
Dodge Durango 9 9
TOTAL 1,614,761 274,210 268,807 434,344 495,534 443,823 384,404 3,915,883

(Data Sources: Worksheet and notes available at www.afdc.energy.gov/data/)
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Table 1.2 shows the current HEVs available in the United States, along with a
comparison to the base model of gasoline-powered cars (www.toyota.com, www.
ford.com, www.gm.com, http://www.nissanusa.com/, www.honda.com, www.fca.
com). In the case of the Toyota Prius, the comparison is made to the Toyota Corolla.
It can be seen that the price of HEVs is generally 40% more than that of their base
models. The increase in fuel economy in HEVs is also significant, in particular for
city driving.

1.6.1 Toyota Prius

Toyota produced the world’s first mass-marketed modern HEV in 1997, the Prius, as
shown in Figure 1.20. The worldwide sales of the Prius exceeded 1 million units in 2009.
The Toyota Prius uses a planetary gear set to realize continuous variable transmission
(CVT). Therefore, the conventional transmission is not needed in this system. As shown
in Figure 1.21, the engine is connected to the carrier of the planetary gear, while the
generator is connected to the sun gear. The ring gear is coupled to the final drive, as is
the electric motor. The planetary gear set also acts as a power/torque splitting device.
During normal operations, the ring gear speed is determined by the vehicle speed, while
the generator speed can be controlled such that the engine speed is in its optimum
efficiency range.

The 6.5 Ah, 2.1 kW nickel metal hydride battery pack is charged by the generator dur-
ing coasting and by the propulsion motor (in generation mode) during regenerative
braking. The engine is shut off during low-speed driving.

The same technology is used in the Camry hybrid, the Highlander hybrid, and the
Lexus brand hybrids. However, the Highlander and the Lexus hybrids add a third motor
at the rear wheel. The drive performance, such as for acceleration and braking, can thus
be further improved.

1.6.2 The Honda Civic

The Honda Civic hybrid has an electric motor mounted between the ICE and the
CVT, as shown in Figure 1.22. The electric motor either provides assistance to the
engine during high power demand, or splits the engine power during low power
demand.

1.6.3 The Ford Escape

The Escape hybrid from the Ford Motor Company (Figure 1.23) is the first hybrid in
the SUV category. The Escape hybrid uses the same planetary gear concept as the
Toyota system.

1.6.4 The Two-Mode Hybrid

The GM two-mode hybrid transmission was initially developed by GM (Alison) in
1996, and later advanced by GM, Chrysler, BMW, and Mercedes-Benz through a joint
venture named the Global Hybrid Cooperation in 2005. The GM two-mode hybrids
(Figure 1.24) use two planetary gear sets and two electric machines to realize two
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Figure 1.20 The Toyota Prius (2010 model).
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Figure 1.21 The powertrain layout of the Toyota Prius (EM, electric machine; PM, permanent magnet).
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Figure 1.24 The Chrysler Aspen two-mode hybrid.

different operating modes, namely, high-speed mode and low-speed mode. Detailed
operation of the two-mode hybrid will be discussed in Chapter 4.

1.7 Challenges and Key Technology of HEVs

HEVs can overcome some of the disadvantages of battery-powered pure EVs and gaso-
line-powered conventional vehicles. These advantages include optimized fuel economy
and reduced emissions when compared to conventional vehicles, and increased range,
reduced charging time, and reduced battery size (hence reduced cost) when compared
to pure EVs.
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However, HEVs and PHEVs still face many challenges, including higher cost when
compared to conventional vehicles, electromagnetic interference caused by high-power
components, and safety and reliability concerns due to increased components and
complexity, packaging of the system, vehicle control, and power management.

e Power electronics and electric machines: The subject of power electronics
and electric motors is not new. However, the use of power electronics in a vehicle
environment poses significant challenges. Environmental conditions, such as
extreme high and low temperatures, vibration, shock, and transient behavior are very
different from what usually affects electric motors and power electronic converters.
Challenges in power electronics in an HEV include packaging, size, cost, and thermal
management.

o Electromagnetic interference: High-frequency switching and high-power opera-
tion of power electronics and electric motors will generate abundant electromag-
netic noise that will interfere with the rest of the vehicle system if not dealt with
properly.

o Energy storage systems: These systems are a major challenge for HEVs and PHEVs.
The pulsed power behavior and energy content required for the best performance are
typically difficult for conventional batteries to satisfy. Life cycle and abuse tolerance
are also critical for vehicle applications. Currently, nickel metal hydride batteries are
used by most HEVs and lithium-ion batteries are targeted by PHEVs. Ultracapacitors
have also been considered in some special applications where power demand is a
major concern. Flywheels have also been investigated. The limitations of the current
energy storage systems are unsatisfactory power density and energy density, limited
life cycle, high cost, and potential safety issues.

¢ Regenerative braking control: Recovering the kinetic energy during braking is a key
feature of HEVs and PHEVs. However, coordinating regenerative braking with the
hydraulic/frictional braking system presents a major challenge as far as safety and
braking performance are concerned.

o Power management and vehicle control: HEVs involve the use of multiple propulsion
components that require harmonious coordination. Hence, power management is a
critical aspect of vehicle control functions in an HEV. An optimized vehicle controller
can help achieve better fuel efficiency in an HEV.

o Thermal management: Power electronics, electric machines, and batteries all require
a much lower operating temperature than a gasoline engine. A separate cooling loop
is necessary in an HEV.

e Modeling and simulation, vehicle dynamics, vehicle design, and optimization:
Due to the increased number of components in an HEV, packaging of the compo-
nents in the same space is a challenge. Associated vehicle dynamics, vehicle design,
and modeling and simulation all involve major challenges.

1.8 The Invisible Hand-Government Support
Without the government support, the HEV and PHEV may take a longer time to succeed

in the marketplace due to their high cost and other limitations. As far as consumers are
concerned, there are two kinds of buyers of HEVs. One kind expects to save money over
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time by saving fuel consumption; the other buys the hybrid because of environmental
concerns. The payback period, or the time it takes for the owner to recover the invest-
ment in an HEV due to fuel savings, depends greatly on the price of gasoline.

Take the Toyota Prius as an example. This HEV is priced at $22,800 while the conven-
tional similar model, the Corolla, is only $15,450. The MPG increases by 96% in city
driving and 37% in highway driving. Assume that an owner annually drives an average
of 10,000 miles in the city and 5000 miles on the highway. Then the annual fuel con-
sumption for the base model and for the hybrid will be as follows:

Conventional: 10,000 miles/26 MPG + 5000/35 MPG = 527 gallons
HEV: 10,000 miles/51 MPG + 5000/48 MPG = 300 gallons

At $2.50 per gallon, the fuel savings are $568 per year. In other words, it would take
13 years to make up the cost difference between the two vehicles. However, if gasoline
were to cost $6.5 per gallon, it would only take 5 years to recover the cost differences.

Consider the Ford Escape SUV as another example. This HEV is priced at $29,860
while the conventional model is priced at $21,020. Assume an owner drives an average
of 10,000 miles in the city and 5000 miles on the highway annually. Then the annual fuel
consumption for the base model and for the hybrid will be as follows:

Conventional: 10,000 miles/22 MPG + 5000/28 MPG = 633 gallons
HEV: 10,000 miles/34 MPG + 5000/31 MPG = 455 gallons

The total fuel saved is 178 gallons. At $2.50 per gal, the fuel savings are $455 per year,
so it would take 19 years to make up the difference. However, if gasoline were to cost
$6.5 per gallon, it would take 7.5 years to recover the cost difference.

Government incentives can make a difference in this scenario. Table 1.3 lists the tax
credits available on certain PHEVs by the US federal government for the years 2011—
2016. If we take the Ford Escape HEV as an example, when the tax credit is considered

Table 1.3 Available tax credits for selected PHEVs sold in the United States. (https://www.irs.
gov/businesses/qualified-vehicles-acquired-after-12-31-2009).

Model year Make Model Credit amount ($)
2011 BMW I3 $7,500
2011-2017 GM Chevrolet Volt $7,500
Cadillac ELR $7,500
Chevrolet Spark EV $7,500
2013-2016 Mercedes-Benz smart Coupe/Cabrio EV $7,500
2011-2016 Nissan Leaf $7,500
2015 Porsche Caynee S E-Hybrid $5,336
2012-2015 Toyota Prius PHEV $2,500

RAV4 EV $7,500
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the recovery time of investment would be 5 and 13 years, respectively, for gasoline
prices of $6.5 and $2.5 per gallon.

A few states and metropolitan cities in the United States, such as California and
Washington DC, allow access of HEVs to the high-occupancy-vehicle (HOV) lane. Due to
the fact that a significant amount of time can be saved by driving in the HOV lane, some
consumers are motivated to buy an HEV or PHEYV for their daily commuting to save time.

Some other states, such as Colorado and California, have separate incentives in addition
to those from the federal government. A number of private companies such as Google,
Bank of America, STMicroelectronics, and Hyperion reward their employees for buying
or leasing an HEV. It is interesting to note that the motivation of the companies toward
such investment by their employees may be to allow them to spend time in the office
rather than in traffic.

In 2009, the US president announced funding of $2.4 billion for PHEV development
that supported 48 projects being undertaken by major car manufacturers and automo-
tive suppliers. The projects support the development of batteries and electric drive
components as well as the deployment of electric drive vehicles. The president of the
United States set the goal of reaching 1 million plug-in hybrids by 2015. Additional
incentives are in place for PHEV developers and consumers.

At the time of writing the first edition of this book, China, Japan, the European Union,
and many other countries around the world have initiated support for the development,
demonstration, and deployment of EVs, PHEVs, and associated battery and electric drive
components.

However, hybridization of vehicles is not the ultimate solution for sustainability,
though it builds the pathway to a sustainable future. The technology developed along
this pathway will allow the necessary transition from fossil fuel based transportation to
ultimate electrification of the transportation sector.

Electrification alone will not provide sustainability. There will be a need for a
coordinated effort along this critical path, including smarter urban planning, public tran-
sient systems, high-speed rail networks, and smarter and safer vehicles and roads. There
will also be a need for a collective effort by multiple stakeholders. The power industry
must increase its renewable energy and cleaner energy generation. Governments will
need to develop fast rail transportation systems in and between dense metropolitan areas.

1.9 Latest Developmentin EV and HEV, China’s Surge
in EV Sales

At the time of writing the second edition of this book, there have been significant
advances in the electrification of the automobile:

e HEV, EV, and PHEV sales are steadily increasing, with PHEV and EV sales significantly
increased over the past five years. The US saw 114,022 EV and PHEV sales and 384,404
HEV sales in 2015.

e China sold 21.15 million passenger cars in 2015, including sedans, sport-utility
vehicles, and minivans, a 7.3% increase from 2014; and sold 23.9 million cars in 2016,
a 15.9% gain over 2015. This is less than the 10% and 16% gain in 2013 and 2014,
respectively. It is predicted that China will see a 7.8% increase in auto sales in 2016,
increasing to 22.76 million vehicles for 2016.
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o China had the largest surge of EV sales due to its massive government incentives, and
sold more than 300,000 in 2015 (188,700 passenger cars and 124,000 electric buses) or
223% of the previous year’s sales, not including more than 300,000 low-speed vehicle
sales. (http://cleantechnica.com/2016/03/08/china-electric-car-sales-increased-223-
in-2015/, and http://www.wsj.com/articles/china-car-sales-growth-slows-further-
1452587244). 1t sold 350,000 electric vehicle and plug-in electric vehicles in 2017,
almost half of all EV/PHEVs sold in the world.

o A number of companies have gone bankrupt in the past 6 years, while EV sales have
steadily increased, including EV maker Fisker Karma, lithium-ion battery maker
A123, and battery swapping company Better Place.

o The oil price is maintained low, reaching below $30 per barrel in 2016, 80% down
from its peak in 2008.

Historically, the high oil prices have spiked the interest in electric vehicles. The
current low price of oil will generate uncertainties for the future of electric and hybrid
electric vehicles, partly due to the low gasoline prices. Take the example in the previous
section where the gasoline price was set at $3.30 per gallon, the cost to drive with
gasoline was almost five times the cost to drive using electricity. With the gasoline
price at $1.65 per gallon, the cost to drive a car using gasoline is only 2.5 times that of
electricity. With an average of 15,000 miles per year, it will save $375 per year for a
typical compact sized car. Therefore, if the incremental cost of EVs (including battery
cost) is at $5000, it will take nearly 15 years to recover the initial investment. Hence,
economically, EV and HEV becomes less attractive.

Government incentives can completely change the scenario. For example, in 2015,
China sold more than 300,000 EVs. However, in the last three months of that year
they saw 75% sales of EV compared to the total of EVs sold in the first nine months.
This surge is due to the fact that some government subsidies were due to expire at the
end of the year. In some cases, the subsidy will cover more than 90% of the selling
price of the car. However, China will gradually reduce the government subsidies, at
the rate of 20% per year starting in 2016, resulting in no or little subsidies for EVs
by 2020. We will have to see how the market and consumers react with the reduction
in subsidies.

On the other hand, Tesla, for example, has gained a lot of momentum in its EV
sales, especially the much anticipated Model 3, which starts at just $35,000, com-
pared to $75,000 for a Model S. The Model 3 has already had more than 400,000
orders placed as of June 2016. But even with the sales volume realized, Tesla lost $889
million in 2015 and $282 million in the first quarter of 2016. (https://finance.yahoo.
com/q/is?s=TSLA&annual, http://gizmodo.com/tesla-is-losing-money-but-making-
more-cars-1758351727, http://seekingalpha.com/article/3968035-tesla-lose-money-
every-car-sold).

The battery is still the bottle neck for EV penetration. Cost, energy density, durabil-
ity, reliability, and safety are the major concerns for the currently available lithium-ion
batteries. Other technologies, such as graphene material, which could potentially help
to significantly increase battery energy density, are still to be further developed and
validated. If indeed the energy density could be tripled or quadrupled in the next few
years, and the cost could come down to 1/3 of the current cost, and EVs would be more
competitive than gasoline-powered cars.
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