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Foreword

Engineers work to develop new technologies to advance our daily lives. 
While some technologies make sense to the developing engineers, often eco-
nomics or social impacts and acceptance create challenges for the adoption of 
new technologies. This book provides technical, economic, and social impli-
cation information about two technologies that have seen a diverse response 
related to integration and acceptance. The use of solar energy within the 
charging infrastructure for electric vehicles provides some key opportuni-
ties related to global usage of these vehicles as well as reduced emissions 
for countries struggling with air quality as industrialization and automobile 
numbers have increased.

This book is an excellent example of the synergies in higher education 
that help advance state-of-the-art technologies, educate our future engineer-
ing workforce, and disseminate challenges, issues and solutions for today’s 
and tomorrow’s energy challenges. Faculty from five different departments 
across Kansas State University have combined to provide their expertise in 
the areas of economics, psychology, electric power, air quality, and renew-
able energy to develop a comprehensive review of using solar power for elec-
tric vehicles. Additionally, engineering undergraduate students from across 
the country contributed as part of an extension of their National Science 
Foundation Research Experience for Undergraduate program. The book was 
also made possible through the support of the Black and Veatch Foundation 
through the “Building a World of Difference” Program.

This book will be a useful resource for a multitude of audiences, rang-
ing from the general public, an introduction to renewables class, introduc-
tion to engineering class, or even for an upper level engineering elective. It 
responds directly to two of the U.S. National Academy of Engineering Grand 
Challenges for Engineering: (1) make solar energy economical and (2) restore 
and improve urban infrastructure.

I applaud the editors and contributors for developing this helpful tool to 
share and help advance this topic for generations to come.

Dr. Noel Schulz
IEEE Fellow

Kansas State University
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Preface

Unless someone like you cares a whole awful lot, nothing is going to get bet-
ter. It’s not.

Dr. Seuss

Since 2009, Kansas State University has had about 10 to 18 college students 
who have annually participated in a 10-week summer research experience 
for undergraduates program, Earth, Wind, and Fire: Sustainable Energy in 
the 21st Century, with most of the financial support provided by the National 
Science Foundation. Each summer we have had a team project related to 
generating electricity using solar panels in parking lots. The concept of solar 
powered charging stations (SPCSs) for electric vehicles (EVs) grew out of the 
early dialog as interest and developments in EVs progressed. Shortly after 
publication of our second manuscript (Robinson et al., 2014) we received an 
invitation to write a book on SPCSs for EVs. Because of all of the different sig-
nificant issues related to SPCSs and EVs, we decided to write this book. In this 
age of sustainable development, environmental considerations are receiving 
greater consideration, and we have included these topics in this book.

This book is written for all people, everywhere, because the transition to 
solar and wind energy for the generation of electricity and the electrification 
of transportation is going to impact everyone. In the next 50 years, electric-
ity from solar energy is going to become much more important, and EVs 
will grow in numbers from more than one million in service now to much 
larger numbers. There are already many SPCSs in the world. However, the 
transition from the present number of parking spaces with solar panels over 
them to having over 200 million parking spaces with shaded parking pro-
vided by SPCSs will not be easy. It will benefit from having an educated pub-
lic that understands the values, issues, and benefits of SPCSs and EVs. This 
book is an introduction to the topics related to SPCSs and EVs. We address 
the social, environmental, economic, policy, and organizational issues that 
are involved, as well as the complex and multidisciplinary dimensions of 
these topics. Related topics include infrastructure for EV charging, batteries, 
energy storage, smart grids, time-of-use (TOU) prices for electricity, urban 
air quality, business models for SPCSs, government regulation issues, taxes, 
financial incentives, and jobs.

Globally, the expenditures for the generation and use of electricity and 
for automobile travel are each more than one trillion dollars per year. The 
transition to more electricity from wind and solar generation with 200 mil-
lion SPCSs and EVs is expensive and entails significant capital investment. 
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x Preface

This transition has already begun, though, for several reasons. One reason is 
because the prices of solar panels and batteries are decreasing. Another rea-
son is that greenhouse gas emissions are reduced by generating electricity 
with wind and solar energy and by electrifying transportation.

The Paris Agreement on Climate Change adopted on December 12, 2015 
is a major step forward in many respects. There is now almost unanimous 
agreement that it would be good to reduce greenhouse gas emissions. This 
book addresses one way to do it. In order to accomplish the goal of achiev-
ing a balance between emissions and sinks for carbon dioxide before 2100, 
significant progress in transitioning to SPCSs and EVs is needed. Two of the 
largest sources of carbon dioxide emissions are the generation of electric-
ity and transportation. Globally, air quality is a major issue in many large 
urban areas, and the transition to EVs will be very beneficial to the health 
for those living in these cities. The transportation sector is one of the largest 
causes of air pollution, and eliminating combustion emissions is a good way 
to improve air quality.

Regulatory and policy issues are included in the book because there are 
currently limitations on the sale of electricity in many locations. The finan-
cial and environmental aspects contribute to the complexity of business 
models that may be used to pay for and profit from constructing and operat-
ing SPCSs. Those involved in government, regulatory commissions, bank-
ing, and finance need to understand the value and importance of SPCSs for 
EV infrastructure. Members of environmental organizations who want to 
encourage environmental progress will benefit from reading this book. We 
hope the book will also be helpful to those interested in sustainable develop-
ment and the best pathways to a sustainable world.

You as a reader can make a difference. Some readers can make a bigger 
difference because of their ability to influence policy or corporate decisions, 
but there are actions that each reader can take. Actions by everyone can add 
to significant change toward a more sustainable world. This is something 
everyone wants.

Reference

Robinson, J., G. Brase, W. Griswold, C. Jackson, and L.E. Erickson. 2014. Business 
models for solar powered charging stations to develop infrastructure for electric 
vehicles, Sustainability 6: 7358–7387.

Larry E. Erickson
Jessica Robinson 

Gary Brase
Jackson Cutsor
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1
Introduction

Larry E. Erickson, Gary Brase, Jackson Cutsor, and Jessica Robinson

We cannot solve our problems with the same thinking we used when we 
created them.

Albert Einstein

There is an incredibly large and complex infrastructure built around trans-
portation and fossil fuel power. This infrastructure includes thousands of 
oil fields, pipelines, huge refineries, and trucks to distribute gasoline to over 
150,000 gasoline and service stations. There are over 250 million registered 
passenger vehicles in the United States and many more parking spaces. 
Personal vehicles in the United States consume more than 378 million gal-
lons of gasoline every day, which is over 45% of the U.S. oil consumption 
according to the U.S. Energy Information Administration.

All that petroleum used for transportation is a major source of greenhouse 
gases, and on top of that are coal fired power plants that are a massive con-
tributor of carbon dioxide emissions. In December 2014, at the United Nations 
COP 20 meeting in Lima, Peru, many delegates from nearly 200 nations 
signed an agreement to reduce greenhouse gas emissions. On December 12, 
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2 Solar Powered Charging Infrastructure for Electric Vehicles

2015, the Paris Agreement on Climate Change was adopted by the Parties to 
the United Nations Framework Convention on Climate Change (UNFCCC, 
2015). This agreement has a goal to reduce greenhouse gas emissions until 
carbon dioxide concentrations in the atmosphere stop increasing. The goal 
is to accomplish this balance of sinks and sources before 2100, but to begin 
as quickly as possible (UNFCCC, 2015). Similarly, the Clean Power Plan 
(U.S. EPA, 2015) calls for more electricity to come from renewable resources. 
The reduction of greenhouse gas emissions is one of the main goals of this 
plan. Doing that, though, means using less coal and petroleum. One of the 
great sustainability challenges is to increase the fraction of energy that comes 
from renewable resources. The finite supplies of fossil fuels and the green-
house gas emissions associated with their combustion are important reasons 
to develop new technologies that allow progress in sustainable development. 
The goal of reducing greenhouse gas emissions by 80% by 2050 is considered 
to be appropriate, but how can we get there? To help accomplish this, it is 
important to electrify transportation and generate a significant fraction of 
electricity using renewable resources and nuclear energy (Williams et al., 
2012). The transition to electric vehicles (EVs) and the construction of solar 
powered charging stations (SPCSs) to provide an infrastructure for EVs do 
go a long way toward accomplishing this. It can help generate more of our 
power needs from renewable resources and reduce greenhouse gas emis-
sions and petroleum use.

Climate change is a “super wicked problem” because it is global, it affects 
everyone, and it involves entire ecosystems (Walsh, 2015). Climate change 
must be addressed because it has many impacts on our lives. Because action 
is needed in all countries, it is very difficult to find good solutions and imple-
ment them. The policy challenges associated with passing legislation and 
agreeing on regulations are “super wicked problems” because of potential 
impacts and global reach. The world needs research and development of new 
technologies that enable us to transition to a good life with an 80% reduction 
in greenhouse gas emissions and ample supplies of raw materials for future 
generations. Air quality will be improved as well.

1.1 � Solar Power and Electric Vehicles

This book is about the sizeable challenges and the even greater opportuni-
ties offered by the marriage of solar power and electric vehicles (EVs) to pro-
vide an infrastructure for EVs. Strong and compelling cases can be made for 
adoption of EVs and a transition to sustainable energy.

An EV is much more efficient than a similar vehicle powered by gasoline. 
The EV is simple to construct because no engine cooling system is needed, 
no lubrication system is needed, there is no transmission, no exhaust system, 
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3Introduction

and no catalytic converter is required. Maintenance costs are low. The space 
needed for the engine is small.

Strong and compelling cases can be made for sustainable energy, espe-
cially wind and solar energy. Solar power is growing rapidly. Lester Brown 
and colleagues (2015) have written about the great transition that has started 
from fossil fuels to wind and solar energy for electric power. The prices of 
wind and solar energy have decreased, and there is rapid growth in both 
technologies. Solar power production has been quietly getting more and 
more efficient, to the point where it is now as economically viable as other 
forms of producing electricity in many locations (Brown et al., 2015). We are 
already seeing rapid growth in distributed solar power generation in Europe 
and many other parts of the world.

Putting solar power and EVs together, we get an interaction effect that is 
beneficial to both; that is, the two technologies magnify the effects of each other 
because the batteries in EVs can store the clean energy produced by the solar 
panels. Because the batteries in EVs can store energy and EV owners can decide 
to charge when power costs are low, EVs can be beneficial to a power grid with 
wind and solar energy production and time-of-use prices for electricity.

1.2 � Solar Powered Charging Stations (SPCSs)

One infrastructure alternative is to construct solar powered charging sta-
tions (SPCSs) in parking lots to produce electric power that flows into the 
electrical power grid. Covering 200 million parking spaces with solar panel 
canopies has the potential to generate 1/4 to 1/3 of the total electricity that 
was produced in 2014 in the United States. Even parking under the solar 
panel canopy has benefits, including shade and shelter from rain and snow. 
Meanwhile, the electrical grid can be used to charge the batteries of EVs.

Consider a world with a smart grid, millions of EVs, primarily powered by 
solar and wind energy, with millions of SPCSs and reduced emissions from 
combustion of coal and petroleum. What would it look like? Many countries 
can have energy independence with wind and solar power and EVs (a politi-
cal goal for the United States since at least the Nixon administration). People 
would spend less on fuel (energy) and vehicle maintenance. The cleaner air 
would have social value and improve health.

The transformation to electric powered vehicles supported by an infra-
structure of SPCSs and a smart grid will take some time because of the useful 
life of automobiles and electrical power generating plants. But recent prog-
ress in the development of solar panels and batteries has made this transfor-
mation possible. As the prices of solar panels and batteries for EVs decrease 
because of research and development, the rate of this transformation will 
increase. Many more individuals will purchase an EV as they realize that the 
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4 Solar Powered Charging Infrastructure for Electric Vehicles

cost of transportation is lower and more convenient with an EV than with a 
gasoline powered vehicle.

The number of new installations of solar panels to generate electricity has 
been growing rapidly. Between 2015 and 2050, progress in sustainable devel-
opment may include the addition of many millions of EVs and SPCSs as well 
as installation of a smart grid with real time prices for electricity. The major-
ity of vehicles sold in 2050 may be plug-in models; Toyota announced on 
October 14, 2015 that it aims to reduce the mass of carbon dioxide emitted 
from its new automobiles by 90% by 2050 (Japan for Sustainability, 2015). 
These anticipated developments have the potential to reduce greenhouse gas 
emissions substantially and create many jobs.

1.3 � Air Quality

Air quality in urban areas will improve because EVs have no emissions when 
powered by electricity that is generated by solar energy. The improvement of 
urban air quality has social, environmental, economic, and health benefits. 
The quality of urban life would be much better in many cities of the world if 
all transportation was with EVs and these vehicles were powered with wind 
and solar energy.

The cost of gasoline will be lower because of the reduced demand as the 
number of EVs increases. Gasoline prices decreased in late 2014 because of 
increased supplies and the reduced demand. Part of that was the fact that 
more than 300,000 EVs were purchased and placed in service in 2014 world-
wide, and this relationship can get stronger with more EV purchases.

1.4 � Battery Storage and Infrastructure

The batteries in EVs are currently expensive, but they are important because 
they store the energy that is needed for travel in an EV. A large network 
of charge stations that allows EVs to be charged wherever they are parked 
would have significant value for EV owners. The size of the battery pack 
in an EV and the charging infrastructure are related because an EV owner 
can use that vehicle for many more purposes if a comprehensive support-
ing infrastructure is available and convenient. For example, an EV with a 
range of 85 miles (137 km) can be used for travel to and from work when 
the commuting distance is 50 miles each way if there is an infrastructure to 
charge the EV at work. An extensive charging infrastructure gives EV own-
ers greater choice and convenience as to when and where to charge their EV. 
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5Introduction

This is important because electric power production and use need to be bal-
anced when there is limited or no storage as part of the electrical grid. If the 
only place to charge an EV is at home, then there is a greater need to charge 
the battery when arriving home so it will be ready for the next trip. This may 
result, for example, in a significant number of EV batteries being charged 
after work at 5:30 p.m. on hot days when the load on the electrical grid is 
already near its maximum capacity.

A high availability of SPCSs aids in distributing demand on the electrical 
grid. Finally, as EV battery sizes increase EV range, it enables EVs to travel 
farther distances before requiring a charge, and it reduces the frequency in 
which EVs must visit charge stations.

1.5 � Employment

The construction of the SPCSs and the modernization of the grid will pro-
vide construction and electrical jobs where the SPCSs are located and techni-
cal employment for those who install smart grid systems. There will also be 
employment associated with the equipment and materials that are used to 
construct the SPCSs and manufacture the smart grid equipment. Solar pan-
els, inverters, smart meters, software, structural materials, communication 
equipment, and charge stations are needed.

1.6 � Trillion Dollar Research Challenge

One of the important potential developments for EVs is less expensive bat-
teries in terms of the cost per kWh of storage or cost per mile of range. Many 
current EVs have an efficiency of about 3 miles (5 km) per kWh. Battery costs 
in 2015 are about $300/kWh of capacity or $100/mile of range (Nykvist and 
Nilsson, 2015). A reduction in cost by 1/3 would have more than $1 trillion in 
value to society and make EVs less expensive by $500 to $10,000 depending 
on the size of the battery pack.

1.7 � Real Time Prices for Electricity

There are many aspects associated with developing a solar powered charg-
ing infrastructure for EVs. The electrical power that flows into the grid 
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should be properly valued and used. Real time prices or time-of-use rates are 
beneficial for EVs, SPCSs, and the electrical grid. Real time prices reflect the 
current demand on the electrical grid. Thus, peak power times have higher 
electricity prices. These pricing strategies can influence when vehicle own-
ers charge their vehicles. Solar panels produce electricity during the day, 
when the value of power is higher than the average value. There are many 
opportunities to charge batteries in EVs when the demand for electricity is 
low and night time charging has been shown to be beneficial to utilities and 
EV owners in many locations with time-of-use prices. A large number of EVs 
with battery storage capacity changes the dynamics of the electrical energy 
network because substantial energy storage is available and prices can be 
used to encourage charging when surplus power needs to be stored. Grid 
modernization, though, is necessary to have effective communication and 
real time prices.

1.8 � Shaded Parking

One of the significant aspects of adding SPCSs to parking lots is that shade is 
provided. It is more pleasant to enter a car that is in the shade on a hot sunny 
day, and the resale value of a car is better if it has been consistently parked 
in the shade. Adding solar panels above parking spaces requires very little 
additional land. Thus, SPCSs as a renewable energy alternative compares 
well with ethanol and wind energy in terms of land requirements.

1.9 � Business Models for SPCS and EV Charging

Appropriate business models and permits are needed for SPCSs because 
electrical energy is regulated in many locations. Multiple parties (parking lot 
owner, charge station owner, utility, employer, vehicle owner) may be involved. 
How is the cost of the SPCS infrastructure to be paid for? Who makes a profit 
from EVs and SPCSs? What is the role of government policy? There are many 
social, environmental, economic, and policy aspects to consider. The conve-
nience of charge stations is important for many people. Since the cost of elec-
tricity to drive 10 miles is of the order of $0.50 and the value of the electricity 
from charging with level 1 for two hours is less than $1.00, business models 
such as free parking that includes free charging are fairly common. The cost 
of the SPCS infrastructure can be paid for through sales income, taxes, or user 
fees. If there are no financial transactions associated with charging, it is conve-
nient and efficient. These topics will be considered in later chapters.
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1.10 � Economic Externalities

The economics associated with the charging infrastructure of EVs include 
some positive externalities (benefits enjoyed by others, indirectly), because 
the costs of mitigating climate change and improving urban air quality can 
be included. This may help to spur some of the policy decisions that are 
needed to reach the goal of 80% reduction of greenhouse gas emissions by 
2050. For instance, Saari et al. (2015) have investigated air quality co-benefits 
associated with a reduction of greenhouse gas emissions. When the benefits 
of climate change mitigation and improved air quality associated with the 
electrification of transportation are included, the value of an infrastructure 
of SPCSs is enhanced significantly.

1.11 � Challenges and Opportunities

There are a number of actions and ongoing efforts that are beneficial to the 
goals of reducing greenhouse gas emissions and developing an infrastruc-
ture of SPCSs for EVs. These include:

	 1.	Research to reduce cost and increase efficiency of solar panels.
	 2.	Research to improve batteries and reduce their cost.
	 3.	Progress in smart grid development and implementation including 

time-of-use prices.
	 4.	Progress in developing approved procedures for electric utilities to 

install SPCSs and receive income as a regulated utility.
	 5.	Public education on the benefits of the transformation to renewable 

energy, a smart grid, SPCSs, and EVs.

These actions are important and they will be discussed further in later 
chapters.

1.12 � Sustainable Development

Sachs (2015) has pointed out that sustainable development is a science of com-
plex systems. The complexity associated with the topics in this book arises 
because of the importance of environmental sustainability; the interactions 
of the world economy, global society, and the environment; and the difficulty 

K26194_C001.indd   7 6/9/2016   1:25:27 AM

www.TechnicalBooksPDF.com



8 Solar Powered Charging Infrastructure for Electric Vehicles

in making optimal decisions where utilities are regulated and there are 
important economic externalities. A modernized smart electrical grid with 
large amounts of wind and solar energy adds complexity because of varia-
tions in solar radiation and wind speed. Battery storage has the potential to 
be very helpful in grid design and operation, but there are complexity issues 
associated with a smart grid that includes these renewable sources and bat-
tery storage in EVs that are controlled by customers who may respond to real 
time prices.

1.13 � Objectives of the Book

One objective of this book is to describe pathways and challenges to go from 
our present situation to a world with a better, sustainable transportation sys-
tem: one with EVs, SPCSs, a smart grid with real time prices, more energy 
storage, reduced greenhouse gas emissions, better urban air quality, abun-
dant wind and solar energy, and electricity for all who live on this planet. 
Because the topics of the chapters are complex, there is some consideration 
of related topics across various chapters.

At a broad level, in order to have good governance in the world we need to 
have educated people making good decisions. This book introduces impor-
tant topics and provides information that will be helpful to decision makers, 
engineers, public officials, entrepreneurs, faculty, students, and members of 
organizations that work cooperatively to make this a better world.

At a more personal level, another objective of this book is to provide 
encouragement and knowledge that will be helpful to those who wish to 
own an EV and an SPCS. Many readers will be involved in smart grid mod-
ernization accompanied by variable prices, and some understanding of the 
benefits associated with time-of-use and real time prices will be helpful to 
them.
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2
Electric Vehicles

Rachel Walker, Larry E. Erickson, and Jackson Cutsor

If I had asked people what they wanted, they would have said faster horses.

Henry Ford

2.1 � Introduction

An electric vehicle (EV) has the advantage of being very simple to design 
and build. The EV is very efficient particularly in comparison to internal 
combustion engine vehicles (ICEs); there is no radiator and engine cooling 
system that uses fluids in most EVs. Since there are no exhaust emissions, 
no catalytic converter is needed. This simplicity reduces maintenance costs. 
In the last several years, many new EVs have been introduced and made 
available for sale in the United States and throughout the world (Inside EVs, 
2016). More than 500,000 EVs were manufactured and delivered in 2015 in 
the world (Inside EVs, 2016).

One example of an all-electric vehicle is the Tesla S. Powered by either a 
dual or single electric motor depending on the model, the Tesla S has a range 
of 240–270 miles at full charge. It runs on a 70–85 kilowatt hour (kWh) bat-
tery, comes with an eight-year battery and drive unit warranty, and gives 
purchasers a $7500 federal tax credit. Tesla provides free charging to Tesla 
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owners via its Supercharge network of charging stations located throughout 
the country. This vehicle saves owners an estimated $10,000 in gas over a 
five-year period (Tesla Motors, 2015).

Extended range electric vehicles (EREVs) are powered by an electric motor, 
but also contain a gasoline engine that powers a generator that charges the 
batteries in the vehicle. The Chevrolet Volt is an example of an EREV. The 
2015 Volt has an estimated gas-free range of 38 miles when fully charged. 
With a fully charged battery and a full tank of gas, the 2015 Volt’s range 
becomes approximately 380 miles. The 2016 Volt has a range of 50 electric 
miles from its batteries (Chevrolet, 2015a).

A third type of electric vehicle is the plug-in hybrid electric vehicle 
(PHEV), such as the Toyota Plug-in Prius. This type of vehicle can operate 
as an electric vehicle as long as there is sufficient energy in the battery, and 
it can operate using both gasoline and electricity. When the battery is low, 
the PHEV performs the same as a Prius hybrid that does not have a plug-in 
connection. It makes use of both the electrical drive system and an inter-
nal combustion engine with the gasoline motor turning off when stopped at 
stoplights. Plug-in Prius buyers receive an estimated tax credit of $2500 (U.S. 
Department of Energy, 2015b).

Owning an EV can be very advantageous for drivers. The simple design, 
low maintenance costs, efficiency, convenience of home charging, and envi-
ronmental benefits make EVs a competitive option. Disadvantages include 
short driving ranges, higher purchase price, heavier vehicle weight, large 
batteries, and inconvenience and expense of charging vehicles when away 
from home. While researchers work to find solutions to these drawbacks, 
plans to increase EV sales and push the United States in an environmentally 
beneficial direction continue.

This chapter will include details on the first EVs invented, current devel-
opments in EV research, and the design of each type of EV. It will also give 
information about particular EV models, efficient features specific to EVs, 
and current sales throughout the United States and the world. This chap-
ter will show readers many environmental and financial incentives for EV 
buyers, including government policy incentives, and will explore life cycle 
analysis of EVs versus combustion engine vehicles.

2.2 � History of EVs

EVs have been in existence since the nineteenth century, but have not been 
a realistic option for everyday travel until recently. Europeans were the first 
to experiment with making EVs, but the United States was close to follow. 
In 1890, William Morrison, a chemist from Des Moines, Iowa, created the 
first EV in the United States (Matulka, 2014). By 1900, EVs were very popular 
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(Matulka, 2014). At this time, steam and gasoline powered vehicles were lim-
ited in range and took manual time and effort to start (Matulka, 2014). EVs 
were quieter and easier to drive, which made them ideal for short drives 
within cities (Matulka, 2014). However, developments in ICEs and increased 
availability of gasoline put an end to the brief prominence of EVs. As these 
advances in technology continued, the EV was no longer a competitive 
option (Matulka, 2014).

Until the early 1990s, no real progress or attempts were made at revitalizing 
the concept of an EV. In 1996, General Motors released the EV1, a small car 
that was completely electric; see Figure 2.1. Even though there was almost no 
charging infrastructure and the range was a maximum of 100 miles, it was 
met with considerable enthusiasm from the public, especially in California. 
Although there was clear public support, GM received much negative pres-
sure from corporations and developed concerns that the EV1 would have 
a negative effect on the automobile industry. Despite owner protest, GM 
decided to remove them from the market. They recalled and crushed all of 
just over 1000 EV1s (General Motors EV1, 2015a). However, General Motors 
has shown renewed support for EVs with its recent announcement in 2015 
that it will be producing a new all-electric vehicle with a proposed range of 
more than 200 miles (Chevrolet, 2015b).

A number of different factors have led to the recent increase in EV and 
PHEV production, including government support, environmental concerns, 
new technology, and the projected increase in the price of operating an ICE. 
The corporate average fuel economy (CAFE) regulations provide an incen-
tive for manufacturers to market EVs and PHEVs. Government subsidies at 
the federal and state level have made EVs more attractive by giving owners 
a significant tax break.

Recent years have shown the need for a more sustainable transportation 
option. Not only do ICEs drive a U.S. dependence on foreign oil, but they 

FIGURE 2.1
Pictured is the 1996 General Motors EV1. (Photo from Henry Ford Blog. General Motors’ EV1. 
The Henry Ford Blog. n.p., June 22, 2015. Web. Jan. 14, 2016. http://blog.thehenryford.org/.)
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also release exhaust pollutants and evaporative emissions that are harmful 
to the environment (Environmental Protection Agency, 2012). Despite efforts 
to reduce these emissions, such as the Clean Air Act of 1970, the problem 
continues to grow because the number of miles people drive has more than 
doubled since this act was passed (Environmental Protection Agency, 2012). 
As a result, the government has approved initiatives to increase research to 
make EVs a more efficient, financially viable option.

2.3 � Features of EVs

The EV is powered by at least one electric motor, which is fueled by recharge-
able battery packs (U.S. Department of Energy, 2015a). It produces no green-
house gas emissions and generally the batteries can be recharged in a matter 
of hours (Berman, 2014). Because they do not have an internal combustion 
engine, EVs do not need the level of maintenance that ICEs require (Berman, 
2014). EVs also operate much more quietly.

EVs operate with a higher efficiency level than gasoline-powered vehi-
cles. In fact, 59–62% of electrical grid energy is converted to power at the 
wheels by EVs as opposed to 17–21% converted by gasoline-powered vehicles 
(U.S. Department of Energy, 2015a). EVs also have the potential to reduce 
energy dependence, since electric energy can be generated domestically (U.S. 
Department of Energy, 2015a).

Many EVs are also equipped with regenerative braking, a system allowing 
the kinetic energy associated with braking to be stored in the car batteries or 
super capacitors. This energy can then be used to extend the range of the EV 
(Lampton, 2009). Some examples of EVs equipped with regenerative brak-
ing capabilities are the Nissan Leaf, Toyota Prius, Chevrolet Volt, and Tesla 
Roadster.

2.4 � Charging EVs

When it comes to charging an EV, there are several options available. First, 
there are two common types of charging: Levels 1 and 2. A Level 1 charger 
connects to a 120-volt power source; this is the energy level of most out-
lets found in homes throughout the United States. According to the U.S. 
Department of Energy, “Level 1 charging, which adds about 6 miles of 
electric-drive range per hour of charging, may be a suitable option for those 
with shorter commutes or for those who can leave their vehicle plugged in for 
an extended period of time” (Lutterman, 2013). Level 2 charging takes place 
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through a 240-volt outlet, which requires EV owners to buy and install the 
necessary equipment if they wish to have Level 2 charging at home. Level 2 
charging is much faster than Level 1; it can add approximately 10 to 20 miles 
of EV drive range per hour charged (Lutterman, 2013).

Many other EV charging options exist outside the home. As of July 9, 2015, 
there were 9974 charging stations and 25,934 electric outlets publicly avail-
able in the United States. California leads as the state with the most charging 
stations (2214) and electric outlets (7375) (U.S. Department of Energy, 2015c). 
Tesla provides a network of Supercharge stations that are available through-
out the country for Tesla EVs. These Superchargers, which charge even faster 
than Level 2 chargers, are cost-free but only available to Tesla drivers.

As of 2015, Volta Industries has partnered with companies to offer EV 
charging available for all EVs, paid for by advertising shown at charging 
stations while vehicles charge (Volta Charging, 2015; Wang, 2015). These are 
a few examples of public charging available to EV owners. Charging infra-
structure continues to expand worldwide as EV adoption grows.

2.5 � Current EVs on the Market

There are many EVs currently for sale in the United States and worldwide. 
Generally, these vehicles are small and offer limited seating due to large, 
heavy battery packs. They also have limited all-electric driving ranges. 
Researchers continue to find ways to design EVs that can compete with every 
type of ICE. Table 2.1 lists many popular EVs on the market in July 2015.

TABLE 2.1

Reported Prices, All-Electric Range, and Battery Size of Some Plug-In Vehicles, 
July 2015a

Vehicle
Price 

(US Dollars)
Battery Size 

(kWh)
All-Electric 

Range (Miles)
Type of 
Vehicle

Chevrolet Volt $34,170 17.1 38 EREV
Ford C-Max Energi $31,770 7.6 21 PHEV
Ford Focus $29,170 23 76 EV
Ford Fusion Energi $35,525 7.6 20 PHEV
Honda Accord PHEV $39,780 6.7 13 PHEV
Mercedes-Benz B-Class 
Electric

$41,450 28 84 EV

Nissan Leaf $29,010 24 84 EV
Tesla S $75,000–105,000 70–85 240–270 EV
Toyota Plug-In Prius $31,184 4.4 11 PHEV

a	 Information from company Internet sites.
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As of May 2015, the best-selling EV in the United States was the Nissan 
Leaf, followed by the Tesla S, and then the Chevy Volt (Shahan, 2015a). In 
2015, U.S. sales reached 43,973 by May (Cole, 2015); they were more than 
116,000 for the year (Inside EVs, 2016).

Various passenger EVs are currently being developed, including EV pick-
up trucks and mini-vans. One example of a multi-passenger EV is the 2016 
Volvo XC90 T8, a luxury hybrid plug-in SUV with an expected range of at 
least 96 miles (Voelcker, 2015). Additional forms of EV transportation are 
developing in the forms of electric bikes and scooters as well. Even with 
these developments, a wider variety of EV choices is needed to meet cus-
tomer needs. For example, few affordable family size EVs are currently avail-
able on the U.S. market. Audi intends to market a family size SUV, starting in 
2018 (Collie, 2015). Mitsubishi is selling the family size Mitsubishi Outlander 
PHEV in Japan and Europe and plans to market this vehicle in the United 
States in 2016 (Mitsubishi, 2015; Shahan, 2015b). It is selling in large numbers 
in Europe (Shahan, 2015b).

Chevrolet has introduced the 2017 Chevrolet Bolt, which is an EV with a 
range of more than 200 miles and a projected price of less than $30,000 after 
government tax credits have been deducted (Bell, 2016). Tesla Motors is also 
planning to manufacture an EV with a range of more than 200 miles that will 
be in the same price range as the Bolt. Tesla Motors sold over 50,000 EVs in 
2015, and hopes to sell about 500,000 EVs in 2020 (Zhang, 2015; Waters, 2016).

In the future, marketing efforts should be made to increase EV sales. 
Customers should be educated on the environmental benefits and overall 
efficiency of EVs. When discouraged by high retail prices, car buyers should 
look at the long-term cost of an ICE including maintenance and fuel versus 
an  EV (Telleen and Trigg, 2013). EV charging infrastructure, a vital com-
ponent of making EVs practical and competitive with ICEs, is continuing 
to develop as new charge stations are designed and built throughout the 
United States. These new developments will allow EVs to become more mar-
ketable for a wider range of customers.

More than one million EVs are now in use in the world (Shahan, 2015c). 
EV sales were more than 39% higher in 2015 compared to 2014 in the world 
(Inside EVs, 2016).

2.6 � Environmental and Economic Benefits

At present, there are many incentives for customers to buy an EV. On a grand 
scale, policy, environmental, economic, and social issues drive EV research 
and development within the United States and worldwide. These include 
government energy standards, tax incentives, environmental benefits, and 
political initiatives. From an ecological standpoint, these issues include 
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incentives with social value, a critical concern for the future of the environ-
ment, and the reduction of greenhouse gas emissions.

In the United States, the national government pushes efforts to reduce 
emissions in many ways. The CAFE standards, created by Congress in 1975, 
continually set new gas mileage and fuel standards to “reduce energy con-
sumption by increasing the fuel economy of cars and light trucks” (National 
Highway Traffic Safety Administration, 2015). According to the National 
Highway Traffic Safety Administration, “The proposed standards are 
expected to lower CO2 emissions by approximately 1 billion metric tons, cut 
fuel costs by about $170 billion, and reduce oil consumption by up to 1.8 bil-
lion barrels over the lifetime of the vehicles sold under the program. These 
reductions are nearly equal to the greenhouse gas (GHG) emissions associ-
ated with energy use by all U.S. residences in one year” (National Highway 
Traffic Safety Administration, 2015).

The U.S. federal government currently (July 2015) offers tax credits to those 
who purchase EVs. For example, a $7500 federal tax credit is currently offered 
for purchase of 22 different EV models, including the Nissan Leaf and the Tesla 
Model S (U.S. Department of Energy, 2015b). Federal tax credits are also avail-
able to purchasers of 16 different PHEV models, ranging from a $2500 credit 
with the Toyota Prius Plug-in Hybrid to $7500 for the Chevrolet Volt (U.S. 
Department of Energy, 2015b). Additional tax credits vary from state to state.

Through life cycle analysis (LCA), total energy input and output can be 
measured for ICEs, EVs, and PHEVs. According to an LCA done through the 
University of California, Los Angeles, the lifetime energy requirements of ICEs 
are far higher than those of EVs and PHEVs. Specifically, over its lifetime, an 
ICE requires 858,145 MJ (mega-joules) of energy; the EV, 506,988 MJ; and the 
PHEV, 564,251 MJ. This LCA also compares lifetime CO2 emissions of each 
vehicle. Data shows the ICE releases 0.35 kg CO2eq/mile; the EV, 0.18; and the 
PHEV, 0.23. It is important to keep in mind that “the use phase can be attributed 
to 96% of ICE emissions, 91% of PHEV emissions, and 69% of EV emissions. 
Battery manufacturing is accountable for 24% of the [EV’s] lifecycle emissions, 
but only 3% of hybrid’s lifecycle emissions” (Aguirre et al., 2012). For plug-in 
vehicles, the CO2 emissions depend on how the electricity was generated.

The federal government has taken specific steps to promote EV use in order 
to combat environmental harm. In 2012, President Barack Obama released an 
initiative through the U.S. Department of Energy called the EV Everywhere 
Grand Challenge. This initiative focuses on U.S. advancement of EV technol-
ogy to make EVs as affordable for the average American family by 2022 as 
a 2012 baseline gasoline-powered vehicle. Its blueprint specifically outlines 
vehicle weight reduction by nearly 30%, electric drive system cost reduc-
tion from $30/kW to $8/kW, and battery cost reduction from $500/kWh 
to $125/kWh (U.S. Department of Energy, 2013). EV Everywhere focuses on 
technological developments as well as federal and state support and policy 
to achieve its goal (U.S. Department of Energy, 2013). As of January 2014, bat-
tery costs had been reduced to $325/kWh and a $5/kW electric drive system 
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had been developed (U.S. Department of Energy, 2014). Through continued 
research and outreach, EV Everywhere continues to progress rapidly toward 
and beyond its target advancements (U.S. Department of Energy, 2014).

On an international level, several governments from countries around the 
world have worked together to form the Electric Vehicles Initiative (EVI) 
(Telleen and Trigg, 2013). This initiative was launched in 2010 under the 
Clean Energy Ministerial, a dialogue between countries. EVI encourages a 
worldwide EV adoption goal by 2020 and specifically outlines the action nec-
essary, such as government action, infrastructure, technology, and market-
ing (Telleen and Trigg, 2013).

In addition to policy and environmental incentives, world leaders have 
brought recent attention to the importance of sustainable energy. This edu-
cates the public and provides more incentive for drivers to choose to buy 
EVs. In particular, Pope Francis brought ecological issues to attention pub-
licly through his encyclical letter on climate change:

Humanity is called to recognize the need for changes of lifestyle, pro-
duction and consumption, in order to combat this warming or at least 
the human causes which produce or aggravate it. It is true that there are 
other factors (such as volcanic activity, variations in the earth’s orbit and 
axis, the solar cycle), yet a number of scientific studies indicate that most 
global warming in recent decades is due to the great concentration of 
greenhouse gases (carbon dioxide, methane, nitrogen oxides, and others) 
released mainly as a result of human activity. Concentrated in the atmo-
sphere, these gases do not allow the warmth of the sun’s rays reflected by 
the earth to be dispersed in space. The problem is aggravated by a model 
of development based on the intensive use of fossil fuels, which is at the 
heart of the worldwide energy system. (Francis, 2015)

Pope Francis addressed climate change as a moral issue. He specifically 
pointed out the urgent need for people throughout the world to address air 
pollution and consumption of nonrenewable resources; these are issues that 
are directly addressed by EV research (Francis, 2015). This encyclical has 
reached the political world; California Governor Jerry Brown, a pollution pre-
vention advocate, acknowledged the papal responsiveness to environmental 
issues. Brown stated, “It’s now up to leaders in business and government—
and wherever else—to join together and reverse our accelerating slide into 
climate disorder and widespread suffering” (Jennewein, 2015).

2.7 � EV Disadvantages and Challenges

Many challenges stand in the way of making EVs a competitive option for all 
drivers. EVs are less efficient in the winter when energy is used to heat the 
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cabin and defrost the windshield. For ICEs, waste engine heat is used for these 
purposes. Since temperature affects battery performance, the range of EVs is 
reduced when the temperature is low in cold environments. The ambient tem-
perature where the EV is parked affects the amount of charge that the battery 
is able to store. The drawbacks to EVs include a more limited driving range and 
longer charging time versus fueling time. Battery packs are also expensive to 
replace. Although EVs themselves produce no tailpipe emissions, power plants 
that provide the cars with electric energy may produce pollutants. Researchers 
are addressing these issues by finding new ways to increase battery storage and 
decrease charging time and costs. Further challenges include high retail prices, 
lack of policy and political initiatives, consumer education, and marketing.

One of the biggest roadblocks to EV adoption is the technology. As out-
lined in the Electric Vehicle Initiative (EVI),

the most significant technological challenges currently facing electric-
drive vehicles are the cost and performance of their components, par-
ticularly the battery. Price per usable kilowatt hour of a lithium-ion 
battery ranges between $300–400 and thus makes up a large portion of 
a vehicle’s cost, depending on the size of the battery pack (Nykvist and 
Nilsson, 2015). A Nissan LEAF, for example, has a 24 kWh battery that 
costs approximately $7200, which represents about a fourth of the vehi-
cle’s retail price. Similarly, Ford uses a battery that costs between $7200 
and $9000 for its Focus Electric, an electric version of its gas-powered 
Focus that itself sells for around $22,000. (Telleen and Trigg, 2013)

Due to the range limitations, high retail costs, and inconsistent charging infra-
structure, EVs are not yet as affordable and practical as ICEs in many contexts. 
However, battery costs have been decreasing with time, and EVs have a prom-
ising future. Their simple design, low greenhouse gas emissions, energy effi-
ciency, and overall sustainability are attractive to consumers on a global level. 
As petroleum becomes more expensive and scarce, sustainable options like EV 
transportation will have to be considered. Researchers continue to work to find 
solutions to make batteries less expensive and more efficient; city planners work 
to design practical charging infrastructure; and the government continues to 
push for EV adoption through policy and financial incentives. Through these 
combined efforts, EVs can become a competitive transportation option.
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3
Solar Powered Charging Stations

Larry E. Erickson, Jackson Cutsor, and Jessica Robinson

When something is important enough, you do it even if the odds are not in 
your favor.

Elon Musk

Solar powered charging stations (SPCSs) are one of the important develop-
ments related to the electrification of transportation. The number of sites 
with SPCSs is increasing because of their value and convenience. In many 
cases, the SPCSs are designed to allow the electricity that is generated to flow 
into the local electrical grid. The solar panels provide shade in the parking 
lot, and the charge station is connected to the grid such that power for charg-
ing EVs is available at all times. At some sites there are batteries for electrical 
storage also. Some sites have battery storage without any grid connection. In 
cases where the power is provided to the EV without any cost to the owner of 
the EV, the charging equipment is simpler than when customers need to pay 
for connecting to the electric vehicle supply equipment (EVSE).

Many SPCSs have a concrete base, steel frames and supports, and needed 
electrical components including transformers, wires, and inverters. In many 
cases, there is a payment station with payment software and hardware and 
communication capabilities.

In some locations, there are solar panels in parking lots, but there are no 
charging stations for EVs. These structures have been put in place to produce 
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electricity and provide shade. Some were put in place before there was a 
demand for EVSEs. In these cases, a decision was made to construct the sys-
tem without considering the need for EVSE infrastructure for EVs. There are 
many locations where SPCSs can be used to increase the amount of power 
generated with sustainable energy at competitive prices. Adding sustainable 
energy to the electrical grid with SPCSs has value for society because it is a 
very clean source of energy. These sites can be easily equipped with EVSEs 
when there is a need for them.

Envision Solar International, Inc. (2015) has developed a solar powered 
charge station with battery storage that is designed to be self contained and 
not connected to the electrical grid. This electric vehicle autonomous renew-
able charger can be towed to the site and used immediately. It also can be 
moved to a new site easily. It has 22 kWh of battery storage, which allows 
about one day of energy storage. The 2.3 kW solar array generates approxi-
mately 16 kWh/day, and it has a solar tracker to allow the solar array to fol-
low the sun. This system can be installed at locations where there is no grid 
such as in parks, trail heads, and along roads where tourists may wish to 
stop. See Figure 3.1.

FIGURE 3.1
Solar powered charging system with battery storage available from Envision Solar International. 
(Photo provided by Envision Solar International, Inc.)
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The amount of power that flows from the solar panels over a parking 
space depends on location, area of the panels, and efficiency. For instance, 
in Kansas a reasonable estimate is 16 kWh/day for one parking space. 
If 200 million parking spaces are covered with solar panels, 3.2 billion 
kWh/day could be generated, which can be compared to 11.2 billion kWh 
generated in the entire United States on an average day (Erickson et al., 
2015). There are more than 200 million vehicles in use in the United States, 
and there are many more parking spaces than vehicles because there are 
always many empty parking spaces at any given time. Sports stadiums, 
church parking lots, shopping centers, and many work sites have empty 
spaces in their parking lots at many times during the week. The avail-
able land for SPCSs, the potential reduction in greenhouse gas emissions, 
and  the reduced use  of water compared to alternatives are metrics that 
favor SPCSs.

This chapter provides an introduction to SPCSs, and it builds on earlier 
papers by Goldin et al. (2014) and Robinson et al. (2014). The SPCS is an ideal 
example of sustainable development and the application of the triple bottom 
line principle: There are social, environmental, and economic benefits associ-
ated with SPCSs.

3.1 � Social Benefits of SPCSs

Social benefits include shade, better air quality, and convenience. There are 
personal comfort benefits associated with entering a vehicle that has been 
in the shade on a hot summer day. Goldin et al. (2014) point out that the 
temperature in a car that is in the shade on a hot day may be more than 50°F 
lower. The social value of better air quality because of EVs and SPCSs is a 
benefit that impacts everyone. Economically SPCSs provide construction and 
maintenance jobs and reduce travel costs.

The reduction of greenhouse gas emissions has global benefits while the 
improved urban air quality associated with the transition to EVs and SPCSs 
benefits everyone in the urban area. Quality of life issues are important to 
many people. For example, some people move to the edge of an urban area 
in order to have better air quality.

Convenience is of significant social value to many people. If EV owners are 
able to plug in when they arrive at their parking space at work, when they 
stop at the mall after work, and when they are at home, this will have value 
for them, especially if there is a need to charge the batteries at sites other 
than at home. Constructing SPCSs at many locations will improve conve-
nience for many EV owners. This convenience may help to retain employees, 
attract customers to a store, health club, or restaurant, and encourage pur-
chases of EVs.
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3.2 � Environmental Benefits of SPCSs

Environmental benefits include reduced greenhouse gas emissions, better air 
quality in urban environments, and less noise. The transition to SPCSs has 
global environmental benefits because of reduced greenhouse gas emissions. 
The global goal of reducing emissions by 80% by 2050 will require significant 
changes, including the electrification of transportation and the generation of 
most of the electricity using sustainable methods such as solar panels. The 
electricity generated by SPCSs does not have air emissions associated with it. 
Air quality is impacted by emissions associated with coal fire power plants. 
Combustion gases can be controlled; however, there are costs associated with 
this and pollutants that are removed from the air exhaust become pollutants in 
waste water in some cases. There are no significant water requirements associ-
ated with solar energy compared to electricity generated with coal, nuclear, and 
natural gas where cooling water is used and lost to the atmosphere. Petroleum, 
coal, and natural gas production have significant environmental impacts, risks 
of production level spills and contamination, water use is significant, pipelines 
for transportation may rupture, and coal trains may leave the tracks.

A phenomenon affecting large cities is the urban heat island effect. This 
occurs because of a lack of vegetation, massive quantities of heat-absorbing 
materials such as concrete, and tall buildings that alter wind patterns. All 
of these issues make cities one or more degrees centigrade warmer than the 
surrounding rural areas on average. The solar panels on buildings and on 
SPCSs take solar energy and convert it to electrical energy, much like plants 
take light energy and convert it to chemical energy. Since EVs are much 
more efficient compared to cars with internal combustion engines (ICEs), the 
amount of heat generated per mile traveled by transportation is reduced. Per 
mile traveled, the ICE uses about 3 to 4 times as much energy as an EV. These 
two factors reduce the heat island effect.

In the STAR Community Rating System (STAR, 2015), SPCSs and EVs help 
communities meet 12 of 44 objectives, including green infrastructure, ambi-
ent noise, green market development, greenhouse gas mitigation, resource 
efficient public infrastructure, and greening the energy supply. STAR refers 
to Sustainability Tools for Assessing and Rating communities, and the STAR 
system is helpful to communities that want to track their progress toward a 
number of sustainability objectives.

3.3 � Economic Benefits

Economically, SPCSs are beneficial on both a local and national level. They 
create temporary construction jobs and employment for those who produce 
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the materials and parts that are used for the construction of the SPCS. There 
is also employment for those who manage and maintain the SPCSs.

Businesses, especially those with large fleets of vehicles, have the poten-
tial to save money by investing in SPCSs and EVs. Delivery vehicles can be 
drastically cheaper to operate with electrical power and with SPCSs can 
potentially be free to fuel after the initial investment has been paid off. The 
operational cost is about 33%–50% of a conventional vehicle if maintenance 
costs are included. The U.S. Postal Service could save on operational costs 
by using EVs and SPCSs. Since the EV does not use much power while it 
is stopped, it is especially efficient for mail delivery. Businesses have other 
reasons to invest, like the green halo effect and employee retention. Free 
charging while at work is an inexpensive benefit for a company to provide. 
People respect businesses that are ecofriendly, and this may help attract and 
keep customers, especially those who appreciate free charging while at the 
business.

The operating and maintenance costs of an EV are less than for an auto 
with an internal combustion engine. Goldin et al. (2014) reported that the 
cost of transportation is least for the Nissan Leaf EV when it is compared 
to several other vehicles. If SPCSs allow an individual to use a Leaf to come 
to work, this has economic value because transportation costs are reduced. 
When it is powered by electricity from solar energy, the Leaf is a very clean 
form of transportation, and this has economic value because the improved 
air quality reduces health costs in urban areas where air quality is impacted 
by transportation emissions. The economic benefits include the greater value 
a vehicle has as a used vehicle when it has been sheltered from the sun regu-
larly. Battery life in EVs may be impacted by high temperature, and shaded 
parking may be beneficial on hot summer days. In the future, solar panel 
costs and battery costs are expected to be less than they are today. Simple, 
inexpensive electric vehicles will have great utility in many parts of the 
world, especially if they can be supported by SPCSs at many locations. For 
instance, Jordan is one of the countries that are moving forward with EVs 
and SPCSs (Ajumni, 2015).

3.4 � Electric Vehicle Supply Equipment

The equipment that is used to charge electric vehicles includes Level 1, Level 2, 
and high rate EVSE (USDOE, 2013). Level 1 EVSE is for use with a 120 volt 
AC circuit. Most EVs are supplied with a Level 1 charging cord that has an 
automatic stop to terminate charging when the battery is charged. There is 
a standard 120 volt three-prong household plug on one end and a standard 
connector that plugs into the vehicle on the other end. Level 1 charging often 
adds about 5 miles of range or about 2 kWh per hour to the batteries. This 
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rate of charging is about equal to the rate of supply of the solar panels above 
one parking space.

Level 2 EVSE uses a 240 volt supply often with a dedicated 40 amp circuit 
to provide approximately 18 miles of range or about 6 kWh per hour to the 
batteries. In many cases, the connection to the power supply is hard wired 
for safety. It is connected to the vehicle with the same J1772 standard con-
nector as is used for Level 1 charging. The rate of charging depends on the 
charger that is in the vehicle. A 30 amp rate is commonly used.

Level 3 EVSE is often identified as DC fast charging and it is not as stan-
dardized as Level 1 and Level 2. Some EVs such as the Nissan Leaf that 
are equipped to accept DC fast charging have the CHAdeMO connector 
(Herron, 2015). There is also the SAE Combo Charging System (SAE CCS), 
which is used by European companies such as VW and BMW. Tesla has a 
supercharger connector, which is specific to the Tesla, but there is an adapter 
that allows the CHAdeMO connector to be used with the Tesla (Tesla, 2015). 
Herron (2015) has pointed out that the CHAdeMo system was developed in 
Japan while the SAE CCS was developed to meet SAE standards. All three 
systems are available in the United States at many locations. There is a need 
to standardize Level 3 charging (Herron, 2015). Most DC fast chargers are 
designed to provide rapid direct current charging over a 20–30 min time 
period with a final charge that is about 3/4 of a full charge. With fast charg-
ing 50–70 miles of range are added in 20 min.

There are many places where the EVSE system does not need to accept 
credit cards or identification cards. In places where the EVSE needs to pro-
cess credit charges, there are many systems that are able to do this. When a 
credit card is used, there are often some transaction costs that must be paid. 
These can be a substantial part of the total bill when the cost of charging is 
modest.

3.5 � Locations for SPCSs

There are three important variations for locations for SPCSs: home, along 
travel routes, and where drivers stop for an hour or more. Many EV owners 
will have a charge station at home. This may involve solar panels on a roof 
or car port. Recently, rapid charging EVSEs have been installed along some 
interstate highways. Tesla Motors has a network of these in the United States 
and in Europe. The Tesla high rate EVSE system includes solar panels and 
batteries for energy storage. Because of the expense associated with rapid 
charging from the electrical grid, the rapid charging is accomplished using 
the stored energy in the batteries. There is no charge for Tesla owners to 
use these charge stations. The third location for SPCSs is where individu-
als stop for an hour or more, and work sites are the most common of these. 
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It is becoming increasingly common for work sites to have SPCSs. Other 
locations where SPCSs may be installed include malls, hotels, gyms, eating 
establishments, stadiums, parks, churches, and zoos. Service stations may 
also install SPCSs.

The installation of SPCSs at many locations will help address the range 
anxiety that affects sales of EVs. If EV owners have a large number of SPCSs 
at many locations that are available to them, this will allow EVs to be used 
for more trips. If there were 200 million SPCSs in the United States with an 
appropriate mix of Level 1, Level 2, and Level 3 SPCSs, the range anxiety 
issue would be reduced. Many SPCSs that are connected to the grid can be 
very beneficial even if they are seldom used for EV charging because they 
are generating clean electricity for the electrical grid.

As EV use grows and demand for SPCSs increases, one variation that is 
anticipated to become popular is a canopy of solar panels such that entire 
parking lots are filled with SPCSs. The cost of construction and connection 
to the grid is less per SPCS when there are many SPCSs. The shaded park-
ing is appreciated by all who park in the lot. Free Level 1 charging can be 
offered by installing 110 volt receptacles. It is important to be able to use, 
store, or sell all of the electricity that is generated. When there is a large array 
of solar panels, there may be opportunities to collect and manage rain water 
to reduce flooding and make use of the water at a later time.

For homes, garages, and apartment buildings, the solar panels can be 
mounted to the roof and the charge station equipment can be in the garage 
or near a parking space along the side of the building. There may be energy 
storage as well because it can provide electrical power when there is failure 
in the grid supplied power. This can also be a source of power at night when 
the solar panels are not producing power. Homes may be the most popu-
lar location for SPCSs. Having an EV makes solar panels more attractive for 
homeowners and having solar panels makes owning an EV more attractive. 
With time-of-use prices, it may even be best to have excess power produced 
by the solar panels flow into the grid during the day and then charge the EV 
with cheaper grid power at night.

3.6 � Energy Storage

As the cost of batteries decreases, there will be greater use of energy storage 
in parking lots with SPCSs and EVSE. Solar energy is available during the 
day, but not at night. The ability to store electrical energy in batteries has 
value because it can then be used at a later time when demand is higher. 
As the sun sets, electrical power needs are often significant (as many peo-
ple arrive at home after work), and this is a time when stored energy might 
be used. Stored energy allows the parking lot operator greater flexibility to 
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serve the needs of those who wish to charge their vehicles. With time-of-use 
prices for electricity, there may be economic benefits of storage that help to 
pay for the cost of the batteries that are used for storage.

One of the opportunities for energy storage is to take the older batter-
ies from EVs and use them for energy storage in parking lots with SPCSs. 
The cost of batteries is going down as new developments are commercial-
ized and companies are finding efficiencies. In 2015, battery costs were about 
$300/kWh (Nykvist and Nilsson, 2015); they are expected to decrease to about 
$125/kWh by 2022 (USDOE, 2014). As the price of batteries decreases and the 
percentage of electricity from solar and wind energy generation increases, 
there will be more battery storage. Time of use prices provide incentives for 
energy storage in EV batteries and those in parking lots and other locations.

3.7 � Business Models for SPCSs

Robinson et al. (2014) describe several business models for SPCSs. The Tesla 
model is to provide a needed infrastructure with free fast DC charging with 
the expectation that this will help sales of Tesla cars. As of May 2015, there 
were more than 400 Tesla Supercharger stations (Richard, 2015). A photo of a 
Tesla Supercharger station is shown in Figure 3.2. Many employers presently 

FIGURE 3.2
This Tesla Supercharger is an example of an SPCS. Solar panels are on the overhead structure 
with the charging station below. (Photographed by Tesla Press. Tesla Presskit. Tesla Motors. n.p., 
2015. Web. Jan. 14, 2016. https://teslamotors.app.box.com/pressfiles.)
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provide free parking for their employees. It is logical to extend this fringe 
benefit to free charging of EVs, and some employers have done this. If an 
employee drives 40 miles to get to work, the cost of charging the batteries 
at 12 cents per kWh would be about $1.60 for an efficiency of 3 miles/kWh. 
If the installation of the SPCS system costs $10,000/parking place, and it is 
used 250 days per year for 20 years, the cost per day is $2.00/day. If 16 kWh 
are generated and 13.3 are used to charge the vehicle, 2.7 kWh enter the grid. 
All 16 kWh enter the grid on days when there are no vehicles being charged.

The concept of free EV charging for employees while at work could be jus-
tified as an incentive to encourage EV purchases because of the importance 
of reducing greenhouse gas emissions. For example, the federal government 
could add SPCSs to its parking lots and provide free charging in the lots.

In many cases the employer can make use of any electricity that flows into 
the company grid from the SPCSs. As the number of SPCSs increases, there 
may be a need to make provisions for electricity to flow into the electrical 
grid that is managed by the electric utilities. Presently, electricity that is gen-
erated by solar energy has above average value when time-of-use prices are 
considered. The lowest prices are at night, and the highest prices are in the 
late afternoon. On a normal working day, EV owners can plug in when they 
arrive at work. In the afternoon when most cars are charged, there will be 
power to flow to the grid from the SPCSs at an above average price if time-
of-use prices are used.

For workplace charging, Level 1 and Level 2 charging are sufficient for 
those workers who park their vehicle for 8 hours or more while they are 
at work. For those who have a 1-hour commute to work, the vehicle can be 
nearly completely charged during a full work day with Level 1 charging. For 
some company vehicles, there may be a need for fast charging if the vehicle 
is used for business purposes during the day.

In cities, there may be public parking lots where SPCSs can be added or 
installed when a new parking lot is constructed. There are several options 
for SPCSs in public parking lots. Where there is free parking, there can be 
free use of the charge stations as well. This can be paid for through a sales 
tax or the same source of funds that is used to maintain the free parking. 
Where there is metered parking, the cost of charging can be recovered from 
the meter income. In parking garages, the cost of charging can be included in 
the parking fees. Here the solar panels may be on top of the garage. Another 
alternative is to allow the local electric utility to construct and operate the 
SPCSs and collect income from use of the charge station. This may require 
the utility to work with the regulatory organization that determines their 
rates to approve a special rate for sale of electricity at SPCSs.

Volta (2015) is a company that sells advertising and provides free EV 
charging. The idea of using advertising income to help pay for SPCSs can 
be implemented in many locations and parking lots. The listed price for an 
SPCS marketed by EcoVantage with Level 2 charging, advertising panels, 
and LED lights is $17,445 (EcoVantage, 2015).
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Envision Solar (2015) markets a solar tree that has solar panels with a tree 
structure that is 35 feet × 35 feet and tracks the sun. It shades 6–8 park-
ing spaces and generates sufficient electricity for about 700 e-miles each day. 
It can be installed with or without grid connections, battery storage, and 
advertising space. Because it tracks the sun, it generates more electricity per 
unit area than a stationary system.

In some work environments, the employees may need to pay for the cost 
of the SPCSs. One approach to doing this is to make use of parking permits 
that allow the user to park in the shade of the SPCS and plug in to the EVSE. 
In this case, the income from the permits and the electricity that flows into 
the grid needs to be sufficient to pay for the SPCSs.

3.8 � Life Cycle Analysis of SPCSs

Life cycle analysis (LCA) has been used to make comparisons that look at all 
aspects of a new process or product. Engholm et al. (2013) have completed an 
LCA of an SPCS. The LCA shows that the SPCS is a very good and appropri-
ate product when greenhouse gas emissions are considered. There is a need 
for electrical energy to produce the solar panels, but the amount is much 
smaller than the energy generated by the solar panels over their estimated 
life. If the electrical power that is needed to produce the solar panels comes 
from wind or solar energy, then the LCA is even more positive.

When there are new developments that result in modernization or replace-
ment of SPCSs, many parts of the SPCS can be recycled. During the next 
30 years, progress in solar energy development should lead to more efficient 
solar panels that make it appropriate to upgrade the SPCSs.

3.9 � Conclusions

One way to have green electricity for EVs is to fill parking lots with SPCSs. 
There are social, environmental, and economic reasons for installing SPCSs 
and there are presently many SPCSs in the United States and some other 
countries. As prices of batteries come down, there will be more battery 
storage of electricity generated by SPCSs. The most popular locations for 
SPCSs are homes, places of employment, shopping malls, and along major 
highways.
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4
Infrastructure for Charging Electric Vehicles

Jessica Robinson and Larry E. Erickson

Never doubt that a small group of thoughtful, committed citizens can change 
the world; indeed, it’s the only thing that ever has.

Margaret Mead

4.1 � Introduction

One of the most important sustainable development challenges for EVs is to 
establish the infrastructure that is desirable for charging EVs. The infrastructure 
that is needed includes SPCSs, grid connections, battery storage, transformers, 
and transmission lines. For many who own an EV, the home installation of an 
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electrical power supply dedicated circuit to charge an EV with a Level 1 or Level 
2 electric vehicle supply equipment (EVSE) is the first step. For Level 1 charging, 
the impact on the local electrical grid is small; however, for Level 2 charging the 
impact on the local grid is more significant. The power flow for 30 amps with 
240 volts for Level 2 is 7.2 kW, which may require caution. There is the potential 
to overload the local electrical system if the Level 2 EVSE is on while there are 
other significant loads that are on in the home as well (central air conditioning, 
electric stove, electric clothes dryer, electric water heater). For Level 2 charging, 
you should review the capacity of the electrical system in your home and review 
the capacity of your transformer with your electrical utility. More broadly, if all 
residences in a neighborhood have Level 2 EVSE systems, this would result in a 
significant increase in power flow when several of these are on at the same time.

Tesla Motors has started building needed EVSE infrastructure along 
some major highways to assist EVs with driving long distances. See www​
.teslamotors.com/supercharger for the latest maps and locations. The EVSEs 
and SPCSs that Tesla has installed are a big step forward, but much more 
is needed. More SPCSs and EVSEs need to be installed and made available 
at locations where people work. To some extent, this is beginning to hap-
pen. The U.S. Department of Energy has a workplace charging challenge to 
encourage greater installation. A number of companies and organizations 
have signed up to participate in this challenge. Currently all but 7 states have 
partners participating in this program with 605 workplace-charging loca-
tions. The number of partners and charging locations is growing, but greater 
support is needed (U.S. Department of Energy, 2015).

These initial developments are small compared to what is required to 
reduce carbon emissions by 80% by 2050. An infrastructure with 200 mil-
lion SPCSs for 250 million EVs in an environment where 80% of electricity 
is generated without carbon emissions will require some battery storage in 
EVs and in stationary batteries. If each SPCS generates 16 kWh/day, 200 mil-
lion SPCSs would generate about 1 billion MWh/year. This is about the 
same amount of energy that is needed to power 250 million EVs that drive 
12,000 miles/year at 3 miles/kWh. In 2013, the electricity generated in the 
United States was about 3.7 billion MWh (USEIA, 2015).

There is a need to increase the fraction of electricity that is generated with-
out carbon emissions as well as a need to have a robust infrastructure for 
EVs. Adding SPCSs to parking lots is beneficial to both the goal of increasing 
the amount of electricity produced with solar energy and the objective of 
expanding the infrastructure to charge EVs.

4.2 � Controlling Electricity Demand

The current electric utility model primarily practiced is to provide electric-
ity to consumers whenever it is requested. Power plants constantly provide 
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a minimum level of electricity, even at nighttime when demand is extremely 
low to satisfy the potential need of any consumer. As the number of consum-
ers grows and demand rises, a utility will simply build another power plant 
to meet increasing need. However, this model is impractical for the wide-
spread adoption of electric vehicle charging. Charge stations can require a 
significant amount of electricity ranging from a low level of about 2 kW at 
120 V for Level 1, a medium level of about 7 kW at 240 V for Level 2, to a high 
level of about 50 kW at 480 V for Level 3 (DC fast charging). If the majority 
of consumers charge their vehicles at the same time, for example, immedi-
ately after work, a huge strain would be placed on the electric grid at that 
time. In order to avoid a large load from being placed on the grid, consumers 
must change their behavior from using electricity whenever they wish to 
using electricity at off-peak times, when there is not a high demand on the 
grid. Cost is often an effective mechanism for changing consumer behavior 
and can be applied to the utility model. Two utility pricing strategies that 
can be employed nationwide include demand charges and time of use rates. 
Demand charges are rates charged per kW for the consumer’s highest elec-
tricity demand for a period of at least 15 min that month. Also, recall from 
Chapter 1 that time of use rates cause the cost of electricity to vary depend-
ing on the time of day or current demand on the electrical grid. The cost of 
electricity increases when there is a high demand on the grid (such as imme-
diately after work), and the cost of electricity decreases when the demand is 
low (such as at nighttime). Using these price mechanisms, consumers will 
become more conscious about the time they charge their vehicles and will 
be more inclined to do so at off peak times, such as late at night and early in 
the morning, to save money. Consumers will have an enhanced awareness 
overall for when they use their electric appliances, such as clothes dryers, air 
conditioners, stoves, and SPCSs, and will attempt to use them at staggered 
times. Thus, the demand for charging EVs and for electrical needs in general 
will be more distributed throughout the day, preventing grid overload and 
potential blackouts (see Chapter 6 for additional information on handling 
high demand on the electrical grid).

4.3 � Electricity Generation, Transmission, 
Distribution, and Smart Grids

How is electricity actually delivered to residences and businesses? Electricity 
generated from power plants is transmitted via power lines and a trans-
former. The transformer steps up the electricity voltage to 150,000 V–760,000 V​ 
to reduce the amount of energy lost due to resistance during transmission 
(Resistance = Current/Voltage). The electricity travels across the power lines 
at this high voltage level. Then, before reaching the final destination, the 
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voltage is stepped down again (with another transformer) to a safer level of 
120 V–240 V. The electricity is transmitted in the form of alternating current 
(AC). However, most electronic devices must first convert the electricity from 
AC to direct current (DC) because they require this electricity form to oper-
ate. In contrast, battery storage and solar power systems produce DC. When 
electricity is transmitted from a power plant to an SPCS or vice versa, the 
electricity must first be converted to the corresponding form. For example, 
sending generated power from a solar panel system back to the electrical 
grid first requires the direct current to be converted to AC using a power 
inverter, resulting in about 2%–5% energy loss. As the number of residen-
tial and commercial solar systems increases, this process will become more 
commonplace. With the employment of smart grid, DC to AC and AC to DC 
conversions will happen often as electricity is enabled to travel in multiple 
directions. In addition to multidirection travel of electricity, a smart grid 
will allow greater communication between all entities involved in electricity 
generation and transmission. For example, using a smart grid, excess solar 
energy generated can be delivered to the grid and used at another location 
that currently has a greater demand. This prevents the loss of excess solar 
energy generated and reduces the amount of electricity power plants must 
generate. It can also create an attractive business opportunity for propri-
etors by providing a credit or profit if permitted to sell back the excess solar 
energy generated. Smart grids will play an important role in conjunction 
with SPCSs. For example, a parking lot may have empty SPCS stalls at some 
points in the day. Despite having no car charging, the solar panels will con-
tinue to generate electricity. Without a smart grid or a battery connected to 
the SPCSs, the generated electricity would be lost. However, with a smart 
grid the electricity could be delivered to the grid, providing clean energy 
elsewhere and potentially providing credits for the SPCS owner (depending 
on utility regulations).

4.4 � Cost and Construction Requirements of SPCSs

The cost of an SPCS varies depending on the level, location, features, vendor, 
and solar panel cost. Installation costs are higher for charge stations with 
greater electrical complexity. Level 1 SPCSs are typically the least expensive 
while Level 3 SPCSs are the most expensive. Location also affects the instal-
lation costs, including factors such as the station’s distance from the power 
source, the amount of construction and concrete necessary, and how old the 
local electrical system is (e.g., an old house versus a new house). Of course, 
adding features such as radio frequency identification (RFID), networking, 
and near field communication (NFC) to the charge station will also increase 
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the price. RFID allows only those with an RFID card or access code to use the 
station and adds optional billing capabilities such as payment using a credit 
card; networked charge stations allow charge station data to be collected, 
notifies the user when charging is complete, and pinpoints the station on an 
EVSE locator map; NFC is a developing technology, which enables users to 
activate and pay for charging via their smart phones.

Solar powered charge station costs can also vary depending on the vendor 
for the charge station equipment, solar panels, and solar panel installation. 
Larger solar array systems will be more expensive than SPCSs with smaller 
solar array systems. Finally, public stations are typically more expensive 
than private stations since greater safety precautionary measures are taken 
and often more features are added. Thus, given the number of variables 
that affect the installation cost for SPCSs, it is difficult to provide an average 
price. On top of all this, there is the background variability and the ongo-
ing decreasing cost of the technology. Very generally, though, with costs of 
solar panels decreasing to below $1/W, the cost of SPCSs is in the range of 
$10,000–$30,000 per parking space.

Agenbroad and Holland (2014) have reported installed prices for EV charg-
ing stations of about $1200 for a Level 2 home charger, about $4000 each for 
five public parking garage stations that have Level 1 and Level 2 capability, 
and about $60,000 for a DC fast charger (Level 3). These costs are for the 
charging station; they do not include the cost of the solar panels and sup-
porting structure.

There are several mounts one could use to install a charge station; these 
include ceiling mounts, wall mounts, or floor mounts. Ceiling mounts and 
wall mounts are mainly used for charge stations installed in residential 
areas, while floor mounts are used for most public outdoor stations. Ceiling 
mounts can minimize tripping hazards, but reduce headspace and can be an 
obstacle for cars. Wall mounts may allow for cheap electric installation and 
do not take up any square footage. Floor mounts usually take up the most 
space and require cement work.

The Society of Automotive Engineers (SAE) created universal plugs, the 
J1772 and J2293, to enable EVs to plug-in with any EVSE, assuming the manu-
facturer complies. This provides EVs greater flexibility, preventing EVs from 
being limited to only plugging into certain companies’ charge stations. As of 
2015, only Tesla vehicles have the equipment capable to use Superchargers. 
However, CEO of Tesla Motors, Elon Musk, has announced his willingness 
to share this technology with other EV manufacturers, so competing EV 
models may also be able to use Superchargers in the future.

Ye et al. (2015) have reported a cost of energy of $0.098/kWh for an inte-
grated SPCS system connected to the grid with time of use prices that encour-
aged night time EV charging from the grid. Time of use prices for electricity 
and low interest rates on the capital investment are important factors that 
impact the economics of their study.
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4.5 � SPCS Locations

There are at least two reasons why it is important to provide SPCSs in many 
locations. First, this provides people a choice of where to charge. It provides 
flexibility by offering people the opportunity to charge, for example, at work 
or during an event later that night and spreads out demand on the electri-
cal grid. Second, greater location options also increase the chance EV own-
ers can conveniently charge their vehicle at work, while running errands, 
or at an event rather than going out of their way to find an SPCS. Increasing 
the availability of SPCSs reduces EV owner frustration and makes EVs more 
attractive to consumers.

There are a multitude of places SPCSs can be located, including work 
places, residential areas, shopping centers, theaters, motels and hotels, pub-
lic parking lots, parking garages, city street parking, universities, sport sta-
diums, restaurants, arenas, zoos, and rest stops. Arguably, stops off major 
highways and work places should be the first priorities for providing suf-
ficient charging infrastructure. Drivers often cite range anxiety—fear an 
EV will lose charge before reaching a charge station—and the inability of 
taking a road trip as reasons preventing them from purchasing EVs. These 
obstacles could be resolved if sufficient charging infrastructure was built 
along major highways. Drivers would feel more confident driving farther 
distances such as from their residence to the city or taking a road trip. Work 
places should also be a priority for equipping with charge stations because 
depending on commute distance some drivers may not be able to make a 
round trip to and from work on a single charge. For example, if a driver 
commutes 50 miles to work using an EV with an 80-mile range, but the work-
place does not provide charging stations for employees, the driver would not 
be able to make the drive home on a single charge. The driver could stop to 
charge off the highway on the way home, assuming sufficient infrastructure 
was built, but this is an added inconvenience. Most people commute to work 
five days of the week and must be able to count on their vehicle making the 
journey. Charging while at work is an important convenience that promotes 
EV adoption.

A parking lot with SPCSs is being constructed at Las Positas College in 
Livermore, California with battery energy storage and grid connections. 
There are projected energy savings of $75,000 per year for this 2.35 MW solar 
array, which will be operated as a microgrid with 250 kW/1 MWh batteries 
and Level 2 charge stations. The system will be used to reduce peak power 
and balance energy loads (Herron, 2015; Imergy, 2015). The 2.35 MW solar 
array will generate about 55% of the electrical energy needed at the entire 
campus.

Section 4.6 discusses business models for various SPCS locations, building 
off an earlier publication by Robinson et al. (2014).
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4.5.1 � Level of Charging Fit for SPCS Locations

Level 1 charging is sufficient for many vehicles at residences, motels, and 
hotels because EV owners will be parked overnight providing adequate time 
to fully charge a battery. The charge stations will also be relatively simple to 
install and operate, and will not have a large impact on the electrical grid. 
Level 2 charging is needed for overnight charging of EVs with larger batter-
ies (10 h × 7 kW = 70 kWh). The power generated by the solar panels over one 
parking place is similar to the power delivered with Level 1 charging. In situ-
ations where EV owners could spend a various amount of time parked, rang-
ing from 1 hour to several hours, it would be beneficial for locations such 
as shopping centers, public parking, and university campuses to provide 
options for both Level 1 and Level 2 charging. For most locations, Level 1 or 
Level 2 charging is sufficient. Level 3 charge stations are often best suited for 
locations where EV drivers have a limited amount of time they can (or want 
to) be off the road, such as at rest stops along major highways. Level 3 charg-
ing is the most complex level and requires rapid charging from batteries or 
the electrical grid.

4.5.2 � Long Distance Trips

When traveling on long distance trips with an EV, it is necessary to recharge 
one’s vehicle approximately every 80–200 miles (depending on battery and 
vehicle type). In order to satisfy this requirement, rest stops along major 
highways and interstates should be equipped with charge stations. Tesla is 
accommodating this need by building Superchargers at rest stops and restau-
rants along major highways. NRG (2015) has been installing fast DC charging 
stations in the United States in cities with both CCS and CHAdeMO con-
nections for EVs that have the capability to use them. Fastned is a network 
of SPCSs in the Netherlands that have fast DC charging capability at about 
50 kW of power. The construction goal is to have 50 SPCS sites in 2015 and 
130 SPCS sites by 2017. The charge stations have both CCS and CHAdeMO 
connections. The solar panels help give visibility to the stations, there are 
multiple charging stations at each site, and storage batteries are included 
in the design to provide buffer and help manage peak demand on the grid 
(Langezaal, 2015). Locating charge stations at restaurants conveniently allows 
drivers to eat a meal while simultaneously charging their EV. However, since 
the average 2015 EV must recharge about every 80 miles (200 miles for Tesla), 
stopping at restaurants every time to recharge is not realistic for all EVs since 
the driver may not be hungry that often. Therefore, rest stops should be 
equipped with SPCSs and additional amenities to occupy the driver as their 
vehicle recharges. These amenities could include Wi-Fi access, tourist infor-
mation, a walking path, a television or selection of movies, library, games, 
and a playground. Families would be entertained as the car recharges and 
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drivers would have the chance to stretch their legs. Lastly, it is worth keep-
ing in mind that the single-charge range of EVs is steadily increasing. The 
Nissan LEAF’s maximum range is now up to 107 miles, and the Tesla Model 
S 70D has a range of 240 miles. Current projections are that future models of 
these cars will soon have about twice those ranges.

4.5.3 � Potential Future Issues

4.5.3.1 � Long Distance Trips and Major Events

As the number of EVs on the road increases (Electric drive sales dashboard, 
2015), a potential infrastructure issue could arise on holidays and at major 
events when trying to satisfy the need of many EVs charging simultaneously. 
As families travel to relatives’ homes for Thanksgiving or Christmas, a flux of 
vehicles could arrive at rest areas. With insufficient charging infrastructure, 
a queue of low-charged EVs could quickly form and contribute to charge sta-
tion traffic. In addition, when a major baseball game, football game, or concert 
occurs, a large number of fans dispersed throughout the state may flood toward 
the stadium or arena, each expecting to charge their EV on arrival. Without 
correct planning, there will not be enough SPCSs available for all EV owners 
to charge their vehicle and the sudden, massive number of vehicles charging 
could strain the electrical grid. For major events, transportation officials and 
event organizers could stress the importance of EV owners to charge along the 
drive to the stadium or arena and back, rather than relying on charging dur-
ing the game or concert. Another proactive planning action to avoid this issue 
could be to build sufficient SPCS infrastructure along major highways to meet 
the high demand of holidays and major events. This strategy allows the infre-
quent, large charging demand to always be met and permits any unused solar 
power generated to be delivered to the grid to earn the proprietor a credit. 
Stadiums and arenas should also install SPCSs to enable at least a portion of 
the attendees to charge their vehicles during the event. Since most concerts 
and some sporting events occur at night, it is necessary for these SPCSs also to 
have storage capabilities. Battery packs of about 20–35 kWh per parking space 
could be installed with each charge station to allow for 4–5 hours of Level 2 
charging at about 7 kW of power. This is sufficient to recharge most drivers’ 
EVs; those who live locally and those who commute far distances. When the lot 
is vacant during the day, solar power can charge the stations’ batteries in time 
for events in the evening. When there are no home games or concerts, the bat-
tery storage can be used to meet peak power needs or potentially deliver to the 
grid (depending on utility regulations) earning the proprietor valuable credits 
or income during an otherwise negative revenue time period.

4.5.3.2 � Multi-Unit Residences or Homes without Garages

As the percentage of EVs increase, more consumers who live in multi-unit 
residences (apartments and condominiums) or homes without garages may 
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own an EV but not be able to install a personal home charge station. This 
may even prevent these consumers from purchasing an EV.

Presently, there are many steps an EV owner must follow in order to have 
a charge station installed at their multi-residence complex. For example, a 
consumer must first get permission from the home owners association and 
property manager, find a suitable spot for the charge station with access to 
240 V electricity, and work out who will pay for the installation, mainte-
nance, and so on. Some states, such as Hawaii and California, have laws 
protecting consumers’ rights to install a charge station (Webb, 2014).

Apartment and condominium owners should consider installing charge 
stations on-site for their residents. The process can still be complicated in 
terms of finding suitable parking spots and working with utilities, but it 
would help retain residents and attract new residents who own EVs. Power
tree Services is bringing SPCSs to apartment dwellers in San Francisco by 
installing solar panels on apartment buildings and parking garages and 
renting spaces for EVSEs in the garages to allow EV charging at flat rate 
prices designed to allow travel costs to be about one-third of those for gaso-
line vehicles. The electricity generated can serve needs within the apartment 
building if not needed for charging, and the electricity can provide off-grid 
backup power (Ayre, 2015).

Some EV owners who do not have home garages have chosen to strategi-
cally utilize public and workplace charge stations, or to hire an electrician to 
run a 240 V cable underground and install a protected curbside outlet. As the 
charge station infrastructure grows, it is more likely a charge station will be 
located at a public location near a consumer’s residence or at a consumer’s 
workplace, reducing the need to charge at home. As more consumers expe-
rience similar issues, housing communities may collectively install public 
charge stations for homeowners to use. In addition, state laws may pass 
requiring new homes to have 240 V outlets installed.

4.6 � SPCS Funding Strategies

When determining how to fund the installation of SPCSs, there are multiple 
financing models one could employ. Possible sources of funding include fed-
eral grants, tax incentives, income from charge station user permits, income 
from charging an hourly rate, or establishing a partnership with an electric 
charge station company or utility. The best financing strategies to use mainly 
depend on who (company, shopping center, residential community, etc.) is 
installing the SPCSs.

One current example is Volta Charging, a company providing free elec
tric  charge stations for businesses (predominantly shopping centers) and 
allowing consumers to charge their EVs for free (Our story, n.d.). Volta 
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pays for the EVSE installation and electricity cost using advertisements 
displayed on the charge stations (Our story, n.d.). The ads are primarily 
for the businesses located in the same shopping center as the charge sta-
tions. Businesses are willing to pay for these advertisements because they 
are directly reaching consumers before they shop (Our story, n.d.). In addi-
tion, the retail centers are in favor of the EVSEs because they attract more 
customers and improve their green image (Our story, n.d.). Although this 
model will not work well for some other locations, such as rest areas, it 
could be widely adopted in shopping centers and similar venues. Thus, the 
use of advertising is also an option to help pay for the cost of providing 
SPCSs, providing a revenue stream in addition to the value of the electricity 
that is produced and any consumer cost of charging an EV.

4.7 � Electric Bikes, Electric Trucks, and Commercial 
and Governmental Fleets

4.7.1 � Electric Bikes and Electric Motorcycles

When making a quick trip to the grocery store or another nearby errand, 
electric bikes (e-bikes) are useful vehicles. They have an average range of 
10–30 miles depending on the amount of pedaling assistance and can be 
charged using a home outlet. Ford has unveiled prototypes for two e-bikes 
that are foldable and have sensors to alert riders of passing cars. The foldable 
feature enables riders to bring the bikes on public transportation or fit the 
bike in a car (News Ford Media Center).

Electric scooters (e-scooters) and electric motorcycles (e-motorcycles) 
are also gaining popularity. Like EVs, they need no gas and little main-
tenance, and they have ranges of 40–90 miles and over 130 miles, respec-
tively. E-scooters and e-motorcycles can be charged using a home outlet 
or charged using most public EV charge stations using an adapter. These 
vehicles have large markets in Asian countries, with China leading in 
sales. As the number of e-bikes, e-scooters, and e-motorcycles increases, 
bike racks and public charge spots with the capability to charge these vehi-
cles and EVs will be useful. The charging spots should be mainly located 
in urban areas at highly trafficked areas such as shopping centers, markets, 
and work places.

There is significant value to having SPCSs for electric bikes, scooters, and 
motorcycles because the shade and cover provided by the solar panels pro-
tects the vehicles from rain or snow. An infrastructure of parking spaces 
with SPCSs for these vehicles also encourages purchase and use of these 
vehicles, which can positively affect the air quality in these highly urbanized 
locations.
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4.7.2 � Electric Trucks

There are several strategies that can be adopted to provide sufficient charg-
ing infrastructure for electric trucks, and accommodating for their larger bat-
tery packs. One option is to employ battery swapping for EV trucks. Trucks 
could tow a small trailer with sufficient battery energy to travel more than 
300 miles. A battery swap company could provide this service by charging 
EV truck battery packs using solar power and the electrical grid and swap-
ping out EV trucks’ low-charged batteries for a fee. When an EV truck is low 
on charge, it can make a quick stop off the highway to switch out the low-
charged battery and replace it with a fully charged-battery. The EV truck 
could also carry multiple fully charged battery packs and replace the battery 
pack in use when it loses charge.

Another strategy is to adopt a model similar to that suggested for charg-
ing an EV car, which would entail building SPCS infrastructure primarily 
along major highways. Using this model, EV truck drivers would rest at an 
EV truck stop while recharging their vehicle. The EV truck stop area could 
have a restaurant, restrooms, and sell an assortment of food items similar 
to gas stops (water, sodas, slushies, hotdogs, snack foods, and sweets) as 
well as convenience goods (lottery tickets, toiletries, tobacco products). In 
addition, to provide entertainment the truck stop could have Wi-Fi access, a 
mini-golf course, TV lounge, library, and possibly an area to nap. The truck 
stop should be equipped with an appropriately sized roof-top solar array 
to power as much of the truck stop’s electricity uses with clean energy as 
possible to reduce the electric bill and environmental impact. It is key that 
the truck stop’s SPCS infrastructure has sufficient battery storage. Similar to 
Tesla’s Supercharger model, several large battery packs can store excess solar 
power to reduce the strain on the electrical grid and to help the truck stop 
avoid utility demand charge fees.

A few electric truck companies are operating already, practicing two dif-
ferent charging strategies. For example, Smith Electric Trucks has fully auto-
matic chargers on board the vehicle with the standard connection plugs for the 
United States, Europe, and Asia (Affordable and Available All-electric, n.d.). 
Also, Boulder Electric Vehicle has electric trucks that are Vehicle-to-Grid 
(V2G) capable meaning when plugged into the charging station the EV truck 
batteries can store electricity and sell it back to the grid at opportune times, 
earning a profit (Boulder Electric Vehicle, n.d.). Both of these technologies are 
potential standard features of future EV trucks.

The cost of batteries is steadily decreasing as technological developments 
are made, but currently the price is still relatively high. In order to make the 
large solar storage battery packs more affordable for EV truck stops, used 
EV car batteries can be recycled. Used EV car batteries are less expensive 
than new EV batteries and typically still have 80% storage capacity left (Used 
Chevrolet Volt Batteries, 2015). GM has been successfully recycling used EV 
batteries and installing them in homes, businesses, and utilities to power 

K26194_C004.indd   45 7/15/2016   10:22:29 PM

www.TechnicalBooksPDF.com



46 Solar Powered Charging Infrastructure for Electric Vehicles

buildings, serve as back-up power in case of a blackout, and to store excess 
solar energy if applicable (Used Chevrolet Volt Batteries, 2015). Truck stops 
could also purchase used batteries to store excess solar energy at a cheaper 
price. For example, recycled EV batteries cost $200/kWh as opposed to the 
average $300/kWh for a new battery (Nykvist and Nilsson, 2015). The truck 
stop could purchase these recycled batteries and charge $.04/kWh for SPCS 
use. Assuming the SPCS with battery storage is used 300 days of the year, 
the battery cost would be paid back in 20 years. Since it costs $0.67/mile to 
drive a gas-powered vehicle on average, the storage cost of $0.04/kWh is very 
reasonable. As of 2015, there are not yet enough used EV batteries to employ 
this model of buying recycled EV batteries on a large scale, but it will be a 
viable nationwide option soon.

4.7.3 � Commercial and Governmental Fleets

Commercial and governmental fleets have already started transitioning to 
EVs. For example, GE has purchased 25,000 EVs for their fleet and fleet cus-
tomers, and city governments such as Houston and Bay Area cities have tran-
sitioned to EVs (Fleet Electrification Roadmap, 2010; Houston Drives Electric; 
Electric Vehicle Fleet, n.d.). EV fleets promote EV adoption while saving the 
company or government on maintenance and fuel fees. Because fleets often 
drive the same route and distance every day, range anxiety for driving EVs 
is less of an issue (Fleet Electrification Roadmap, 2010). The installation of 
SPCSs for fleets with fixed routes can be fairly easily accomplished and is 
very cost effective. In addition, since some commercial or governmental fleets 
(or specific cars within fleets) often do not travel far distances daily, those 
EVs could have smaller battery ranges and thus cost less (Fleet Electrification 
Roadmap, 2010).

Infrastructure needs for fleets vary depending on where the fleets are kept 
off-duty and miles typically traveled (Fleet Electrification Roadmap, 2010). 
Fleets where the vehicles travel less than the EV battery range and are stored 
in a central depot can install SPCSs with storage batteries at their depot loca-
tion. The EV batteries can recharge while the vehicles are off-duty. Since 
these EVs are likely charging at night, storage batteries are necessary to cap-
ture the solar power generated during the day. Other fleet drivers may park 
their vehicles at home overnight, often the case for sales or law enforcement 
vehicles. This would require residential charge stations to be installed as 
well as several SPCSs at the central depot. Some fleets may not drive predict-
able routes daily or may travel distances greater than the EV battery range. 
These fleets must also install SPCSs along streets and highways highly 
transited and possibly clients’ parking lots in addition to the central depot. 
Infrastructure for these fleets would be more costly given the greater num-
ber of SPCSs required, but the fleets would help build the nation’s charging 
infrastructure and possibly qualify for federal government incentives. Since 
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power generated during the day usually has greater value, it may be better 
to use the power generated during the day at SPCSs for day time activities 
and peak power needs. Less expensive electricity can be used to charge the 
fleet EVs at night.

The type of fleet vehicle best suited for a company or government agency 
depends on the needs of the adopter. Some fleets may need a compact, 
mid-size, or full-size car while others may require pickup trucks or vans. 
Currently there are not many EV pickup trucks or EV vans on the mar-
ket. Nissan Europe is developing a 7-seat electric van for VIP transfers and 
for hotel, taxi, and private customers. Nissan USA is similarly developing 
a 5-seat van (Nissan Europe, n.d.; Nissan USA, n.d.). Chrysler is also devel-
oping a plug-in hybrid electric minivan (Chrysler vehicles, n.d.), and Via 
Motors has created an extended range electric pickup truck (Via, n.d.). The 
small number of EV pickup truck and EV van options does not offer con-
sumers much choice. In addition, these vehicles are in their development 
stages and may have only recently been introduced. The lack of EVs fit 
for some fleets’ and consumers’ needs may be discouraging potential EV 
purchases. EV pickup trucks and EV vans need to become more available. 
Several car manufacturers have already shown that the technology for these 
EVs is available. Expanding to more EV types will appeal to a wider fleet 
and customer base, increasing EV adoption and leading to greater SPCS 
infrastructure development.

4.8 � Electric Public Transportation

Public transportation such as taxis and buses are one of the main forms of 
transportation in major cities. It is important that infrastructure for elec-
tric public transportation is built to accommodate the transition from gas-
powered vehicles and to meet the different needs of public transportation.

Since taxis and buses are almost constantly driving customers to their des-
tination or running a time-scheduled route, they often cannot spare a couple 
of hours or more during the day to charge their vehicles. Instead of using 
the same charge stations as personally owned EVs, taxis and buses can use 
wireless charging pads. Wireless charging pads allow an EV to simply drive 
over a charging pad, located above or below ground, and immediately begin 
charging the vehicle without requiring the driver to get out of their car or 
use any plugs (Plugless, 2015). The EV just needs a vehicle adaptor installed 
on the bottom of the vehicle. Wireless charging providers also have mobile 
apps that allow users to locate vacant charging pads; halt charging manu-
ally or automatically by choosing to charge based on battery charge, time, or 
dollars spent; and keep track of monthly usage statistics. If wireless charge 
pads were installed citywide, a bus or taxi driver could simply pull up to the 
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bus stop or a designated roadside spot while waiting for a new customer and 
seamlessly recharge their EV. Bus routes are typically the same every day, 
enabling the bus driver to know when and where the bus will need to charge 
daily. Many taxis also frequently service locations, such as airports, hotels, 
convention centers, and tourist spots.

Allowing taxi or city bus drivers to recharge without going off duty for 
a couple of hours saves the driver time and money. Overnight or whenever 
the taxi or bus is off-duty, the vehicle can recharge in its fleet parking lot 
using SPCSs with battery storage. The battery storage is important to capture 
excess solar power generated during the day in order to charge the vehicles 
at night. Buses would require a relatively large energy storage battery pack, 
ranging from about 30–300 kWh, to fully recharge the vehicle and to avoid 
demand charge fees from utilities. Coupling SPCSs with batteries allows 
clean energy to recharge a portion of the vehicle, which reduces electrical 
bills and the strain placed on the electrical grid.

Similarly, school buses follow the same route each morning and evening, 
every day, so the drivers know the distances the vehicles travel each trip 
(and there is often some nonoperating time at mid-day). It would be feasible 
to transition to electric school buses and provide sufficient charging. Electric 
school buses could use SPCSs installed in the fleet parking lot and charge 
their vehicle while the children are in school and at night. Depending on the 
bus route distance, some electric school buses may require wireless charg-
ing, which could be installed at various school bus stops.

Infrastructure for both personally owned EVs and electric public trans-
portation should be available in cities to accommodate everyone’s needs. In 
order to accommodate those who drive their personal EVs to the city, suf-
ficient charging infrastructure for personal EVs should also still be present. 
Given limited city parking availability, parking garages can be equipped 
with charge stations and rooftop solar. Also, SPCSs can be installed in city 
parking spots along major roads and be metered with a certain hour time 
limit to allow vehicle turnover.

4.9 � Future of EVs and SPCS Infrastructure

Erickson et al. (2015) report that U.S. PEV sales grew 33.9% from January–
June 2013 to January–June 2014. Assuming this annual growth rate 
remains constant, by 2030 there will be more than 10 million PEVs in the 
United States. In addition, if the current ratio of 34 PEVs to public charging 
stations remains constant, there should be over 290,000 public charging 
stations built by 2030. Maintaining this ratio requires installing 270,000 
public charging stations over 15 years or 18,000 public charging stations 
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per year. Ideally, the ratio of 34 PEVs to one public charging station should 
be reduced even further; but achieving this would require a greater 
charge station installation rate, assuming the PEV sales annual growth rate 
remains constant.

Since SPCSs provide a way to generate clean electricity, many parking 
spaces can be equipped with SPCSs to substantially increase the portion of 
electricity generated using renewable energy. It is crucial to continue building 
SPCS infrastructure to meet increasing PEV, BEV, HREV, and EREV demand 
worldwide. Insufficient infrastructure could lead to queues and frustrated 
drivers and could perpetuate drivers’ range anxiety. In order to effectively 
transition from gas-powered vehicles to electric vehicles, SPCS infrastruc-
ture must be readily available everywhere. Some U.S. and European loca-
tions, such as California and major European cities, have greater charge 
station infrastructure than others. Ideally, consumers will have the option 
to charge their vehicles where they park 95% of the time. Workplace charg-
ing and charging along major highways should become a norm. Leaders in 
sustainability are working to build the world’s charging infrastructure, but 
progress must continue.

One of the considerations when costs and economics are addressed is the 
significant reductions in the prices for solar panels and batteries. Prices of 
both have decreased in the last five years. Because of this, costs from past 
projects may be higher than those for future projects. Straubel (2015) has 
shown that the prices for solar panels for generating electricity have followed 
a model in which log Y = A log X + B, where Y is the price of solar panel 
modules in dollars/W of power and X is the cumulative solar PV shipments 
in units of MW power. An approximate fit of the data gives A = –0.325 and 
B = 1.67. That is, the prices have decreased to less than $1/W (Straubel, 2015).

4.10 � Conclusions

Infrastructure is arguably the largest barrier for widespread EV adoption. 
The model for EVSEs must vary from gas station infrastructure and be 
integrated with frequented locations. Drivers must be able to charge their 
vehicle simultaneously while running errands, working, or parking at home. 
This infrastructure must be prevalent not only for private cars, but also fleets 
and public transportation. Level 2 and Level 3 infrastructure must be built 
along with wireless charging pads and charging infrastructure for fleets and 
taxis. Powering this infrastructure with renewable energy, specifically with 
solar, will generate sustainable energy and reduce the additional strain on 
the grid. It is crucial to build sufficient SPCS infrastructure to support the 
transition from gasoline powered vehicles to EVs.
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5
Batteries and Energy Storage

Larry E. Erickson and Jackson Cutsor

The science of today is the technology of tomorrow.

Edward Teller

5.1 � Introduction

Batteries for electric vehicles (EVs) and for energy storage are crucial for the 
future because energy storage is critical in EVs, and it has the potential to be 
of great value in smart grids with significant solar and wind power genera-
tion. Progress in the development of batteries has changed the world. The 
cost of batteries for EVs has decreased over the last decade, and this has 
enabled EVs to become competitive with other alternatives. Energy storage 
with batteries is now of interest for home owners and businesses that gener-
ate electricity with solar panels and it is also being used in power grids to help 
manage loads and supplies in utility systems. Energy storage is one of the 
alternatives for the management of solar powered charging stations (SPCSs) 
in parking lots. Tesla uses batteries for energy storage in its Supercharger 
network to avoid high power demand charges. Energy storage using batter-
ies has been used for many years for off-grid electrical systems. Since wind 
and solar energy are generated without any control of wind speeds and solar 
radiation intensity, energy storage added to the grid provides the ability to 
generate power at one time and use it at another time. This ability mitigates 
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one of the primary concerns about solar and wind generated energy; main-
taining the ability to obtain power whenever it is needed.

5.2 � Batteries

Batteries have been common for many years. Lead acid batteries have been 
used for the electrical systems in vehicles for many years and they were 
used in the early version of the EV that General Motors introduced but later 
removed from the market. Batteries have an anode (positive side) and a cath-
ode (negative side); they store chemical energy and make use of oxidation 
and reduction reactions. The progress with batteries has included increases 
in energy density (energy/mass and energy/volume) in addition to the sig-
nificant reduction in cost. Batteries for EVs, just like any other batteries that 
are used to store electricity as chemical energy to be used later as electrical 
power, have both power and energy features. The following is a brief sum-
mary of these general features. The capacity of the battery is the amount of 
energy that can be stored in kilowatt hours (kWh) while the power that the 
battery can deliver has units of kilowatts (kW). The batteries for EVs can be 
recharged and used many times. The calendar lifetime and the number of 
times the battery can be recharged are important features of batteries. The 
battery life is expected to be longer if it is not fully discharged. The depth 
of discharge is the fraction or percentage of the stored energy that has been 
used prior to recharging. Batteries provide direct current (DC) while the 
electrical grid has alternating current (AC). An inverter is needed to change 
from one form to the other. There is always some loss of energy in going 
from AC to DC and from DC to the chemical energy in the battery.

A battery management system (BMS) is one of the features of the batteries 
in an EV, which many other batteries do not have. The BMS keeps the opera-
tion of the battery within safe limits and collects data such as temperature 
and the state of charge. The batteries are arranged in battery packs, which 
have modules with many cells in each module. The Tesla S has about 7000 
battery cells, and the total weight of the battery packs is about 600 kg or 
1323 lb (Masson, 2013). The temperature of the batteries is important because 
the rate of chemical reactions varies with temperature. The power provided 
by the batteries is less when they are very cold. Very high temperature can 
damage batteries. Some heat is generated when the batteries are charged and 
discharged so heat transfer to and from the battery pack is important. The 
heat that is generated is because the efficiency is less than 100%. Cylindrical 
batteries have some space between cylinders for air flow and heat transfer. 
The BMS has a thermal control system for the batteries to keep the tempera-
ture of the batteries in the desired range of about 0°C to 30°C. Some thermal 
control systems use air; others use a liquid. The SPCSs provide shade for the 
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EVs and this has value in hot climates where there is danger of the battery 
pack experiencing very high temperatures due to solar radiation that heats 
the EV. The batteries, BMS, thermal control system, inverter, and charge port 
are designed to provide the power needed to operate the EV and the energy 
storage for driving significant distances.

The lifetime of a battery pack depends on the temperatures that it experi-
ences, the depth of discharge, and the charging rate. Level 1 and Level 2 
charging with modest depth of discharge are not expected to impact the 
lifetime of a battery pack significantly. There is greater concern about the 
life of a battery that is subjected frequently to rapid charging at Level 3 
(fast DC charging). The expectation is that the battery system in an EV will 
last the entire life of the vehicle. The Toyota Prius has many cars that have 
been in service for more than 10 years. Many of these cars have had only 
one battery over the life of the vehicle, including a Prius with 530,000 miles 
(Richards, 2013) that went out of service because of an auto accident. This 
vehicle was used mostly in California where it was not subjected to tempera-
ture extremes.

After the useful life of a battery pack in an EV ends because the capacity 
has decreased, it may still be useful in a stationary application, such as in a 
parking lot with SPCSs. After the battery life in the stationary application 
ends, the materials in the battery can be recycled and used again.

Vatanparvar et al. (2015) have studied the heating, ventilation, and air con-
ditioning (HVAC) system in EVs with the idea of optimizing the operation 
of the HVAC unit under conditions where control may be needed in order to 
reduce the power it requires so that power can be used by the BMS and the 
EV drive system. The proposed controller reduces HVAC power consump-
tion when the electric motor is consuming power significantly because of a 
hill or acceleration and increases HVAC power use when the electric motor 
is consuming less or generating. This analysis and control are most valuable 
when the environmental conditions are extremely warm or cold. The authors 
expect the life of the battery to be extended by reducing the stress on the bat-
tery associated with the power needs and the extreme temperatures.

5.3 � Battery Costs

The cost of batteries for EVs has been decreasing because of research, devel-
opment, and experience. The full cost includes costs for battery cells, mod-
ules, and systems. The cost for the complete battery system includes the 
battery packs, BMS, thermal control system, inverter, and charge port. When 
reporting information on prices, it is necessary to be specific about what is 
included. Nykvist and Nilsson (2015) report the cost of battery packs to be 
about $300/kWh of storage capacity for the market leaders based on prices in 
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2014 and early 2015. In a March 2015 report, the U.S. Department of Energy 
(2015) reports an estimate of $289/kWh of useable energy for a production 
volume of 100,000 batteries per year. Ayre (2015) has reported estimated costs 
for Tesla in 2015 are about $250/kWh for the batteries in the 2015 Tesla S. After 
the new Tesla battery factory in Nevada opens and is operating effectively, 
the reported estimated values are $88/kWh for battery cells and pack level 
costs of $38/kWh for a combined cost of $126/kWh (Ayre, 2015). For 70 kWh 
of battery capacity in a Tesla S at $126/kWh, the battery costs would be of 
the order of $9000 compared to past estimates of $35,000 for batteries costing 
$500/kWh. The estimated cost for the GM Bolt batteries is $145/kWh for the 
battery cells (Cobb, 2015), which is of the order of $200/kWh for the battery 
packs. These reductions in battery costs may enable GM and Tesla to sell 
EVs with a range of about 200 miles (320 km) for less than $39,000 (Straubel, 
2015). The rapidly falling prices for batteries will reach $200/kWh in 2020 and 
make EVs cost-competitive within the next 20 years (Climate Council, 2015).

The battery prices given above are for lithium-ion batteries. Lithium-ion 
batteries are popular because of their energy density and power density. 
Safety, cost, performance, and life span are other features that are important 
in selecting batteries, and lithium-ion batteries are competitive in these cat-
egories also. The supply of lithium for batteries is estimated to be sufficient 
so that there will not be shortages of lithium (IRENA, 2015).

The larger battery pack provides greater choices for EV owners. Charging 
when electricity prices are lower, such as at night, can be arranged when the 
owner has sufficient range to take advantage of the best time of use (TOU) 
rates. A 200-mile range is large enough that most drivers will want to stop for 
other reasons prior to reaching the limit of the range of the vehicle.

5.4 � Energy Storage

In addition to batteries in EVs, there is significant battery storage of electric-
ity for a variety of other reasons. In 2014, battery cell sales were about $220 
million for utility scale applications (IRENA, 2015). This does not include stor-
age behind the meter by customers who have solar panels and battery stor-
age. China, Germany, Japan, and the United States are the leaders in battery 
storage (Climate Council, 2015). The future for battery storage in Australia 
also looks very positive (Climate Council, 2015).

There is a transition that has started related to utility scale electricity gen-
eration, storage, and delivery. The smart grid with TOU rates is part of the 
change. In the past and present, small generators powered by natural gas 
have been started up and operated when there is a need for more electrical 
power. Because of lower prices for energy storage in batteries compared to 
constructing a new natural gas powered generator that would be used only 
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when needed, there is a transition from building these new plants to using 
battery storage. With greater renewable electricity generation, there is also 
the challenge of what to do when the utility is producing more power than 
needed. It is not easy or desirable to reduce production with nuclear and coal 
generation for short periods of time. Battery storage provides an option for 
solar and wind generated electricity that is not needed immediately. Battery 
storage also enables the utility to manage the common daily transients by 
adding to storage when demand is lower and supplies exceed demand. At 
the peak demand of the day, power can be delivered from energy storage to 
help meet the higher demand. With wind and solar, there are transients due 
to changes in wind velocity and cloud cover that can be managed efficiently 
with battery storage. Battery storage can replace keeping a small generating 
plant running to provide a spinning reserve that is commonly used to pro-
vide grid stability. The expectation is that the capacity to generate power with 
renewable sources and battery capacity will continue to increase because the 
cost of this power and battery storage continues to decrease (IRENA, 2015; 
Climate Council, 2015). The annual revenue associated with utility grid level 
battery storage is expected to increase from $220 million in 2014 to $18 bil-
lion in 2023 (IRENA, 2015). By 2023, 40% of the estimated battery storage for 
grid applications is projected for the integration of renewable resources into 
the grid, 37% for load shifting, and 15% for meeting peak power demands 
(IRENA, 2015).

Since electric power became available, there has always been a market for 
electrical systems that are not connected to the grid because connecting to 
the grid is either very expensive or not possible. Solar panels with battery 
storage are becoming more competitive for this market. The alternative to 
solar energy is often diesel fuel, which is much more expensive with current 
gas prices. The decrease in solar panel and battery prices are resulting in 
more affordable off-grid electrical systems. This is very important for those 
who have very limited incomes. In many parts of the world, there are people 
living in rural areas who do not have electricity. For instance, a large part of 
Africa does not have electricity in rural homes (Sachs, 2015). Refrigeration, 
communications, and lights at night are important to quality of life and 
development. There is value in bringing simple and inexpensive electrical 
systems to locations where there is no electricity. The decrease in prices will 
be very helpful to many people who can benefit from having electricity. The 
current market for batteries for these off-grid applications is in millions of 
batteries per year (IRENA, 2015).

There are many individuals who are installing solar panels on roofs to 
generate electricity because they are able to reduce the cost of their power. 
Some are doing this because they want to support the transition to renewable 
energy sources. In some cases, battery energy storage is part of the installa-
tion with the goal of using storage to allow any excess energy to be used at 
another time such as in the evening. Solar panels and battery storage allow 
an owner to have greater reliability because, in the case of grid failure, it is 
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possible to disconnect from the grid and use solar panels and battery storage 
for power (within the capacity of the system). The market for battery storage 
by home owners and businesses is expected to grow substantially (Climate 
Council, 2015; IRENA, 2015).

The price of electric power from the grid varies because of available choices 
for fuel and costs of the fuel. Island populations without coal and natural 
gas on the island often have higher electricity costs. Solar energy with bat-
tery storage is very competitive with alternatives on many islands (Climate 
Council, 2015). King Island in Tasmania has reduced its diesel consumption 
for power generation by 50% because it has transitioned to solar energy with 
battery storage for a significant fraction of its electricity generation.

Utility demand charges are included in some electric bills with the goal of 
reducing the peak power use of some customers. The demand charge may 
be based on the average power level for the 15-min period with highest use 
during the billing cycle. For example, if a customer charges an EV with Level 
2 power while also operating a clothes dryer and electric stove, this may 
result in the highest use during the monthly billing cycle. Demand charges 
can be as high as $30/kW, which is $300 for 10 kW of power (Wishart, 2013). 
Battery storage is being used to reduce demand charges. Tesla uses battery 
storage at some of its Supercharger stations to avoid significant costs asso-
ciated with demand charges (Halvorson, 2013). These Tesla Supercharger 
SPCSs have solar panels over the parking spaces and charge stations, which 
are connected to both battery storage and to the grid. The fast charging can 
be at rates as high as 120 kW; however, the BMS manages the charging to 
avoid overheating and overfilling.

Where a parking lot with SPCSs has a significant number of Level 2 charge 
stations as well as nighttime charging, battery storage may reduce demand 
charges significantly and allow the parking lot operator to make greater use 
of electricity generated by the SPCSs. When there is an event with many in 
attendance, and the parking lot fills with EVs that wish to be charged, having 
some stored power can be beneficial to reduce the demand on the grid. There 
are two considerations; one is the demand charges, the other is the ability of 
the installation and the grid to handle the load.

5.5 � Conclusions

There has been significant progress in the development of batteries for EVs 
and for energy storage in parking lots and other locations. The reductions in 
costs have made EVs more popular, and in 2015 the global number of EVs in 
service went past 1 million. The future for parking lots with SPCSs and bat-
tery storage to provide electricity to EVs and the grid is good.
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6
Electrical Grid Modernization

Matthew Reynolds, Jackson Cutsor, and Larry E. Erickson

The value of an idea lies in the using of it.

Thomas A. Edison

6.1 � Introduction

The current electrical grid is a distribution grid. Thanks to the innovation 
and application of alternating current (AC) from Nikola Tesla, the grid can 
transport electricity from generation locations to remote farms and cities 
that demand electricity. Principles of electrical generation allow for this to be 
physically and economically possible. By increasing the voltage, the current 
is decreased. Power loss is equal to the current squared multiplied by the 
resistance, PLoss = I2 R, so reducing the current is significant to long distance 
distribution. Due to electromagnetism and the invention of transformers, 
electricity can be stepped up or stepped down to either send it long distances 
or be used for house appliances at 110V. Without stepping up the voltage, too 
much electricity would be dissipated as heat as it is transported and result in 
lower end power and accruing safety issues.

For the electrical grid to accommodate an ever-increasing demand of 
electricity, especially via electric vehicles, it will need to be upgraded, par-
ticularly at the local level. The increased load may lead to installation of 
larger transformers and require more heavy duty distribution lines. In 
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general, local utilities estimate the load and demand from each electric 
vehicle to be the equivalent of about an average sized home. Adding a 
few cars distributed evenly throughout a city is not a concern, but with 
increasing demand and trends of purchasing EVs, subdivisions will need 
upgrades. People of similar socioeconomic status typically live in the same 
neighborhood or group of neighborhoods. A wealthier neighborhood 
might be more likely to add EVs than neighborhoods with lower average 
incomes. Adding one or two EVs to every household with Level 2 charg-
ing in a wealthy neighborhood could effectively increase the demand and 
load for electricity by 150%.

The future of the electrical grid, termed smart grid, includes multiple 
directions of electrical travel, net metering, and distributed electrical stor-
age (Burger, 2015). The smart grid increases communications between 
all entities involved in electrical generation, distribution, and usage. The 
key flows of communication are the regional patterns of electrical usage 
for producers and individual statistics for consumers (such as how many 
kilowatts are currently being used by them and their neighbors). Each of 
these characteristics opens up a vast array of new business opportunities. 
Multiple directions of electrical travel means that small producers, like 
houses or businesses, can send power back to the grid. This system of mul-
tiple direction of electrical travel also allows homeowners and businesses 
to have a reduced power bill.

The current pattern of electricity use has a typical demand curve. The 
demand is relatively low until people get up and go to work at around 
8 am. The demand stays high, then spikes from about 4 pm to 9 pm when 
people go home and are active prior to going to bed. This creates a valley, a 
plateau, and a peak. The goal for increasing the efficiency of the grid is to 
manage supply and demand effectively and economically. Electricity can-
not be stored easily and plants have a minimum output. If it is not used, the 
electricity goes to waste. Electricity is wasted when the valley in the demand 
graph, or any other point in the graph, is below the generator or generators 
minimum load. A smart grid aims to minimize these gaps in the minimum 
output and the electricity being used in real time.

An upgrade to the current power grid has been the subject of consider-
able recent research and development. This smart grid can provide a method 
of power and information transfer that will revolutionize the industry. The 
main feature includes the pairing of an information communication system 
with the controlled electrical flow. This ensures two important aspects: first 
that customers can be given new freedoms in their power choices, and sec-
ond that savings on the utility and power generation market can be made. 
There are certain limitations to the current power grid that lead to the neces-
sity of this upgrade, including power generation costs, renewables integra-
tion, and the customer’s role in power management.

In order to reduce the economic and environmental costs, we must find a 
method to increase the efficiency of the power grid. We can add renewable 
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forms of energy production, thus increasing the power quality of the grid. 
Due to the variability of most renewable power (wind and solar are depen-
dent on weather conditions), integrating these sources into the current grid 
may lower the reliability. It is necessary to upgrade to a smart grid that can 
implement time of use (TOU) prices. The current total power need in the 
world is about 15 TW, and as our population increases, so will this total 
(U.S. Department of Energy, 2015). With the current grid, expensive peak 
power generation units are needed. We need to modernize the electrical 
grid so that more renewable energies can be considered and time of use can 
be managed.

One shortcoming of our current grid is the lack of communication. 
Increasing the customers’ knowledge of the power they consume, and pro-
viding more information for the utility, is necessary in modernizing the 
power grid (U.S. Department of Energy, 2015). The smart grid and technolo-
gies associated with it will provide the best way to integrate solar powered 
charge stations (SPCSs) into the grid.

6.2 � What Is the Smart Grid?

The smart grid is a cyber-physical system that supports and enables enhanced 
communication, controllability, and responsiveness of highly distributed cus
tomers, power generators, storage units, measurement equipment, and infor-
mation displays in order to intelligently integrate the actions of all connected 
participants to deliver electricity efficiently and economically with good 
power quality and reliability (Camacho et al., 2011; Speer et al., 2015). The 
benefits of a smart grid include a more efficiently operated electric power 
system, reduced operational costs, integration of renewable generation, and 
better management of EV charging through TOU prices.

There are many smart grid technologies and theories that are discussed 
throughout the literature. The main feature they have in common is pairing a 
communications system with a decentralized electrical grid. The communi-
cations, achieved by Wi-Fi, phone lines, satellite, etc., will work to gather data 
about the system and power generated in order to: (1) inform the customer 
of their power usage and TOU prices in order to allow more informed deci-
sions, (2) inform the utility of the power produced by distributed generators 
to allow for higher efficiency and more reliable pricing, and (3) inform the 
control operators of the state of electricity in all lines to increase safety and 
decrease outages. There are many technologies that are considered “smart”; 
however, we are concerned with the main categories of technology, namely: 
advanced metering infrastructure (AMI) and smart meters, smart invert-
ers, distribution automation, modern communication systems, and demand 
response.
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6.3 � Benefits of the Smart Grid

The major benefits of the smart grid include (Camacho et al., 2011; U.S. 
Department of Energy, 2015):

	 1.	Better accommodation of renewable generation
	 2.	Greater consumer participation in optimizing electricity use with 

TOU prices
	 3.	Better power quality and reliability
	 4.	Better optimization of assets and operations to reduce costs
	 5.	Better ability to provide all participants with the information needed 

for making good decisions
	 6.	More efficient integration of SPCSs and EVs into the power grid
	 7.	Reducing greenhouse gas emissions
	 8.	Better integration of energy storage into the grid

One of the strengths of the smart grid is the involvement of advanced informa-
tion collection. This can involve many different levels of the power generation 
system, culminating in the ability to accurately and efficiently monitor produc-
tion, storage, and distribution of electricity. One major player in this field is 
advanced metering infrastructure (AMI). This technology involves using smart 
metering that sends reports on energy usage to the utility. These meters include 
both those placed at residences and along transmission lines, and have higher 
resolution times to allow for more representative energy data. Through smart 
meters and smart appliances, the utility can collect a variety of data including 
power outage, grid voltage and frequency, and even power quality (Kempener, 
2013). Kansas City Water Service Department began the installation of an AMI 
system and reported that customer service trips were reduced by a third and 
that the technology had added cost benefits. With the use of advanced “smart” 
metering, customers can begin to be more informed about their power deci-
sions, leading to a more efficient and better managed electrical grid.

Due to the transient nature of renewable energy, resulting power transients 
can cause problems for the normal operation of the grid. To approach this 
problem, a smart inverter is considered. The main function of an inverter 
is to connect an energy source to the electric grid by delivering power, in 
the traditional case real power. This can be changed by using an inverter 
capable of using reactive power which will regulate the voltage at sites where 
renewable energy is used. Smart inverters are also able to communicate data 
on grid voltage and frequency, and through proper updating and interact-
ing with operators, power outages can be anticipated and averted more effi-
ciently (Kempener, 2013). These inverters were used in Puerto Rico where 
their ability to control real and reactive power was valuable in the situation 
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of an island economy where assistance from a surrounding grid is not pos-
sible. This technology is one of the next steps toward greater control and 
security of our electrical grid.

A third component to smart grid technology involves the way in which we 
operate the electrical grid. Distribution automation (DA) refers to the ability 
of the grid to respond to the different needs of the grid due to the variability 
of renewable energy. This relates to photovoltaics as well; when the sun does 
not shine, DA can continue to control the grid by replacing PV energy with 
another source. This is much like the current use of resources such as natural 
gas during peak usage times in order to meet power requirements (Kempener, 
2013). We can also see how this relates to the area of demand response, or the 
way in which electrical loads are reduced during peak usage times. These two 
areas of smart grid applications have many methods that involve the customer 
on many levels and this leads to some of the challenges the smart grid poses.

The technologies discussed thus far are in use and show promising effects 
on controlling and operating the grid. More importantly, as renewable energy 
becomes a larger player in the distribution of power generation, updated meth-
ods of distribution and control become necessary. When renewable energy 
such as wind and solar exceeds 30%, it is important to have a smart grid with 
TOU prices and good communication to manage operations (IRENA, 2013). 
DA and demand response (DR) are features of the smart grid that can be 
implemented to manage the grid. One goal of TOU prices is to have prices 
that are in good agreement with the actual costs of operation (IRENA, 2013).

There are two major challenges concerning the smart grid. The first of these 
is the high cost of some of the technology. This high cost is mainly an ini-
tial installation cost, and it is possible to achieve returns on this investment; 
however, many locations lack the funding to pay for these high initial costs. 
Research is still being done to lower these costs, which will play a large role in 
smart grid implementation. The benefits of investments in smart grid technol-
ogy exceed the costs in most applications (IRENA, 2013). For the United States, 
the estimated net benefits of adding smart grid technology are $20–25 billion, 
based on the reduced costs for the utilities to provide electricity (IRENA, 2013). 
The other challenge is determining the ownership of the new information 
generated by the smart grid. This data will be quite valuable to many people, 
and only through experience and policy creation can these new regulations be 
determined. These challenges will require more research as we progress into 
implementation of both renewable energy and the smart grid.

6.4 � EVs and Solar Powered Charge Stations (SPCSs)

The smart grid provides an opportunity for us to expand our knowledge 
of the electrical grid that powers our homes and businesses. Now that the 
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smart grid technologies have been defined, we will consider its effect on 
integration of renewable technologies. EVs are the largest step in electrify-
ing transportation, and they will have a significant effect on the economic 
and environmental status of the country. The SPCSs provide an easy way to 
charge batteries for those who own EVs and PHEVs. They provide an incen-
tive to purchase those vehicles knowing it will be possible to charge their car 
as easy as filling up on gas in a traditional internal combustion engine. The 
smart grid can only improve these efforts.

The EVs and PHEVs are promising developments in the transportation 
industry, and especially of interest to the smart grid. As one of the major com-
ponents of the smart grid is controlled production and distribution of power, 
EVs provide two key components to the smart grid. The first involves the quan-
tity of electric powered cars on the road. While their numbers are small in com-
parison to the vehicles with internal combustion engines (ICEs), they continue 
to grow as publicity on green and sustainable technology gains popularity. 
The current struggle is that, as the size of the EV fleet increases, the demand 
for electricity increases significantly. This will be a major consideration for 
the smart grid and involves the second most important aspect on EVs and the 
grid: temporary storage. Vehicle to grid technology is being developed that 
will enable an electric car’s battery to become temporary storage and a supply 
of power to the grid (Mwasilu et al., 2014). By using the technology described 
previously on the smart grid, we could allow a vehicle to charge the batteries 
during the evening, and supply power during peak usage time via incentives 
to the customer. These exciting opportunities lead us to another great oppor-
tunity that involves SPCSs that are connected to the grid (Mwasilu et al., 2014).

A major challenge we face as the number of EVs sold increases is the 
source of electric power. While the vehicle itself is green and sustainable, 
its ultimate power supply may not be. A solution to this is the use of renew-
able energy from SPCSs. These facilities allow those with EVs and PHEVs to 
plug their car in at work or at the store to charge while they perform their 
daily tasks. This is important because it increases the amount of time that the 
vehicles could be plugged into the grid. As discussed previously, at SPCSs 
the vehicles could also be used for storage and supply. The added benefit to 
SPCSs is that their generation of solar power may be supplied directly to the 
grid during peak power usage. These applications of smart grid technologies 
could provide a basis for cleaner energy in the transportation industry (U.S. 
Department of Energy, 2014).

Advanced metering technology for TOU prices has been developed, but it 
is not a widespread technology presently. Advanced metering allows electric 
utilities to monitor the produced and used electricity for all small units, like a 
house, which are distributed generators and consumers. These smart meters 
could be utilized for more than just homes. They could be implemented at 
SPCSs to monitor electrical flow for statistical purposes or to charge con-
sumers for their electricity. Currently the selling of electricity is limited in 
many states, but with widespread adoption and political pressure that could 

K26194_C006.indd   66 6/9/2016   1:55:18 AM

www.TechnicalBooksPDF.com



67Electrical Grid Modernization

be changed and create many opportunities for business, competition, and 
methods to financially support charging stations.

Currently, the electrical grid cannot viably store electricity. This problem 
is being addressed by various researchers. One prospective solution is elec-
trifying the transportation sector where there will always be cars plugged 
into the grid at any given point and time of the day. In this case, if demand 
is high enough, whether that be peak hours or a short power outage, the grid 
could draw energy stored in the cars’ batteries. Obviously, the owners would 
be notified and paid for their services. This idea gives a great deal of flex-
ibility for electric utilities. Currently, generators have to be run constantly 
to always provide electricity. The problem is that generators cannot produce 
just enough electricity during the nighttime to meet the super low demand; 
generators have a minimum generating capacity. All of the unneeded elec-
tricity is left unused. With the new wave of electrified transportation, this 
unused electricity can be utilized to charge EVs at nighttime, when presum-
ably most owners would be charging their vehicles.

Charging a fleet of cars all at the same time poses many new challenges 
for the grid. Plugging in a car to Level 2 charging is almost the equivalent of 
adding another home onto the electrical grid (Mwasilu et al., 2014). Owners of 
electric vehicles, if it is in their interest, will not plug in their vehicle right when 
they get home because it is peak demand and that is when electricity costs 
the most (assuming that the grid has TOU pricing, where the price fluctuates 
along with the demand). But, if everyone theoretically plugs their car in to 
charge right when they come home in the middle of peak electricity demand, 
it worsens peak demand and causes a plethora of consequences. For example, 
if that demand were to exceed the amount of electricity the grid’s current gen-
erators could produce, utilities would have to construct a whole new plant just 
to accommodate for that spike for a few hours a day, resulting in even greater 
unused capacity at nonpeak demand times. Charging strategies and a smart 
grid can prevent this from occurring as the use of EVs grows, and similar strat-
egies can be applied to accommodate regular development growth as well.

For the following thought experiment, it is assumed that all cars are some 
form of EV, either PHEV or BEV. It is also assumed that people have been con-
vinced to do a majority of their charging between the hours of 9 pm and 6 am. 
The last assumption made is that all cars have a variable battery percentage; 
that not all cars are nearly depleted. The goal is to be able to have every car 
charged by 6 am. Without any technology or structure, everyone would plug 
their car in, with variable states of charge, right before they turn in for the night, 
presumably between the hours of 9 pm and 11 pm. This creates a drastic peak 
in demand that slowly dissipates as cars get fully charged. The vehicles that 
only need to be charged a few percentages quickly finish whereas the cars that 
are almost depleted could take all night on Level 1 charging. It is projected 
that some home charging will be Level 2 and some will be Level 1. This has the 
potential to create problems, but also gives more possible ways to avoid creat-
ing a new spike in demand and charging all of the cars before the morning.
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Ideally, with smart grid technology and communication between the grid 
manager and the users, everyone can get their desired outcome in this situ-
ation. The problem of creating a new spike can be avoided, nighttime elec-
tricity prices can stay low, everyone can have their car charged, and society 
can reap the benefits of having an electrified transportation sector all at the 
same time. Each car could be plugged into a charger, but not necessarily 
start charging until it has been instructed to do so with a smart meter or grid 
manager. For example, cars with charging times of less than an hour could 
be lined up in a queue to charge. When one is finished, the next one begins. 
If done correctly, they will all be charged by the morning and no spike in 
demand would be created. This type of management can be expanded on a 
much larger scale, although the optimization is more complex with different 
levels of charging, different geographical locations, and varying percentages 
needing to be charged for different battery capacities.

Utilities must have coordinated smart charging programs because, with 
fluctuations in demand and an assumed surge in certain geographical areas 
in EV usage, the grid will certainly have the potential to be overloaded. This 
approach of managing within parameters when cars are actually charging 
works only if the car is plugged in when the consumer claims and if every 
charging station has the technological capabilities to interact with the grid. 
This dictation also comes with a level of responsibility: customers will expect 
their car to be charged when they wake up in the morning. Thus, the success 
rate in a smart charging program such as this needs to be extremely high in 
order to continue to have participants and thereby avoid the spike in demand.

Consumers could provide conditions for charging their car. For example, 
consumers could specify that they would like their car to be charged to 75% at 
a minimum, they could enter a range of times that their car will be available 
for charging, or that they only want to charge the car if electricity is below a 
certain price. This creates flexibility in accommodating all the cars that need 
to be charged overnight. Consumers also add extra problems because car 
usage changes throughout the week and people forget to plug their cars in. 
With data records and time, these weekly, monthly, and yearly changes can 
be predicted and adjusted for, but it adds to the complexity of charging cars.

One perk of the electrification of transportation is that prices of electricity 
are fairly inelastic. That is, prices are stable for relatively long periods of time. 
A smart grid with TOU prices is beneficial to EV owners and SPCS owners.

6.5 � Conclusions

The smart grid is very important because it enables better integration of power 
from SPCSs into the grid. The smart grid can allow utilities to have TOU 
prices that discourage EV charging at times of peak demand and encourage 
charging when power is plentiful. The TOU prices make SPCSs more valuable 
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and they decrease the cost of charging for EV owners who charge when elec-
tricity prices are low. Because the smart grid allows the integration of more 
wind and solar energy into the grid and a greater number of EVs connected to 
the grid, greenhouse gas emissions should decrease substantially after smart 
grid installations are complete. The smart grid, renewable distributed power 
generation, and EVs are mutually beneficial. The smart grid has the capability 
to provide effective operations with battery storage integrated into the system 
to manage power generation and distribution with large quantities of renew-
able facilities. Because there is some energy loss associated with transfer to 
and from battery storage, it is more efficient to have customers respond to 
TOU prices and use the electricity when it is generated.

The smart grid enhances real-time information and control, which enables 
better decision making by customers and system operators. Improved sens-
ing and measurement systems enable faster responses, which improves 
operations and reliability. Better decision support systems and control allow 
automation that can improve efficiency and grid management. With TOU 
prices and customer participation, peak power demands can be reduced and 
electricity use can be shifted to be more in line with renewable power gen-
eration. The smart grid is beneficial to utilities because it is more intelligent 
and resilient, with sensing capabilities for overloads and natural impacts, 
and automated response capabilities. The smart grid is beneficial to custom-
ers because they benefit from the improved efficiency, greater reliability, and 
opportunity to reduce their cost of electricity by responding to TOU prices.
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7
Distributed Renewable Energy Generation

Larry E. Erickson, Jackson Cutsor, and Jessica Robinson

The ‘clean energy’ challenge deserves a commitment akin to the Manhattan 
project or the Apollo moon landing.

Martin Rees

7.1 � Introduction

Distributed electrical energy generation has a number of advantages. These 
include (U.S. DOE, 2007; Johansson et. al., 2012):

	 1.	 Increased reliability of the electrical system
	 2.	Reduction of peak power requirements
	 3.	 Improvements in power quality
	 4.	Reductions in land-use impacts and acquisition costs for rights-of-way
	 5.	 Improvements in infrastructure resilience
	 6.	Reductions in transmission requirements and costs
	 7.	Low cost option in remote environments
	 8.	Greenhouse gas emissions are small for distributed solar and wind 

energy
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Solar and wind energy installed capacity for electricity generation is 
now growing rapidly because of improved economics and the importance 
of reducing greenhouse gas emissions. Solar photovoltaic (PV) has become 
commercially competitive in the United States, and 4.1 GW of new solar 
deployments have been reported for the first 9 months of 2015 (GTM, 2015). 
Wind power additions of 4854 MW have been reported for 2014 (Wiser and 
Bollinger, 2015). Since batteries in EVs can be charged when the price of elec-
tricity is low, EVs can help manage the supply and demand balance as the 
magnitude of renewable electric power generation increases. For EVs, the 
renewable power is important because of the reduction in greenhouse gas 
emissions that are desired by EV owners.

In the first 9 months of 2015, 30% of all new U.S. electric generating capac-
ity that came online was from solar installations (GTM, 2015). In Germany, 
electricity generated from solar energy was about 7% in 2015 (Brown et al., 
2015). In the United States, wind power represented 24% of the new electric 
generating capacity in 2014 (Wiser and Bollinger, 2015). At the end of 2014, 
U.S. wind capacity was approximately 66 GW (Brown et al., 2015; Wiser and 
Bollinger, 2015). In December 2013, wind supplied 62% of the electricity in 
Denmark and 28% of the electricity in Ireland (Brown et al., 2015). Germany 
plans to produce 80% of its electricity from renewable sources, primarily 
wind and solar by 2050.

The focus of this chapter will be on solar PV, wind energy, and battery 
storage. These topics are important and they relate to the infrastructure that 
is needed to advance the electrification of transportation. One of the options 
for solar PV is solar powered charge stations (SPCSs) in parking lots.

7.2 � Solar Photovoltaic (PV)

Solar energy can be harvested and converted to electrical power using solar 
cells (PV) and thin films. Solar panels have been added to the roof of many 
homes and commercial establishments. There are many parking lots with 
SPCSs and others that have solar PV but no charge stations. In most cases, 
there is a connection to the power grid.

7.2.1 � Basic Principles

A direct current is generated when a PV cell absorbs light or photons and 
electrons in the solar panel are excited into a conduction band due to the 
absorption of photons. The solar panel is constructed to have a voltage and 
current when the solar radiation reaches the solar panel. The photons have 
a variety of energy levels that are associated with the different wavelengths 
of light that make up the solar spectrum. The solar panels are designed to 
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convert a portion of the spectrum to electric power. The semiconductors in 
solar panels have a threshold energy above which photons can be absorbed 
and electricity is produced. Photons with lower energy and higher wave-
lengths than the threshold energy do not produce any electricity. The design 
of solar panels includes semiconductor junctions that have built-in electric 
fields (Johansson et al., 2012).

The maximum intensity of sunlight is about 1 kW per square meter. The 
efficiency of solar PV is defined as the maximum power output of the solar 
panel divided by the power input (light). Present commercial solar panels 
have efficiencies that range from about 10–20% (Eco Experts, 2015). There are 
ongoing efforts to improve efficiency as well as efforts to reduce the price of 
solar panels. SolarCity plans to begin production of a new solar panel that 
has an efficiency of about 22% and Panasonic has reported efficiencies of 
22.5% on their commercial size prototype solar panels that they can mass 
produce (Hanley, 2015; Wesoff, 2015). The target cost for the SolarCity panels 
is $0.55/W. When solar panels are purchased, both cost and efficiency are 
considered.

The electric power produced by solar panels is direct current (DC), and in 
many cases an inverter is used to convert it to alternating current (AC) with a 
frequency of 60 Hz so it can flow into the grid or to an EV. Since the inverter 
is only about 95–98% efficient, the power that enters the grid is less than that 
produced by the solar panels.

The performance ratio (PR) of a PV system is defined as the AC system 
efficiency divided by the standard test conditions (STC) module efficiency 
(Johansson et al., 2012). Values of 0.70–0.85 are common for PR because of the 
following:

	 1.	Light intensities, light spectra, and angles of incidence that deviate 
from standard conditions

	 2.	Module mismatch, cabling, and inverter losses
	 3.	Cell module operating temperatures
	 4.	Debris and dust on the surface of the solar panels

The PR values are often determined for a year.
While dust and debris can reduce the performance of solar panels, natural 

washing with rainfall is the common method to remove dust and debris. 
In most cases, the cost of labor to wash the panels exceeds the value of the 
increased electricity that is produced.

The capacity factor (CF) for production of electricity with solar energy is 
defined as CF = (N × PR)/8760 where 8760 is the number of hours in one year 
and N is equal to the estimated full sun hours in a year; that is, the annual 
insolation in kWh/yr divided by the intensity of full sun for the same area. 
The area is usually assumed as 1 m2. The global range of values for CF is 
0.08–0.21 for systems without sun tracking (Johansson et al., 2012).
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One of the benefits of distributed solar energy is the impact on the distri-
bution grid. Homeowners with solar panels on their property have small 
distances from generation to use. When SPCSs have a vehicle with a battery 
charging, the production and use may be mostly at the same location. These 
benefits are greatest when the capacity of the solar panels is about equal to 
the electricity that is needed at that location.

7.2.2 � Economics of Solar Energy Generation

The average prices for new installations of solar PV systems has been 
reported by GTM (2015) to be $3.55/W for residential rooftop, $2.07/W for 
nonresidential rooftop, and $1.38 for utility fixed tilt. These values are based 
on the name plate estimated direct current power in Watts. These values 
vary depending on the cost of connecting to the grid, local labor costs, and 
permitting costs. The electricity generated in one year per Watt of rated 
capacity would be N × PR. For Manhattan, Kansas with an N value of 4.57 × 
365 = 1668 and a PR value of 0.80, we have 1668 × 0.8 = 1334 Watt hours pro-
duced annually per Watt of capacity. For a 30-year lifetime of the solar panels 
and a cost of $1.38/W of capacity, the average cost per kWh is $0.035 based 
only on the installed cost.

7.3 � Wind Energy

Wind energy is being installed on a commercial scale in many locations 
with individual wind turbines that are 1.5–5.0 MW with a diameter of 
60–125 m. Wind farms with 50–200 turbines and 25–800 MW capacity are 
scattered around the world. Denmark is one of the leading countries in 
Europe; China has installed many wind farms, and is the leader in Asia 
in wind capacity. Constraints in transporting large blades, towers, and 
nacelles over land are limiting the size of wind installations on land. The 
cost and availability of cranes to erect and install the parts are important 
limitations as well. The wind velocities and qualities at higher elevations 
above the land surface provide the incentives for towers that are 50–120 m 
in height (Brown et al., 2015; Johansson et al., 2102). The cost per unit of 
power produced has decreased as the size and capacity of the wind tur-
bines has increased.

Wind turbines produce mechanical energy that turns a generator that con-
verts mechanical energy to DC electrical power, which is converted to AC 
power by an inverter. The electricity flows through power lines to a substa-
tion where it is connected to the local electrical grid. Transmission lines are 
needed to carry the power from the substation to where it is consumed. New 
installations have been limited by the lack of transmission capacity.
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Offshore wind turbine technology has advanced in the last 10 years and 
there are installations near Denmark, United Kingdom, and China (Brown 
et. al., 2015). In shallow water, land-based turbine designs have been used 
with modifications to address corrosion issues and wave forces. Foundation 
designs include monopile, multipile, and gravity base; gravity bases are 
filled with ballast and carefully located at the site (Johansson et al., 2012).

Brown et al. (2015) indicate that the shallow coastal areas on the east coast of 
the United States have the potential for 530,000 MW of wind generation capacity. 
This has the potential to be a major source of electrical power on the east coast.

7.4 � Energy Storage

Energy storage with batteries has been an important part of electrical systems for 
many years, especially in small systems and microgrids that are not connected 
to a large central grid. With the growth of wind and solar generation of electri-
cal power, energy storage in batteries is becoming more important (Johansson et 
al., 2012). The reduced cost of batteries is making battery storage a more impor-
tant option (Nykvist and Nilsson, 2015). With wind and solar generation, energy 
storage in stationary batteries and in EVs can help provide grid stability and 
resilience. The cost of battery storage can be compared to the cost of standby 
natural gas generating capacity. Both may have commercial value as wind and 
solar grow to provide more than 50% of the electrical power that is produced.

Batteries that are used for stationary storage do not have the same weight 
and volume restrictions as those used for transportation. Lead acid batter-
ies have been used for stationary storage for many years (IRENA, 2015). The 
concept of using batteries from EVs for stationary storage after they have lost 
some of their capacity has been considered, but their availability is limited.

Real time prices of electricity are important because they provide the finan-
cial incentives to store energy in batteries when supply exceeds demand and 
to use the stored energy when demand is high. EV owners can help the utili-
ties by charging their vehicles when prices are low and not charging them 
at peak demand times when prices are highest. There is no cost to the utility 
associated with battery storage in EVs.

One important aspect of using EVs to help balance supply and demand 
of electrical power with a smart grid is the fact that the conversion of grid 
AC to battery storage is necessary to power the EV. Battery storage is rela-
tively efficient, but there is some loss of energy when grid AC is converted to 
chemical energy in the battery. When the stored energy is transformed back 
to grid AC, there is some loss of energy as well. An efficiency of 90% recov-
ery of the grid AC sent to battery storage and then returned to the grid may 
be possible. When battery storage is compared to the alternative of having 
real time prices for electricity that encourage customers to shift their use of 
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electricity to balance supply and demand, it is clear that more energy reaches 
the customer when time-of-use by the consumer is shifted. The smart grid 
with real time prices will become more important as solar and wind grow in 
percentage of electric power generation.

7.5 � Conclusions

The significant increase in new installations of wind and solar power gen-
eration facilities is happening because of improved efficiencies and econom-
ics. The transition to electricity generated with renewable energy has made 
great progress, and it will continue to accelerate. Two associated benefits are 
reduced greenhouse gas emissions and better air quality.

Because of reductions in the cost of battery storage, the market for storage 
batteries in parking lots with SPCSs and other locations such as homes with 
solar panels is growing rapidly. There are significant benefits to renewable 
energy management that EVs provide because their batteries can be charged 
when electricity is plentiful.
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8
Urban Air Quality

Andrey Znamensky, Ronaldo Maghirang, and Larry E. Erickson

Water and air, the two essential fluids on which all life depends, have become 
global garbage cans.

Jacques-Yves Cousteau

8.1 � Background

Air pollution is defined as the presence in the atmosphere of particulates 
or gases that can cause some harmful effects to humans, animals, plants, 
and materials. Scientific data have revealed connections between polluting 
sources, degrees of exposure, and health risks (Lim et al., 2012). Premature 
death due to air pollution exposure (indoor and outdoor) currently claims 
an estimated 7 million human lives worldwide annually, accounting for 
12% of the total global deaths per year (estimates from the World Health 
Organization [WHO], 2014). The estimate for ambient (outdoor) air pollution 
is 3.7 million in 2012 (WHO, 2015a). In the United States, 12,000–43,000 people 
died prematurely in 2000 from air quality issues, of which the majority source 
was passenger car related (3900–12,000 of the total) (Wadud and Waltz, 2011). 
The vast majority are cardiovascular-related: from strokes, ischemic heart 
disease, cancer; and also acute respiratory infections and chronic obstructive 
pulmonary diseases (COPD). Millions of lost work and school days are also 
the result of high air pollution levels (USEPA, 2015a).

CONTENTS

8.1	 Background....................................................................................................77
8.2	 Ambient Air Quality Standards and Regulations................................... 78
8.3	 National Air Quality Trends.......................................................................80
8.4	 Environmental and Economic Impacts of EVs and SPCSs..................... 82
8.5	 Conclusions....................................................................................................85
References................................................................................................................85

K26194_C008.indd   77 6/9/2016   2:03:45 AM

www.TechnicalBooksPDF.com



78 Solar Powered Charging Infrastructure for Electric Vehicles

Historical trends and problem areas have been identified, and regula-
tory standards implemented to address air pollution issues. Based on these 
trends, and with the passing of the Clean Air Act by the U.S. Congress in 
1963, it has been demonstrated over several decades that the country’s eco-
nomic welfare and growth can improve while at the same time decreasing 
polluting emissions and deaths therefrom. In the last 30 years, U.S. GDP has 
grown 145% while the aggregate emissions of the criteria pollutants (i.e., par-
ticulate matter, ground-level ozone, carbon monoxide, sulfur oxides, nitro-
gen oxides, and lead) have decreased by 62% (USEPA, 2015b).

Despite the enactment of increasingly stringent regulations and techno-
logical innovations in emissions reduction, there is still a need for more sus-
tainable solutions. One of the largest categories of pollution contributors is 
light-duty mobile sources. According to the EPA, vehicles are responsible for 
nearly one half of smog-forming volatile organic compounds (VOCs), more 
than half of the nitrogen oxide (NOx) emissions, and about half of the toxic 
air pollutant emissions in the United States (USEPA, 2008). In addition, the 
transportation sector accounts for approximately 28% of greenhouse gas 
emissions (Erickson et al., 2015).

Pollution from vehicles is especially problematic in urban areas, where 
the concentrations of pollutants can build up to dangerous levels, so it is 
here that alternatives to conventional transportation are particularly needed. 
Electric vehicles (EVs) present an increasingly promising solution, especially 
if powered by electricity generated with renewable sources, including solar 
and wind. EVs provide a variety of environmental, social, and economic 
benefits. Few factors have greater impact on human health than air pollu-
tion, and with a concerted effort to electrify transportation, it is possible to 
improve ambient air quality and reduce greenhouse gas emissions.

8.2 � Ambient Air Quality Standards and Regulations

In an effort to address air pollution issues, the U.S. federal government 
has enacted several major pieces of legislation, including the Air Pollution 
Control Act of 1955, Clean Air Act of 1963, Motor Vehicle Air Pollution 
Control Act of 1965, Air Quality Act of 1967, Clean Air Act Amendments of 
1970, Clean Air Act Amendments of 1977, and Clean Air Act Amendments 
of 1990. The Air Pollution Control Act of 1955, which represents the federal 
government’s first major effort to address air pollution, provided funds only 
for federal research and training. These efforts were enhanced through a 
series of further federal legislations, including the Clean Air Act of 1963, 
which established federal authority to address interstate air pollution, 
and the Clean Air Act Amendments of 1970, which represents a landmark 
event in air pollution. The Clean Air Act Amendments of 1970 established 
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new standards, including the National Ambient Air Quality Standards 
(NAAQS), New Source Performance Standards (NSPS), automotive emis-
sion standards, and motor vehicle emissions inspection and maintenance 
program. Another landmark event in 1970 was the creation of the U.S. 
Environmental Protection Agency (U.S. EPA). Together, they helped estab-
lish the basic framework of air quality management systems in the United 
States. The framework was further developed through the Clean Air Act 
Amendments of 1977 and 1990. Various programs, including air quality and 
emission protections, ozone protection, prevention of deterioration of air 
quality, and identification of areas that were not in attainment of the stan-
dards, have been implemented.

These legislated emission controls required all mobile sources, including 
conventional vehicles, motorcycles, and aircraft, to abide by these standards 
or face fines. Further amendments also addressed emissions from industry, 
such as coal-fired power plants, requiring stricter monitoring practices, and 
that facilities in violation of the new standards either reduce emissions or be 
shut down.

In addition to direct controls on industry, the U.S. EPA also required 
that urban areas in the United States not exceed certain overall levels of 
pollutants, which became known as the National Ambient Air Quality 
Standards (NAAQS, 2012). They specify maximum concentrations of vari-
ous pollutants in a given area for a given monitoring timespan for six pol-
lutants (see Table 8.1). Of the six pollutants, nitrogen dioxide (NO2), sulfur 
dioxide (SO2), ozone (O3), and particulates with a size less than 2.5 μm 
(PM2.5) are most important for air quality associated with mobile sources. 
With current vehicles and the use of fuels without lead, CO and lead in 
urban air have a smaller impact on health. These pollutants have effects 
ranging from health impacts, particularly those of sensitive groups, to 

TABLE 8.1

Air Quality WHO Guidelines and U.S. National Ambient Air Quality Standardsa

Pollutant NO2 (ppm) SO2 (ppb) Ozone (ppb) PM2.5 (μg/m3)

WHO 0.021 
(annual mean)

7.6 
(24-hour mean)

51 (8-hour mean) 10 (annual mean)

0.106 
(1-hour mean)

191 
(10-min mean)

25 (24-hour mean)

NAAQS 0.10 
(1-hour mean)

75 (1-hour mean) 70 (8-hour mean) 12 (annual mean)

35 (24-hour mean)

Source:	 WHO. 2015a. Ambient (Outdoor) Air Quality and Health, Fact Sheet No. 313; http://
www.who.int/mediacentre/factsheets/fs313/en/; USEPA. 2015c. National Ambient 
Air Quality Standards (NAAQS); http://www3.epa.gov/ttn/naaqs/criteria.html; 
USEPA. 2015d. National Ambient Air Quality Standards for Ozone; http://wwws.epa​
.gov/airquality/ozonepollution/actions.html.

a	 There are NAAQS for carbon monoxide, lead, and PM10 in addition to the values shown here.
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decreased visibility, to damage to animals, crops, vegetation, and build-
ings. The World Health Organization (WHO) guidelines are also shown 
in Table 8.1.

Air pollution is a significant problem in urban areas, where population 
density is greater and the number of diesel-powered vehicles and poor 
enforcement of standards are major contributors to air pollution and health 
problems. Especially concerning is the situation in developing countries, 
where standards concerning vehicle emissions, fuel quality, and reduction 
technologies are lax or poorly enforced. This lack of enforcement in develop-
ing countries may be due to education, lack of resources, or the lack of politi-
cal power to enforce existing regulations (Apte et al., 2015).

By decreasing air pollution levels, countries can reduce the burdens of 
multiple diseases, including strokes, heart disease, lung cancers, and both 
chronic and acute respiratory diseases, including asthma. In cities such as 
Delhi, India, and Cairo, Egypt, tens of thousands of people die each year due 
to air pollution-related diseases. However, poor air quality is a global envi-
ronmental health problem affecting urban populations in both developed 
and developing countries alike. In the United States, in particular, the state of 
California has seven of the country’s most polluted cities, and also the strict-
est air quality regulations (American Lung Association, 2015).

It is understood that vehicle emissions significantly contribute to ambi-
ent air pollution concentrations, and that these air quality standards and 
regulations have resulted in major emission reductions and improvements 
in ambient air quality. Air quality in California has improved in the last 
decade due to legislation and initiatives related to battery electric vehicles, 
which generate no emissions. California is a state where significant prog-
ress has been made as a result of efforts to reduce emissions from mobile 
sources. Initiatives have been undertaken to improve air quality, such as tax 
incentives for electric vehicles, the introduction of time of use (TOU) rates 
for electricity, carpool lanes, and issuing extra tax credits for electric vehicle 
purchases (California, 2014; Drive Clean, 2015; Lurmann et al., 2015).

8.3 � National Air Quality Trends

In order to recognize the importance of expanding research and education 
related to solar power charging stations (SPCSs) and electric vehicles (EVs), 
it is important to recognize how the concentrations of the various pollutants 
have changed over time and where they are coming from.

Sources of pollution include primary pollutants such as those in mobile 
emissions, windblown dust, commercial products, agricultural sources, and 
emissions from industrial processes and coal-fired power plants. Of the 
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criteria pollutants in Table 8.1, conventional vehicles have historically been 
large contributors. Internal combustion engine (ICE) vehicles emit all of the 
primary air pollutants and contribute heavily to the formation of ozone. For 
example, Table 8.2 shows the percentage of NOx emissions by source, with 
a majority coming from mobile sources (USEPA, 2015e). Some compounds, 
which have primarily mobile sources—namely NOx and VOCs, can react in 
the atmosphere, in the presence of light and heat, to form secondary pol-
lutants such as ground-level ozone. In addition to contributing to climate 
change, ozone is known to be a human health hazard, irritating the respira-
tory system and reducing lung function. Primarily found in urban environ-
ments, ground level ozone is responsible for around 22,000 deaths each year 
in the EU (WHO, 2008).

Over the last three decades, aggregate emissions of the criteria pollut-
ants have decreased across the United States, largely due to technological 
improvements such as catalytic converters and initiatives making them 
widespread (e.g., the previously mentioned regulatory policies and stricter 
fuel standards). Still, because of the growing world population and global 
economy, conventional vehicle sales and miles traveled have continued to 
increase. According to the World Health Organization (WHO), an estimated 
3.7 million people die annually worldwide from strokes, lung cancer, and 
ischemic heart disease related to outdoor emissions from mobile and indus-
trial sources, close to 6% of all deaths worldwide (WHO, 2014, 2015a).

Countries such as Norway, which have higher market shares of EVs, have 
concurrently made progress in reducing the concentrations of pollutants in 
the atmosphere (Norway, 2012, 2014). In 2015, electric vehicles (PHEVs, PEVs, 
BEVs) comprise only 1% of the total vehicle market volume in the United 
States. This low volume is especially problematic in urban areas that are 
prone, either by local geographical, meteorological conditions, or wind pat-
terns, to accumulate pollutants to increasingly dangerous concentrations.

TABLE 8.2

Percentage of Emissions of Nitrogen Oxides 
by Source Sector in the United States in 2011

Source Percentage

Mobile 57.9
Fuel combustion 23.9
Industrial processes 8.46
Biogenics 6.60
Fires 2.56
Miscellaneous 0.56
Solvents 0.02

Source:	 USEPA. 2015e. Air Emission Sources; http://
www3.epa.gov/air/emissions/index.htm.
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8.4 � Environmental and Economic Impacts of EVs and SPCSs

All around the world, major urban areas have become congested with ICE 
vehicles, resulting in severe air quality problems. Recent efforts have stud-
ied the effects of various strategies to reduce motor vehicle emissions and 
their subsequent impacts (Soret et al., 2014). Electrification of transportation 
is one of the most promising strategies for improving urban air quality, par-
ticularly if combined with renewable electricity generation. It carries with it 
impacts in social, economic, and environmental areas (Erickson et al., 2015). 
Adoption of EVs may substantially reduce emissions of greenhouse gases, 
improve regional air quality, increase energy security, and take advantage 
of inexpensive solar power (Erickson et al., 2015; Nichols et al., 2015). More 
than four decades since the passing of the Clean Air Act Amendments of 
1970, it has been demonstrated that the economic welfare and growth can 
improve while emissions are decreasing. For countries that have more seri-
ous air quality issues, the public health and welfare is even more heavily 
affected. Estimated deaths from lung cancer were 17, 200, and 689 per 10,000 
for lifetime occupational exposures of 1, 10, and 25 μg/m3, respectively, for 
elemental carbon such as in diesel exhaust (Vermeulen et al., 2014).

The transition to EVs and SPCSs has the potential to improve air qual-
ity and reduce the number of early deaths due to air pollution from mobile 
sources. Caiazzo et al. (2013) have reported that the estimated early deaths 
annually from road transportation are about 53,000 due to particulate mat-
ter and about 5300 due to ozone in the United States. In addition, they show 
about 52,000 early deaths from particulate matter and 1700 from ozone that 
are attributed to oil and coal-based electric power generation in the United 
States.

Globally, Lelieveld et al. (2015) estimate 3.3 million air quality related 
deaths annually (mostly due to particulate matter and ozone). Globally, about 
5% of these are attributed to land transportation (165,000). The 5% value is 
small compared to the values reported by Caiazzo et al. (2013) and the OECD 
(2014) and WHO (2015b). Electric power generation is the third most signifi-
cant source of air pollution after agriculture and natural sources in Lelieveld 
et al. (2015).

In a larger sense, all vehicles cause emissions of criteria pollutants and 
greenhouse gases. Well-to-wheel emissions include all air pollutant emis-
sions associated with fuel production, processing, distribution, and use. 
Table 8.3 compares well-to-wheel greenhouse gas emissions for conventional 
gas and electric vehicles for a 100-mile trip for the United States, based on 
average electricity sources (i.e., coal, gas, nuclear, etc.). Emissions for conven-
tional gas vehicles include those from extraction, refining, distribution, and 
use of fuel. Although all-electric vehicles do not produce tailpipe emissions, 
the electricity that is used to charge the battery might produce air emissions 
in being generated. If the electricity used to charge an all-electric vehicle 
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comes from a nonpolluting, renewable source, such as wind or solar, driving 
the vehicle produces no emissions.

There is a need for the continuing reduction of emissions associated with 
transportation and the generation of electricity. There is evidence to suggest 
that such action will have economic benefits. In the United States, the poten-
tial value of the air quality improvements for human health alone totals $37–
90 billion each year (USEPA, 2015e). The total health costs associated with air 
pollution in China have been estimated to be about 1.2–3.3% of China’s gross 
domestic product (Kan et al., 2009). Coal-fired power plants and transporta-
tion are major sources of China’s air pollutants. Thus, SPCSs and EVs have the 
potential to dramatically improve air quality in China. There is progress with 
respect to the installation of SPCSs in China (Ho, 2015). In terms of alternative 
energy and specifically the use of SPCS, solar energy prices have decreased 
while gasoline prices have been increasing during the last 50 years. An esti-
mated $188 million was spent as a result of pollution-related healthcare in 
the state of California alone, just between 2005 and 2007 across Medicare, 
Med-Cal, and private insurers (Romley et al., 2010). In addition, millions of 
lost work and school days are the result of unacceptable pollution levels.

The Organization for Economic Cooperation and Development (OECD, 
2014) estimates that air pollution due to road transportation costs $850 bil-
lion per year for OECD countries. A WHO report (WHO, 2015b) estimates air 
pollution costs at $1.6 trillion per year for European countries, and that about 
50% of these costs are attributed to road transportation. China and India are 
not included in either of these estimates; the OECD report estimates $1.7 tril-
lion per year for China and $500 billion per year for India for all air pollution 
costs. The percentage of those costs attributed to road transportation is sub-
stantial but may be less than 50% for these countries (OECD, 2014).

Often neglected are the more distant external costs, such as the price of 
the military in securing foreign oil, the cost of catalytic converters, and the 
removal of sulfur from diesel. These are also real costs, however, and mov-
ing away from traditional ICE vehicles reduces those costs.

When powered by electricity from natural gas or WWS (renewables such 
as wind, water, and solar) rather than coal, electric vehicles can reduce NOx, 

TABLE 8.3

Well-to-Wheel Emissions of Greenhouse Gases for a 100-Mile Trip 

Vehicle (Compact Sedans)
Estimated Greenhouse Gas Emissions 

(lb CO2 Equivalent)

All-electric vehicle 54
Plug-in hybrid electric vehicle 61
Hybrid electric vehicle 51
Conventional gas vehicle 99

Source:	 U.S. Department of Energy. 2015. Emissions from hybrid and plug-
in electric vehicles. Alternative Fuels Data Center. http://www.afdc​
.energy.gov.
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PM10, VOCs, and CO in urban areas to meet WHO standards (Tessum et al., 
2014; Nichols et al., 2015). Unlike conventional vehicles, the majority of life-
cycle emissions of EVs are in manufacturing, far away from cities, instead of 
at the point of usage (i.e., on a roadway); this is better for urban environments 
(Tessum et al., 2014; Nichols et al., 2015). The environmental impacts of EV 
manufacturing can similarly be reduced by using electricity generated with 
wind and/or solar energy (Tessum et al., 2014).

The air quality in urban environments impacts the quality of life for peo-
ple who live in or near the center of large cities. There is significant value 
associated with the reduction or elimination of air pollutants associated with 
mobile sources and coal-fired power plants. The installation of large num-
bers of SPCSs and the electrification of transportation has the potential to 
impact the quality of life by improving air quality. Soret et al. (2014) have 
reported on estimated improvements in air quality from the electrification 
of transportation in Barcelona and Madrid, Spain.

Currently, in the United States, there is a federal tax rebate of up to $7500 
on EVs and PHEVs, and also decreased cost of installing a Level 2 charg-
ing station, along with many other state-specific incentives. Direct benefits 
include savings in energy costs: while a conventional light duty vehicle’s 
energy costs amounts to $1955/year, it is only $1004 for hybrid electric 
vehicles, and $370/year for battery electric vehicles (Erickson et al., 2015). 
With promising battery technology on the horizon, the price of batteries 
is going down, adding to the viability of widespread EV use (Nykvist and 
Nilsson, 2015).

California in particular is making an effort to improve air quality by 
encouraging EVs and solar energy. There are incentives associated with EV 
purchases and use as well as regulatory controls. California clean vehicle 
rebates are $1500 for the Chevy Volt and many plug-in hybrids, and $2500 
for the Ford Focus and other EVs that are powered electrically (CVRP, 2015; 
Drive Clean, 2015). In 2014, about 10% of new car sales in California were EVs 
(EV News, 2014). California also has a zero-emissions mandate for auto deal-
ers: to sell an increasing percentage as EVs that have zero emissions when 
operated with electrical power. This mandate will require about 270,000 EVs 
for the 2025 model year (CEPA, 2015; O’Dell, 2015). The mandate begins in 
2018 and the percentage increases each year until 2025 (CEPA, 2015).

There are many incentives related to EVs and SPCSs in California and other 
locations. Many of these incentives are associated with efforts to improve air 
quality. There are state incentives to generate electricity with solar panels 
in California and some other states (CPUC, 2015; DSIRE, 2015). In addition, 
there are incentives to install electric vehicle supply equipment to charge 
EVs (AFDC, 2015; Berman, 2015). It is important to have an infrastructure 
that allows EV owners to charge their vehicles conveniently. In Colorado, 
there are state incentives to purchase EVs, which do not need to be tested 
for emissions. Air quality in the Denver area can be improved by replacing 
vehicles that use gas or diesel with EVs that are charged at SPCSs. There is a 
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low emission vehicle sales tax exemption in Colorado (Colorado, 2015), and 
there are SPCSs in several cities in Colorado. Minnesota has a zero emis-
sions charging challenge (ZECC) program to encourage the use of wind 
and solar energy for EV charging (Drive Electric Minnesota, 2015). There 
are SPCSs at a number of locations in Minnesota; most are in the metro area 
in St. Paul and Minneapolis (Drive Electric Minnesota, 2015). The American 
Lung Association in Minnesota is one of the partner organizations of Drive 
Electric Minnesota.

The electric power from SPCSs is much cleaner than that from coal-
fired power plants. The benefits of reducing pollution associated with coal 
are substantial (USEPA, 2011). Various countries, including Japan, France, 
Norway, the Netherlands, and China, have developed incentive programs 
similar to those in the United States and in individual U.S. states (NRC, 2015). 
Incentives include tax exemptions or rebates, exemptions or reductions in 
registration fees, and reduced roadway taxes or tolls.

8.5 � Conclusions

Air pollution has continued to pose risks to human health and well being, 
resulting in the promulgation of increasingly stringent regulations. The ben-
efits of implementing air quality regulations have greatly outweighed their 
costs (USEPA, 2015a). These regulations have resulted in major emissions 
reductions and improvement in ambient air quality. However, more sustain-
able solutions, including electrification of transportation, are needed. Air qual-
ity in urban areas will continue to improve with the adoption of EVs because 
they have significantly lower emissions than conventional vehicles, especially 
when powered by electricity generated by solar energy. This improvement 
will also reduce mortality and health problems due to air pollution, which 
continues to afflict urban environments. Greater adoption of EVs will help 
urban areas meet NAAQS for CO, NO2, ozone, and PM2.5 and decrease green-
house gas emissions. The quality of urban life would be dramatically better 
in many cities if all transport used EVs powered with wind and solar energy.
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9
Economics, Finance, and Policy

Blake Ronnebaum, Larry E. Erickson, Anil Pahwa, 
Gary Brase, and Michael Babcock

Education is the best economic policy that there is.

Tony Blair

9.1 � Introduction

The electrification of transportation in the United States is a quickly grow-
ing industry that has several implications for the country’s economy as 
well as its citizens. The emergence and adoption of hybrid-electric vehicles 
(HEVs), plug-in hybrid-electric vehicles (PHEVs), and battery-electric vehi-
cles (BEVs) will significantly change the country’s energy infrastructure 
and economy. In 2013, an average of 8.774 million barrels of finished motor 
gasoline was used each day (U.S. Energy Information Administration, 
2014f). With an increasing population of electrically powered vehicles on 
the road, accompanied by a gradual increase in fuel economy, the amount 
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of gasoline and oil consumed in the United States will decrease. The rate 
at which that decrease occurs greatly depends on the rate of adoption of 
electric vehicles. Estimates vary as to how many electric vehicles will be 
on the road by 2030. Some optimistic experts posit that a 90 percent market 
share will occur by 2030 (including HEVs, PHEVs, and BEVs) (up to 90% of 
US cars could be “green” vehicles by 2030, 2011), whereas others estimate 
that the market share could be as low as 6 percent (U.S. Energy Information 
Administration, 2014c). This chapter reviews the costs, benefits, and eco-
nomics of conventional vehicles versus electric vehicles, and how those 
economics are affected by both conventional power generation to charge 
electric vehicles versus the development of solar powered infrastructures to 
charge electric vehicles.

The large-scale addition of electric vehicles to the transportation system 
will impact the demands and characteristics of the power grid infrastruc-
ture, and many of these impacts are potentially problematic. Charging 
electric vehicles using electricity generated through solar panels would be 
much more cost-effective than charging directly from the grid, not to men-
tion better for the environment. The solar panels would also help reduce 
stress placed on the power grid during peak hours, such as hot summer 
days when electricity costs can increase to several hundred dollars or some-
times $1000 per megawatt hour (ISO New England Inc., 2003). With more 
charging availability for EV owners, it will be easier to avoid charging at 
times of peak power demand. Therefore, it is important to understand the 
internal and external economic impacts of using electric vehicles versus 
conventional vehicles, and it is also important to understand how those 
economics are altered by including EVs charged through solar powered 
charging stations (versus grid-supplied charge stations in the present mar-
ket). Research has previously been done to determine the economic feasibil-
ity of installing SPCSs in parking structures (Goli and Shireen, 2014; Jamil 
et al., 2012; Tulpule et al., 2013; Zhang et al., 2013). This chapter seeks to 
focus on the indirect economic cost savings by switching to electric vehicles 
and solar power, as well as to provide an economic viability analysis for 
SPCSs, particularly using an example of a large research university in the 
American Midwest.

9.2 � External Costs of Conventional Vehicles

Comprehensive and exact assessments of the external effects caused by con-
sumption of fossil fuels are very difficult to measure and define. However, 
these effects are estimated to be very significant in the areas of human health, 
foreign affairs, and the environment.
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9.2.1 � Human Health

As reported in Chapter 8, road transport has been estimated to cause the 
highest number of pollution-related premature deaths—one report found 
that as many as 12,000 to 42,300 people died prematurely from road trans-
port pollution in 2000 (Wadud, 2011). About 3900–12,000 of these deaths are 
specifically related to passenger car pollution, which is equal to about 10%–
30% of the deaths caused by accidents in road transport in 2000. Passenger 
car-related pollution causes more damage compared to other types of trans-
port because there is a higher density of passenger cars that are closer to 
people, as compared to other forms of transportation, such as aviation and 
shipping (Wadud, 2011). Diesel exhaust has also been classified as a carcino-
gen and gasoline exhaust as a possible carcinogen (Benbrahim-Tallaa et al., 
2012). Measuring the cost of these deaths in monetary terms is very difficult. 
Small and Kazimi (1995) identify one method in which they evaluate peo-
ples’ willingness to pay to reduce their risk of death annually. In developed 
countries like the United States, people have reported to be willing to pay 
thousands of dollars each year to reduce this risk, resulting in a valuation 
by researchers of between $2.1 million and $11.3 million per life in 1992 
dollars ($3.44 million and $18.49 million in 2012 dollars) (Small and Kazimi, 
1995). Relating these estimates in value of life to the number of lives lost, the 
external costs of loss of life due to premature death from passenger car pol-
lution yields estimates ranging from as little as $13.42 billion to as much as 
$221.9 billion per year. However, these estimates have probably decreased 
in recent years due to rising fuel costs, increased fuel economy in cars, and 
early adoption of EVs. In particular, the average fuel economy of passenger 
vehicles purchased increased from 28.5 to 35.2 miles per gallon from 2000 
to 2012, meaning that emissions from passenger cars have likely decreased 
since 2000 (Davis et al., 2013). This indicates that the total number of deaths 
due to passenger car emissions would be fewer today than in 2000 because of 
reduced emissions. Nonetheless, these estimated costs are strikingly large.

The airborne pollutants that come from fossil fuel combustion are proven 
to have a wide range of effects on human health, and energy production and 
ground transportation are the main drivers of these emissions. For example, 
ozone is a dangerous pollutant created from reactions of organic compounds 
and nitrogen oxides produced from fossil fuel combustion. Inhalation of small 
amounts of ozone can cause respiratory health issues (Smith et al., 2009). In 
terms of air pollution caused by transportation, it is estimated that air pollu-
tion costs about 1.1 cents per vehicle mile traveled in 1990 (Victoria Transport 
Policy Institute, 2009), which would probably be about the same amount today 
after accounting for both inflation as well as increased fuel economy. This cost 
encompasses the number of people exposed to the pollution, their mortality 
and morbidity due to exposure, and the value placed on human life. With 
232 million vehicles on the road in the United States in 2012, this amounts to 
nearly $79.1 million per day or $28.9 billion per year (Davis et al., 2013). This 
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value falls within the range of the estimated cost of premature deaths reported 
earlier. Water pollution is also an adverse effect of vehicle use, resulting from 
de-icing roads, oils and other fluids leaking into water sources, and the settle
ment of air pollution into water sources. The cost of water pollution from 
average U.S. vehicles is estimated to be around 1.4 cents per vehicle mile or 
about $18.4 billion per year (Victoria Transport Policy Institute, 2009).

9.2.2 � Foreign Affairs

In 2012, the United States’ net imported oil equaled about 7.4 million bar-
rels per day. This equaled about 40% of the oil used in 2012 (U.S. Energy 
Information Administration, 2013). Most of this oil is imported from the 
western hemisphere, where no significant conflict takes place in order to 
obtain it securely. Twenty-eight percent of net petroleum imports come 
from the Persian Gulf, where military conflict is a significant concern. It’s 
estimated that military costs are around $500 billion per year, or about $140 
per imported barrel (Victoria Transport Policy Institute, 2009). About 45% of 
oil was refined to produce motor gasoline in 2013 (U.S. Energy Information 
Administration, 2014b), which accounts for $225 billion of the military costs 
for the Persian Gulf, if we assume that 45% of the oil imported from that 
region is also refined into motor gasoline. In order to combat high oil imports, 
the government has employed the Corporate Average Fuel Economy (CAFE) 
program. This program sets a standard that requires all cars sold to have a 
minimum average fuel economy. This number has slowly increased from 
18 miles per gallon when it was first adopted in 1975 to 35 miles per gallon 
in 2016 in order to reduce our dependence on oil (Horn and Docksai, 2010). 
By reducing gasoline consumption by 10–30%, the costs of military presence 
in the Persian Gulf to secure our oil demand could be reduced by $22.5–67.5 
billion dollars per year. These estimates, however, do not include costs (or 
cost savings) that could be incurred due to soldier injuries, such as disability 
costs. Additionally, these effects would also reduce emissions of greenhouse 
gases from oil tankers and from reduced operation of military vehicles.

9.2.3 � Environment

The environment is of great concern when it comes to consuming fossil fuels. 
Many of the byproducts of fossil fuel combustion have damaging effects on 
the environment, the most notable being climate change. Furthermore, it’s not 
just the end-use combustion of fuel that can damage the environment. The 
Deep Water Horizon oil spill that occurred in 2010 caused massive amounts 
of ecological damage in the Gulf of Mexico. The costs to clean up the spill, 
along with compensations, are estimated to be about $20–40 billion dollars 
(Victoria Transport Policy Institute, 2009). However, this only includes costs 
that could be determined on paper. Environmental and aesthetic costs, such 
as damaged landscapes and endangered wildlife, are difficult to estimate. 
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These costs are roughly estimated to be between $10 and $30 billion each 
year (Victoria Transport Policy Institute, 2009).

The transportation and energy sectors account for the most emissions of 
greenhouse gases in the United States, making them the biggest contribu-
tors to climate change. In June 2014, President Obama announced a plan to 
reduce carbon dioxide emissions across the United States by 30% relative to 
2005 levels (Plumer, 2014). In order to see this plan to fruition, the energy and 
transportation sectors are the most important areas to begin reducing emis-
sions. One way to place a value on the price of greenhouse gas emissions is to 
look at the cost for countries to purchase carbon dioxide certified emissions 
reductions (CERs), which countries can use to meet their emissions targets 
and to combat climate change. In 2012, these CERs cost about $5.90 per met-
ric tonne of carbon dioxide emissions ($0.0059 per kilogram). By comparing 
this price to the amount of carbon dioxide emissions released by conven-
tional vehicles in 2012, a cost of climate change can be placed on emissions.

9.2.4 � Total External Costs of Conventional Vehicle Emissions

We combine all of these costs to find the external costs of emissions per light 
duty vehicle per year as well as the cost per mile traveled for individual vehi-
cles. We also assume that all 232 million light-duty vehicles on the road in 
the United States release the same amount of emissions every year and all 
travel the national average of 11,300 miles per year (Davis et al., 2013). The 
costs due to climate change are $28.17 per vehicle/year, or 0.25 cents per mile. 
Costs due to environmental destruction (aesthetic damages and species loss) 
are estimated to be $129–301 per vehicle per year or about 1.1–2.7 cents per 
vehicle mile traveled. Combined air and water pollution costs based on the 
aforementioned values are estimated to be around $282.50 per vehicle/year, or 
2.5 cents per vehicle mile traveled. Costs of military security of foreign oil are 
estimated to be around $2150 per vehicle/year, or about 19 cents per vehicle 
mile traveled. In total, these external costs come to be about $2670 per vehicle 
per year, or about 24 cents per vehicle mile traveled. Of course, these values 
depend on vehicle specifications, location, and several other variables, but they 
represent a good approximation of the economic costs associated with emis-
sions released from conventional vehicles. To what extent could these costs be 
mitigated by the use of electric vehicles? Furthermore, how would the addition 
of electric vehicles charged using SPCSs further alter these economics?

9.3 � External Costs of Electric Vehicles

Understandably, the external effects of driving electric vehicles as opposed 
to driving conventional vehicles are far less costly. Many of the external costs 
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that come with gas powered vehicles are completely avoided, such as mili-
tary costs to secure foreign oil. With electric vehicles charging from the grid, 
the only source of emissions would be from power plants and high emis-
sions concentrations would be localized to a few areas, rather than widely 
dispersed via vehicles. However, some external costs still exist.

Sulfur dioxide, which comprises only a small fraction of greenhouse gases, 
not only can cause and exacerbate respiratory diseases such as asthma, but 
also significantly contributes to the formation of acid rain (Smith et al., 2009; 
United States Environmental Protection Agency, 2014). In 2012, electricity 
production generated 63.3% of sulfur dioxide emissions in the United States, 
mostly from coal combustion. However, the amount of sulfur dioxide emis-
sions in the United States is quickly decreasing with increasing legislation 
and regulation (United States Environmental Protection Agency, 2014).

In 2012, the transportation sector released a total of 1837 teragrams (Tg) of 
CO2e, which accounted for 28.2% of all greenhouse gas emissions that year. 
However, only 793.8 Tg CO2e of that total were emitted from passenger 
cars (only 43.2%) (United States Environmental Protection Agency, 2014). 
Table 9.1 shows the reduction of greenhouse gases due to increased use 
of PHEVs and BEVs in the United States, assuming the baseline decrease 
in emissions observed from 2008–2012 of 2.95% remains constant, likely 
due to the increase in fuel economy for passenger vehicles (United States 
Environmental Protection Agency, 2014). The data results from six scenar-
ios: a baseline, where the current amount of electric vehicles stays constant, 
and 10%, 20%, 30%, 40%, and 50% market shares of EVs by 2030. Plug-in 
hybrids have been given a weight of 0.6 in this table, assuming that they 
drive using only electricity an average of about 60% of the time (Goldin 
et al., 2014). The growth of PHEVs is shown to be larger than that of BEVs 
because PHEVs cost less and do not have the range of anxiety issues that 
BEVs have, although those issues are expected to be less severe for BEVs 
by 2030 due to anticipated improvements in battery technology and charg-
ing infrastructure. For the most optimistic scenario of a 50% market pen-
etration of EVs by 2030, the amount of greenhouse gases emitted could 
be reduced by about 42% from passenger vehicles compared to 2012. This 
optimistic measurement would coincide with an 18.1% decrease in green-
house gas emissions across the entire transportation sector, assuming all 
else remains equal. However, this data does not account for the increased 
energy generation needed to provide power to the increasing numbers of 
electric vehicles. If all the energy for EVs comes from SPCSs, the carbon 
emissions would be small. Without a growth in much less carbon-intensive 
energy production, the increase in EVs will do less to reduce carbon emis-
sions. The table also shows the cost of carbon emissions determined by the 
cost of certified emissions reductions ($0.0059 per kg). The data shows that, 
with a 30% EV market share in 2030, the cost of the amount of carbon emis-
sions released can be reduced by over $1 billion in 2012 dollars compared 
to the baseline estimate.
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TABLE 9.1

Reduction of Greenhouse Gas Emissions in Regards to Adoption of Electric Vehicles and Decreased Gasoline Use

BEV Market 
Share in 2030

PHEV Market 
Share in 2030

Total Percent 
Decrease in 

Emissions Every 
Four Years

Total GHG 
Emissions from 

Passenger Cars in 
2030 (Tg CO2e)

Percent Reduction 
in Passenger Car 
Emissions (CO2e) 

from 2012

Cost of Emissions 
in 2030a (Millions 

of Dollars)

Baseline 0% 0% 2.95% 688.4 13.28% $4061
10% EV market share 3% 7% 4.55% 631.2 20.48% $3724
20% EV market share 6% 14% 6.15% 574.1 27.68% $3387
30% EV market share 10% 20% 7.85% 513.7 35.28% $3031
40% EV market share 15% 25% 9.61% 450.5 43.25% $2658
50% EV market share 20% 30% 11.39% 386.9 51.26% $2283

a	 Values are in 2012 dollars.
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By simply switching from conventional vehicles to EVs, the number of 
greenhouse gas emissions produced each year can decrease significantly. 
Table 9.1 shows how increases in the market shares of EVs by 2030 could 
decrease the amount of greenhouse gas emissions in that time. With the cur-
rent baseline trend, emissions from passenger vehicles can be expected to 
decrease by 12.6% from 2012 to 2030. When we include a 20% market share 
of EVs, emissions are expected to be reduced by nearly twice that amount. 
However, this data only takes into account emissions from the vehicles 
directly. The data does not take into account the amount of greenhouse 
gases released from generating electricity to power the new share of electric 
vehicles.

The great challenge for electric vehicles having an indisputable positive 
impact on the environment, however, is that if the energy produced to power 
EVs remains as fossil fuels (e.g., coal), there is a smaller environmental ben-
efit to driving one. Therefore, a consumer could potentially be better off 
purchasing a cheaper conventional vehicle. In order for EVs to have a more 
positive effect on the environment, the green-energy infrastructure and EV 
charging infrastructure of SPCSs must grow at the same rate to accommo-
date the demands of consumers.

In 2012, the U.S. energy generation mix consisted of 68.5% fossil-fuel energy, 
and the remaining 31.5% was produced mostly using nuclear and renew-
able sources (U.S. Energy Information Administration, 2014a). If EVs are 
charged from the grid, the emissions released from generating that electric-
ity is about 0.500 kg of CO2e per kWh, which would be about 5.17 kg of CO2e 
per day of driving (U.S. Energy Information Administration, 2014e; United 
States Environmental Protection Agency, 2014). Although these are greatly 
reduced emissions compared to the emissions associated with a gallon of gas-
oline (about 8.788 kg of CO2e per gallon, 13.1 kg of CO2e per day per vehicle 
(Davis et al., 2013)), it is still not a zero-emission vehicle. Therefore, since the 
emissions per day of electric vehicles are only 39.4% of those released by 
conventional vehicles, we can assume that the external costs of air pollu-
tion and climate change for EVs charged from the grid are only 39.4% of the 
costs for conventional vehicles. This means that air pollution costs for EVs 
charged from the grid are 0.43 cents per mile and climate change costs are 
only 0.099 cents per mile, to give a total of 0.529 cents per mile for the cost of 
indirect emissions from EVs.

Similarly, water pollution is still a problem for electric vehicles, although 
it is still less severe than it is for conventional vehicles. This pollution comes 
mostly from de-icing roads in winter months. The Victorian Transport Policy 
Institute estimates that the average cost of water pollution in 2012 dollars 
would be about 0.775 cents per mile or almost $90 per year (Victoria Transport 
Policy Institute, 2009).

Because there is no military conflict involved in securing fuel for electric 
vehicles and no direct environmental destruction taking place to power those 
vehicles, the environmental and foreign affairs external costs are essentially 
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zero. The amount of gasoline saved from switching to electric vehicles is 
outlined in Table 9.2. PHEVs have been given a weight of 0.6 since they 
use electricity about 60% of the time. We also include a baseline of a 2.4% 
decrease in gasoline consumption every five years, which is the decrease in 
consumption that was observed from 2008 to 2013 (U.S. Energy Information 
Administration, 2014f). This decrease is most likely due to increased vehicle 
fuel economy. The results show that even with a small increase of having a 
10% market share of electric vehicles in 2030, the amount of gasoline con-
sumed per day decreases by over one million barrels per day, which would 
reduce our dependence on foreign oil for gasoline from 8.774 million barrels 
per day in 2013 to 7.5 million barrels per day in 2030.

After adding all of these factors, the total external costs of an electric vehi-
cle are 1.30 cents per mile for a vehicle charging from the grid, or about 
$146.90 per year—only 7% of the external costs of a conventional vehicle.

9.4 � Economics of EV Adoption

Although the economic benefits of purchasing EVs are outstanding in the 
long run, BEVs come with their share of downsides in the current market. 
High initial purchasing prices and more restricted operating range represent 
the largest contributors to consumers’ hesitance to purchase BEVs (Bullis, 
2013). However, the cost of EVs is going down and EV sales are increasing 
quite rapidly. According to the Electric Drive Transportation Association, the 

TABLE 9.2

Reduction of Gasoline Consumption in Relation to the Adoption of Electric Vehicles 
by 2030

PHEV 
Market 
Share 

in 2030

BEV 
Market 
Share 

in 2030

Decrease 
in Gasoline 

Consumption 
Every Five 

Years

Gasoline 
Consumption 

(Million 
Barrels/Day) 

in 2030

Gasoline 
Saved in 2030 
Compared to 
2012 (Million 
Barrels/Day)

Baseline 0% 0% 2% 8.079 0.695
10% EV market 
share

7% 3% 5% 7.500 1.274

20% EV market 
share

14% 6% 7% 6.951 1.823

30% EV market 
share

20% 10% 9% 6.407 2.367

40% EV market 
share

25% 15% 11% 5.867 2.907

50% EV market 
share

30% 20% 14% 5.179 3.595
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number of year-to-date plug-in vehicle sales increased by 35% from May 2013 
to May 2014, and the number of total plug-in vehicles on the road increased 
by about 102% in the same period (Electric Drive Transportation Association, 
2014). If the growth in sales continued annually, there would be approxi-
mately 63 million electric vehicles sold by 2030—almost 30% of all vehicles 
on the road in 2012. Recently, some cities have been able to encourage large-
scale EV adoption through several incentives.

Atlanta, Georgia has become the second-largest market in the United States 
for battery-electric vehicles (Los Angeles, California is the largest) by amelio-
rating these concerns about initial costs and operating range. In order to drive 
the total cost of the vehicles down, Atlanta’s main power utility offers off-peak 
charging at a rate of 1.3 cents per kilowatt hour. When all these factors are con-
sidered, the cost to lease a Nissan Leaf can be as low as $28 per month. Atlanta 
also grants EV owners the permission to drive in high-occupancy vehicle 
lanes in order to avoid high traffic congestion, reducing range anxiety as the 
vehicle spends less time consuming energy stored in its battery. The effect of 
all of these incentives is significant: in 2014, the share of BEVs in Atlanta was 
2.15% of registrations; over five times greater than the national average share. 
Coca Cola’s headquarters in Atlanta has installed 75 EV charging stations 
for its estimated 100 employees who own electric vehicles, further incentiv-
izing the adoption of EVs in the city (Ramsey, 2014). In addition, to further 
combat high initial prices for the vehicles, the state of Georgia offers a tax 
credit greater than $4000 for BEV purchases. More issues of policy regarding 
SPCSs will be discussed later in the chapter.

The rate of technology growth in the electric vehicle market is also some-
thing to consider when forecasting the adoption rate of EVs, especially BEVs. 
A main source of worry in BEVs is the capacity of the battery. The most eco-
nomical BEV right now is the Nissan Leaf, which can travel 84 miles on a 
single charge; however, vehicles with more expensive and larger batteries, 
such as those found in Tesla Motors’ Model S (60 kWh battery pack), which 
boasts a range of 208 miles, also costs over twice as much as the Nissan Leaf. 
Even though the Model S boasts a higher capacity and range, the Leaf is 
slightly more efficient in terms of fuel costs when compared to the average 
new conventional vehicle (U.S. Department of Energy, 2014a). The Model 
S’s increased battery capacity is a result of a large improvement in battery 
technology. This technology continues to be improved as scientists and 
engineers develop new materials for batteries; recent prices of $300 per kilo-
watt hour of storage have been reported (Nykvist and Nilsson, 2015). For 
example, a combination of a lithium-air battery and an aluminum-air battery 
designed by the energy company Phinergy powered an EV for 1800 miles 
(3000 km) on a single charge. This battery also weighs five times less than the 
battery used in the Model S, making the vehicle significantly more efficient 
(Rosen, 2014). Additionally, Tesla CEO Elon Musk released the patents for 
their “Supercharger” charging stations and other technologies to the public 
in June 2014, encouraging collaboration and development from companies 
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across the market (Smith, 2014). This will streamline the production of charg-
ing stations for electric vehicles, as well as decrease their costs as more com-
panies begin to employ these technologies. This development is also notable 
since many of the Superchargers are powered by solar panels, providing 
clean power and shade to any vehicles being charged, which has intrinsic 
value. As these technologies become better understood and improved, they 
will become cheaper so that average consumers can utilize them.

There are direct economic benefits to consumers for switching from gas to 
electric fuel. In 2012, 232 million light-duty vehicles were in use in the United 
States with an average fuel economy of 20.8 miles per gallon. Each vehicle 
traveled an estimated 11,300 miles per year, or about 31 miles per day (Davis 
et al., 2013). The average price of gasoline to power these vehicles in 2012 was 
$3.60 per gallon (Hargreaves, 2012). These costs come to $1955.77 per vehicle/
year, or about $5.36 per day. Electric fuel economy for BEVs and PHEVs is 
around 3 miles per kWh (U.S. Department of Energy, 2014a), and the aver-
age price for electricity in the United States in 2012 was 9.84 cents/kWh (U.S. 
Energy Information Administration, 2014d). Using the same driving statis-
tics as before, it is calculated that driving a BEV in 2012 would have cost 
$370.64 per vehicle/year, or about $1.02 per day. Assuming PHEVs run on 
electricity an average of 60% of the time they’re driven, their cost is $1004.69 
per vehicle/year, or $2.75 per day. As the initial price of purchasing EVs con-
tinues to decrease, they will become highly competitive in relation to costs in 
the long-run when compared to conventional vehicles. There’s also the mat-
ter of maintenance. The cost to own a vehicle in 2012 after deducting fuel was 
close to $7000 (Hunter, 2012). For instance, diesel delivery trucks owned by 
Staples were traded in for electric trucks, which are predicted to cost almost 
90% less in maintenance each year (Ramsey, 2010). The reduced maintenance 
costs of electric vehicles mostly stem from the fact that the electric motor has 
only one moving part and does not need oil or transmission fluid, making 
the yearly cost to own electric vehicles significantly less than the cost to own 
conventional vehicles.

9.5 � Solar Powered Charge Stations (SPCSs)

The electrification of transportation is crucial to combat rising greenhouse 
gas emissions and reduce dependence on fossil fuels. As electric vehicles 
become more popular, however, we can expect an increased demand for 
electric power and this raises concerns about the consequences of pollution 
generated by power plants. Presently, most of the electricity generated in the 
United States is produced by burning coal and natural gas. By increasing the 
number of electric vehicles, the amount of gasoline burned will decrease; 
however, the amount of coal and natural gas burned to generate the electricity 

K26194_C009.indd   99 7/18/2016   9:38:51 PM



100 Solar Powered Charging Infrastructure for Electric Vehicles

needed to power said vehicles may increase. This is the main challenge with 
electric vehicle adoption: although consumers do reduce their emissions, the 
energy generation sector may increase theirs.

A way to escape this dilemma is to foster an accompanying increase in 
the use of solar and wind energy generation to provide the energy for elec-
tric vehicles. Charging from a renewable source, such as an SPCS, would 
negate these external costs. This is why developments such as SPCSs are so 
important and effective: not only does an SPCS provide electricity for the 
consumer, but it also reduces the stress put on electric companies to charge 
electric vehicles. Additionally, when a car isn’t using the charging station to 
power up, the station continues to produce electricity that can be sent into 
the grid to further reduce combustion and the emissions produced by power 
companies.

In 2012, the energy sector released a total of 2064 Tg of carbon dioxide 
equivalent (CO2e) emissions, which accounted for 31.6% of emissions in 2012. 
Of the total 2064 Tg CO2e, nearly all of these emissions (2022.6 Tg CO2e) were 
directly involved with energy generation (United States Environmental 
Protection Agency, 2014). In the case of SPCSs, we assume that each charge 
station has solar panels that cover 27 m2 (average parking space area), are 
15% efficient (the panels convert 15% of incident sunlight into energy), and 
receive 4 hours of peak sunlight each day, and therefore produce a total of 
16 kWh of energy each day (Erickson et al., 2012). Table 9.3 shows the eco-
nomics of the energy produced from SPCSs if they were to be adopted in 
large numbers, assuming an average energy price of 10.08 cents per kilowatt 
hour, the average price of electricity across all sectors in 2013 (U.S. Energy 
Information Administration, 2014d). The panels do decrease in efficiency 
over time (usually about 20% of their original output is lost after 25 years). 
However, this loss in efficiency is approximately offset by the expected rising 
costs of electricity (ExxonMobil, 2014).

One way to encourage the adoption of SPCSs would be for the government 
to provide subsidies for the renewable energy industry. In markets where 
there are external costs providing subsidies for the electric vehicles is an 
appropriate policy. According to the Energy Information Administration, 
55.3% of all federal energy production subsidies and support are received by 
renewable energy production. However, 42% goes only to wind energy (U.S. 
Energy Information Administration, 2011). If more subsidies were approved 
for solar energy, the technology would be adopted more quickly because 
it would be more affordable to consumers, and more research and devel-
opment could take place to make the technology more efficient and effec-
tive. This could also be done through state governments, especially southern 
states where solar irradiation is relatively high, more energy could be col-
lected, and shade has significant value. Subsidies for public charging stations 
would also be important and beneficial to EV adoption. As plug-in vehicles 
become more popular and more affordable, an infrastructure parallel to that 
which is currently in place for gas powered vehicles will need to be available 
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TABLE 9.3

Economics of Installing Solar Powered Charge Stations, Assuming All Other Factors Remain Equal

Number of Solar 
Powered Charge 
Stations 
(Millions)

Cost to Install 
Each Station

Total Cost of 
Installing 
Stations 

(Billions)

Total Energy 
Produced Each 

Day (TWh)

Total Energy 
Produced Each 

Year (TWh)

Revenue 
Generated Each 
Day (Millions 

of Dollars)

Revenue 
Generated Each 
Year (Billions 

of Dollars)

Payback 
Time 

(Years)

100 $10,000 $1000 1.6 584.4 $161 $58.91 17.0
100 $15,000 $1500 1.6 584.4 $161 $58.91 25.5
100 $20,000 $2000 1.6 584.4 $161 $58.91 34.0
150 $10,000 $1500 2.4 876.6 $242 $88.36 17.0
150 $15,000 $2250 2.4 876.6 $242 $88.36 25.5
150 $20,000 $3000 2.4 876.6 $242 $88.36 34.0
200 $10,000 $2000 3.2 1169 $323 $117.82 17.0
200 $15,000 $3000 3.2 1169 $323 $117.82 25.5
200 $20,000 $4000 3.2 1169 $323 $117.82 34.0

Note:	 Yearly calculations are made using an average energy production for each charge station of 16 kWh/day, a price of 10.08 cents/kWh for electric-
ity, and each year consists of 365.25 days.
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for electric vehicles as well. Currently, there is one gas station for every 2500 
people in the United States (Horn and Docksai, 2010). In order to match that 
infrastructure, governments could reward gas stations for providing charge 
stations in order to accommodate EVs.

By installing SPCSs in homes or businesses to provide energy to electric 
vehicles, a lot of money can be saved by not using electricity from the grid. 
Additionally, with a working business model, some charge stations would 
be able to make a profit within a few years of operation. Currently, there 
are a few drawbacks with solar energy and other renewables that make it 
less reliable than fossil fuels. Low energy density, intermittent generation, 
location constraints, and aesthetic effects are all hindering the adoption of 
solar electricity generation (Markandya and Wilkinson, 2007). However, the 
technology is expected to have a lot more potential than can currently be 
accessed, so research and development are highly important for photovoltaic 
technology. In order for SPCSs to be viable for use on a national scale, they 
need to produce enough energy to pay for themselves before the panels need 
to be replaced. The lifespan of solar panels depends on their output after 
their installation. The standard rule is that a panel should be providing at 
least 80% of its original output before replacing it. Most of the time, panels 
last about 25 years before reaching this threshold. However, some panels 
have lasted almost 40 years without needing replacement (Waco, 2011). The 
panels also provide shade for the vehicles while they are charging, which 
has important economic and social values as well.

The amount of revenue an SPCS would be able to generate over its lifetime 
varies depending on quite a few variables. Most notably, the economic sector 
the charge station is used in is a strong factor of viability. For our calcula-
tions, we are using our standard parameters of a panel structure that is 15% 
efficient, covers an area of 27 m2, and gets four hours of peak sunlight per 
day to produce an average of 16 kWh of energy each day (Erickson et al., 
2012). We use installation costs of $10,000, $15,000, and $20,000. We use this 
range to take into account variation in markets due to differences in geog-
raphy, government incentives, and labor markets throughout the country. 
In the third quarter of 2015, the reported average price for nonresidential 
solar installations was $2.07/W. For one parking space with 4 kW of capacity, 
$2.07/W × 4000 W = $8028 for the installed solar panels (GTM, 2015). This 
estimated cost does not include the cost of the charge station for the EV.

In the United States, the four economic end-use sectors for energy are resi-
dential, commercial, transportation, and industrial. Table 9.4 details the net 
gain of each station by sector and the payback time for stations of the three 
installation costs per parking space. These results show that the residential 
sector is the most viable sector to install SPCSs, offering $7707 in net gain 
even after covering the $10,000 installation cost. In fact, the residential sector 
gives a positive net gain for the $15,000 installation cost scenario as well. For 
the transportation and commercial sectors, a positive net gain is only realized 
for installation costs of $10,000 and $15,000. The industrial sector showed the 
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least viable outcome, offering a positive net gain only when installation costs 
were less than $10,000. One can also estimate the base price of electricity that 
could be charged to pay for the station in 25 years. These prices are $0.0684 per 
kWh for a $10,000 installation, $0.1027 per kWh for a $15,000 installation, and 
$0.1369 per kWh for a $20,000 installation. This could be accomplished by 
local power companies offering to register an ID card to use at the station. 
The prices would then be added on to the customer’s monthly bill.

In the case of a large Midwestern research university, for example, an 
SPCS would not be economically viable unless the installation price was 
very low because the university pays only about 7 cents per kWh for electric-
ity. However, if a maintenance or parking fee were charged to those using 
the station, it may become economically viable. In this university’s parking 
garage, there is currently a charge station for EVs that charges $3 for the first 
hour of charging and $1 for each additional hour (Davis, 2014). To calculate 
the impact this would make in increasing the viability of the charge stations, 
we assume several different scenarios. First, we assume scenarios in which 
every week, an average of one car, three cars, and seven cars use the charge 
station. We then assume that each car charges for an average of one hour, 
two hours, and four hours each day. Using this data, shown in Table 9.5, we 
find that these extra costs make quite a big difference in some scenarios. 
The best-case scenario, where seven cars charge for four hours each week, 
utilizes all of the energy generated by the SPCS. For a $10,000 installation 

TABLE 9.4

Economics of Solar Powered Charge Stations by Economic Sector and Installation 
Cost Using Energy Prices from 2013

Economic 
Sector

Initial Cost 
of 

Installation

Price of 
Electricity 
($/kWh)

Revenue 
Generated 

Each Year from 
Electricity 
Production

Payback 
Time 

(Years)

Net Gain 
over 25 
Years

Residential $10,000 0.1212 $708.29 14.1 $7707.32
$15,000 0.1212 $708.29 21.2 $2707.32
$20,000 0.1212 $708.29 28.2 None

Commercial $10,000 0.1029 $601.35 16.6 $5033.69
$15,000 0.1029 $601.35 24.9 $33.69
$20,000 0.1029 $601.35 33.3 None

Transportation $10,000 0.1028 $600.76 16.6 $5019.08
$15,000 0.1028 $600.76 25.0 $19.08
$20,000 0.1028 $600.76 33.3 None

Industrial $10,000 0.0682 $398.56 25.1 None
$15,000 0.0682 $398.56 37.6 None
$20,000 0.0682 $398.56 50.2 None

Note:	 Assumes solar panels cover 27 m2, receive four hours of peak sunlight per day, and oper-
ate at 15% efficiency to produce 16 kWh each day.
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cost, this scenario lowers the payback time to a little less than four years with 
a net gain of almost $68,000 over 25 years. However, in the current market 
of electric vehicles, this best-case scenario is highly unlikely to occur. This 
method of payment, however, does improve the payback times of the charge 
station significantly—by about 10 years for each installation cost. However, 
the worst case scenario of one vehicle charging for one hour each week and 
an installation cost of $20,000 still does not garner a net gain in 25 years. At 
7 cents per kWh, the income for one parking space from selling all of the 
electricity produced by the solar panels to the university would be $10,227 
over 25 years. If there would be an added charge of $30 each year for a permit 

TABLE 9.5

SPCS Viability Including Cost of Charging

Initial 
Cost of 
Installation

Vehicles 
Charging 

Each Week

Hours 
Spent 

Charging
Income 

Each Year

Payback 
Time 

(Years)
Net Gain 

over 25 Years

$10,000 1 1 $565.08 17.7 $4127
$10,000 1 2 $617.08 16.2 $5427
$10,000 1 4 $721.08 13.9 $8027
$10,000 3 1 $877.08 11.4 $11,927
$10,000 3 2 $1033.08 9.7 $15,827
$10,000 3 4 $1345.08 7.4 $23,627
$10,000 7 1 $1501.08 6.7 $27,527
$10,000 7 2 $1865.08 5.4 $36,627
$10,000 7 4 $2593.08 3.9 $54,827
$15,000 1 1 $565.08 26.5 None
$15,000 1 2 $617.08 24.3 $427
$15,000 1 4 $721.08 20.8 $3027
$15,000 3 1 $877.08 17.1 $6927
$15,000 3 2 $1033.08 14.5 $10,827
$15,000 3 4 $1345.08 11.2 $18,627
$15,000 7 1 $1501.08 10.0 $22,527
$15,000 7 2 $1865.08 8.0 $31,627
$15,000 7 4 $2593.08 5.8 $49,827
$20,000 1 1 $565.08 35.4 None
$20,000 1 2 $617.08 32.4 None
$20,000 1 4 $721.08 27.7 None
$20,000 3 1 $877.08 22.8 $1927
$20,000 3 2 $1033.08 19.4 $5827
$20,000 3 4 $1345.08 14.9 $13,627
$20,000 7 1 $1501.08 13.3 $17,527
$20,000 7 2 $1865.08 10.7 $26,627
$20,000 7 4 $2593.08 7.7 $44,827

Note:	 First hour costs $3, and each additional hour costs $1. Value of electricity is 7 cents per 
kWh and solar panels produce 16 kWh of energy each day.
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that included the opportunity to park in the shade of the solar panels, this 
would generate an added $750 over 25 years. The impact of shaded parking 
includes a reduced temperature in the car and less loss of value when sell-
ing or trading in the vehicle. If there were an added charge of $250 each year 
for the convenience and opportunity to use a charge station and purchase 
electricity from the local utility company at 7 cents per kWh, this would gen-
erate $6250 of income in 25 years. One can also consider the view of a BEV 
owner who commutes 40 or 60 miles to work at the university, which would 
consume 13.3 kWh and 20 kWh of energy, respectively. When they arrive 
on campus, they can use the SPCS to charge their vehicle while they work. 
If they paid for the $250 permit to use the station and assuming they work 
about 250 days each year, they would pay about $1 per day to use the sta-
tion. Furthermore, the cost to charge at the university would be 7 cents per 
kWh and 12.12 cents per kWh at home, making the total cost to charge about 
$2.55 and $3.82 each day for a 40- and 60-mile commute, respectively. This is 
much cheaper than the fuel cost of driving the average vehicle in 2012, which 
would amount to $13.85 and $20.77 each day for a 40- and 60-mile commute, 
respectively.

If the current pricing system for charging using this university’s existing 
Level 2 charger located in the parking garage ($3 for the first hour and $1 for 
each additional hour) was used for the SPCS, rather than paying for a per-
mit and the price of electricity, the costs would increase. The charge station 
delivers about 7.2 kW of power, so two hours of charging would be needed 
to recharge the battery after a 40-mile commute, and three hours of charging 
after a 60-mile commute. The cost would add on $4 for the 40-mile commute 
each day and $5 to the 60-mile commute, bringing the total prices to $6.65 
each day for a 40-mile commute and $7.42 each day for a 60-mile commute, 
assuming the price to charge from home is still $0.1212 per kWh.

The amount of energy that could potentially be produced by installing 
SPCSs nationwide is also something to consider when looking at the econom-
ics of the stations. To calculate this, we assume an installation of 100 million, 150 
million, and 200 million stations across the United States, with installa-
tion costs of $10,000, $15,000, and $20,000 per station and an average energy 
price of 10.08 cents per kilowatt hour. These are fairly realistic scenarios in 
terms of logistics, as there are an estimated 750 million parking spots in the 
United States where these stations could be installed (Chester et al., 2010). 
Tables 9.6 and 9.7 show the results of these calculations. The cost to install 
these stations would be very great, from $1  trillion to $4 trillion, depend-
ing on the number of stations installed and their installation costs. They 
would also produce a large amount of energy, from about 580–1160 TWh per 
year, which is about 14%–29% of the amount of energy generated in 2013. 
However, as stated earlier, the real measure of economic viability is if the 
stations can pay for themselves before needing replacement. In this case, an 
installation cost of $15,000 will be paid back in just over 25  years, so any 
installation costs higher than this would not be viable. This would, however, 
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create many jobs for American citizens to ship, manufacture, install, and 
maintain all of the supplies necessary to install the stations. Additionally, 
this would have a huge impact on the annual amount of greenhouse gas 
emissions released into the atmosphere. Table 9.7 outlines the impact of the 
SPCSs on the amount of greenhouse gases released into the atmosphere from 
the electricity-generation sector based on 2012 data, where 2775 TWh of elec-
tricity was produced from all fossil fuel sources in the United States. If 200 
million charge stations were installed in the United States, greenhouse gas 
emissions produced from the national mix of fossil-fuel energy generation 
could be reduced by as much as 42%. The values in Tables 9.6 and 9.7 may be 
compared to 286 TWh per year of electrical energy that would be used by a 
fleet of 40 million BEVs and 60 million PHEVs, each driving 11,300 miles per 
year with an efficiency of 3 miles per kWh, and with 60% of the PHEV miles 
being powered by electricity.

TABLE 9.6

Percentage of Total Electrical Energy that Could Be Produced Through Solar 
Powered Charge Stations Assuming Each Charging Station Produces 16 kWh 
of Energy Each Day for 365.25 Days per Year Based on 4058 TWh of Electrical 
Energy Produced in 2013

Number of Solar 
Powered Charge Stations 
Installed (Millions)

Energy Produced from 
Stations Each Year (TWh)

Percentage of Energy Produced 
by SPCSs in Relation with 
Energy Produced in 2013

100 584.4 14%
150 876.6 22%
200 1169 29%

Source:	 U.S. Energy Information Administration. 2014e. Monthly energy review. Retrieved 
May 28, 2014 from http://www.eia.gov/totalenergy/data/monthly/.

TABLE 9.7

The Effect of SPCSs on Energy Generation and Greenhouse Gas Emissions Based 
on 2775 TWh of Electricity Produced from Fossil Fuels in 2013

Number of Solar 
Powered Charge 
Stations Installed 
(Millions)

Solar Energy 
Produced Each 

Year (TWh)

Equivalent Fraction 
of Energy Produced 
by Burning Fossil 

Fuels in 2012

Tg of CO2e Emissions 
Eliminated Annually 
from Reduced Fossil 

Fuel Energy 
Generation Mix

100 584.4 21.06% 426.0
150 876.6 31.59% 639.0
200 1169 42.12% 851.9

Source:	 U.S. Energy Information Administration. 2014e. Monthly energy review. Retrieved 
May 28, 2014 from http://www.eia.gov/totalenergy/data/monthly/; United States 
Environmental Protection Agency. 2014. Inventory of U.S. greenhouse gas emissions 
and sinks: 1990–2012. (No. EPA 430-R-14-003).
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Increased electricity generation, greater infrastructure for recharging 
electric vehicles, and providing shade for parked cars will help increase the 
adoption of electric vehicles while decreasing emissions of greenhouse gases 
and other toxins. Although SPCSs are too expensive to install in some sec-
tors, the prices of solar panels themselves are expected to continue to fall as 
the technology becomes more developed. Improvements in the efficiency of 
the solar panels are also expected. Furthermore, it will eventually become 
less expensive than fossil fuels, since those prices are expected to continue 
to increase (Chiras, 2012). In addition to these direct benefits, there are some 
indirect benefits to installing an SPCS as well. For example, the installa-
tion of these stations would make a statement about the home or business 
installing them. Just as many companies already advertise their products 
as being “green” to make a statement about the product’s relationship to the 
environment, companies who install SPCSs will be making a statement like 
this as well. This has been observed in communities like California, where 
using “green” products is a sort of status symbol and actually drives their 
adoption—dubbed the “Prius Effect” (UC Berkeley and UCLA release “the 
value of green labels in the California housing market” study findings, 2012). 
This would attract more consumers to a business with SPCSs installed in the 
parking lots, providing an even greater economic boost from the stations. 
Another way SPCSs could be used to attract customers is to use them as an 
advertising space for companies. The company Volta has done this with EV 
charging stations in places like shopping malls and grocery stores. The sta-
tions are placed close to store entrances to give EV drivers preferential park-
ing. Furthermore, Volta sells advertising space on the stations themselves to 
cover the cost of installation and maintenance, as well as to offer the charg-
ing service for free. According to Volta’s website, retailers have seen that cus-
tomers enjoy the charging stations and choose their stores over others for the 
opportunity to charge for free (Volta, 2015). This presents a unique oppor-
tunity for business owners when considering powering the charging sta-
tions through solar power. Not only is the charging station paid for through 
advertisements, but the solar panels can provide electricity to the business 
when the charging station is not in use. The solar panels could also poten-
tially provide more advertising space to be sold.

9.6 � Financing and Policy

There are many options available to finance the installation and mainte-
nance of SPCSs. A survey conducted by Robinson et al. (2014) showed that 
several different financing options such as federal grants and partnerships 
with electric charging station companies would be well received by the pub-
lic (Robinson et al., 2014).
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Federal and state grants have been traditionally used to finance the instal-
lation of SPCSs (Goldin et al., 2014). There are many state and federal poli-
cies that apply to EVSEs, mostly involving rebates for their installation costs. 
In 2008, Washington and Oregon made plans to increase the number of 
charging stations along Interstate 5 to facilitate electric vehicle travel. At the 
end of 2014, there were charging stations located every 25–50 miles along 
Interstate  5, which accounted for about 9% of all public charging stations 
in the United States at the time (McFarland and Chase, 2014). This can be 
partially attributed to incentives provided to businesses for installing such 
charge stations. As discussed previously, charging stations at retail stores 
and other public areas can attract customers. Furthermore, Oregon offers a 
tax credit for the installation of the charge stations of 35% of the installation 
cost for businesses (McFarland and Chase, 2014).

Power purchase agreements (PPAs) have also been increasingly utilized to 
finance SPCS installation. A PPA allows a customer to purchase the electric-
ity produced by a solar power system at a reduced cost without purchasing 
the system itself—similar to a lease on a car (U.S. Department of Energy, 
2014b). After the agreement ends, the buyer may either renew the agreement 
or purchase the system (U.S. Department of Energy, 2014b). This makes it 
easier for businesses to purchase and provide SPCSs for their customers, 
since they only have to pay for the electricity produced. However, many 
states have disallowed power purchase agreements or are unclear on their 
regulation (U.S. Department of Energy, 2014b).

Income from customers using the charging station is also a viable option 
to offset the cost of SPCS installation. In 2012, the University of California, 
San Diego installed charging stations on their campus (Uda, 2012). In order 
to use the stations, users must have purchased a parking permit with the 
university or paid for visitor parking (Uda, 2012). Users also must pay for 
the electricity they consume from the station, amounting to about $3 for an 
80% charge (Uda, 2012). With the shade SPCSs provide, users could also be 
charged for the privilege to park underneath the panels, providing another 
source of income. One popular example of charging station financing is the 
Tesla Supercharger network, in which the charging stations are financed 
by the purchase of Tesla vehicles and used solely by those vehicle owners 
(Robinson et al., 2014).

Time-of-use (TOU) pricing can also be a factor for financing of SPCSs. 
Availability for TOU pricing is becoming more common as smart grid pro-
grams develop. For instance, Westar Energy, an electric utility company in 
Kansas, is seeking customers to volunteer for their TOU rate pilot project 
(Westar Energy, 2014). Other electric utility companies, like Portland General 
Electric (PGE) in Oregon, have already developed and instituted TOU pric-
ing options for their customers (Portland General Electric, 2015). PGE pro-
vides electricity at different rates for on-peak, mid-peak, and off-peak hours, 
and clearly defines what times fall into which categories (Portland General 
Electric, 2015). However, both Westar and PGE stress that while TOU pricing 
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is meant to offer an opportunity for customers to reduce their electric bills, 
there is a possibility that if too much electricity is consumed during on-peak 
hours, the customer may actually see their electric bill increase (Portland 
General Electric, 2015; Westar Energy, 2014). This is generally good news for 
EV owners, as they are able to use their vehicles during the day (on-peak 
hours) and charge them at night (off-peak hours) when electricity is cheap. 
However, sometimes charging during on-peak hours can be unavoidable. 
This is where an SPCS would be especially useful. Since the electricity from 
the SPCS would not be coming directly from the grid during on-peak hours, 
the customer can still avoid charging their vehicle with the higher on-peak 
rates. TOU pricing increases the value of the electricity from the solar panels 
because prices are higher at mid-day, when solar panels are receiving the 
most solar radiation.

Recently, Ye et al. (2015) have completed a feasibility study of SPCSs with 
results that illustrate the importance of TOU prices on the economics of an 
integrated system of EVs, SPCSs, and the electrical grid. They report the cost 
of energy of the combined system is $0.098/kWh.

9.7 � Relation to Sustainable Development

The adoption of electric vehicles and of SPCSs is good practice in sustainable 
development. In 2012, the Rio +20 conference hosted by the United Nations 
created an outcome document entitled “The Future We Want” (The United 
Nations, 2012). The document outlines several goals for sustainable develop-
ment, many of which can be aided by the adoption of electric vehicles and 
SPCSs. In terms of energy and transportation, the document declares:

Improving energy efficiency, increasing the share of renewable energy, 
cleaner and energy-efficient technologies are important for sustainable 
development, including in addressing climate change. We also recog-
nize the need for energy efficiency measures in urban planning, build-
ings, and transportation […] Sustainable transportation can enhance 
economic growth as well as improving accessibility. Sustainable trans-
port achieves better integration of the economy while respecting the 
environment. (The United Nations, 2012)

Solar powered charge stations and electric vehicles satisfy both of these 
claims to increase sustainable development. The SPCSs produce clean, 
renewable energy that the electric vehicles then consume, producing zero 
emissions. This results in reduced consumption of fossil fuels for transporta-
tion and energy generation, creating a more sustainable infrastructure. The 
U.N. also published another document in 1992 entitled Agenda 21, which out-
lines specific goals for governments of all nations to encourage sustainable 
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development. The document states that “Governments should explore, in 
cooperation with business and industry, as appropriate, how effective use 
can be made of economic instruments and market mechanisms in […] issues 
related to energy, transportation” (The United Nations, 1992). This is very 
important in relation to the adoption of EVs and SPCSs. Currently, both have 
high initial costs but have long-term economic benefits. Government sub-
sidies and other benefits are vital to encourage the adoption of these tech-
nologies by a vast majority of consumers in order to make the technologies 
effective and further the practice of sustainable development. Although 
emphasis in this chapter is on applications for the United States, these ideas 
have value in many parts of the world. 

9.8 � Conclusions

Electric vehicles and SPCSs, while expensive in the current market, are extremely 
cost-effective forms of energy production and transportation. The benefits each 
of these technologies has on human health, climate change, the environment, 
and foreign affairs are great. Not only do they offer small long-term operational 
costs, they also produce no emissions by themselves and require less main-
tenance than most other competing technologies. Moreover, they also help 
meet the sustainable development goals that have been set forth by the United 
Nations. Overall, as the technology develops, we can expect EVs and SPCSs to 
make a significant impact around the world. The proposed advances can be 
accomplished with our current battery, EV, and solar power technologies, but 
expected innovations in technology efficiency will expedite the transition.
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10
Sustainable Development

Larry E. Erickson, Jessica Robinson, Jackson Cutsor, and Gary Brase

One planet, one experiment.

Edward O. Wilson

10.1 � Introduction

Sustainable development is an important topic for this book. The infra­
structure of solar powered charging stations (SPCSs) is one small part of 
sustainable development. In this chapter, the topics of sustainable energy, 
transportation, smart grid, and SPCSs are considered with an emphasis on 
sustainable development.

10.2 � Paris Agreement on Climate Change

On December 12, 2015, the Paris Agreement on Climate Change was adopted 
by the Parties to the United Nations Framework Convention on Climate 
Change. The agreement aims to strengthen the global response to the threat 
of climate change, in the context of sustainable development and efforts to 
eradicate poverty. The goal is to hold the increase in global average tempera­
ture to less than 2°C above preindustrial levels and to pursue efforts to limit 
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the increase to 1.5°C. The parties aim to reach global peaking of greenhouse 
gas emissions as soon as possible and a balance between anthropogenic 
emissions and removals by sinks of greenhouse gases in the second half of 
this century (UNFCCC, 2015).

The Paris Agreement on Climate Change is important because the goals 
related to the increase in temperature associated with greenhouse gas emis­
sions are stated clearly, and there is strong support from many countries to 
accomplish the goals of the agreement. The social mobilization that is impor­
tant to accomplish the goals in each country can move forward with greater 
participation because there has been agreement on the global climate change 
goals. Many citizens will draw hope from the agreement and take action to 
help reduce greenhouse gas emissions.

The goal to reach a point where concentrations of greenhouse gases in the 
atmosphere stop increasing in this century is a recognition of the importance 
of climate change and the urgency of taking action. Transforming our socie­
ties and daily activities to achieve a balance between emissions and remov­
als is the greatest challenge that the United Nations and the citizens of the 
world have faced.

The electrification of transportation and the generation of electricity with 
solar and wind energy are examples of what we need to do to achieve the 
goals of the Paris Agreement. The installation of SPCSs in many parking lots 
in all parts of the world can help many countries make progress toward their 
goals for the Paris Agreement.

10.3 � United Nations Sustainable Development Goals

Earlier in 2015, the United Nations Sustainable Development Goals were 
adopted (United Nations, 2015). The 17 sustainable development goals are as 
follows (United Nations, 2015):

	 1.	End poverty in all its forms everywhere;
	 2.	End hunger, achieve food security and improved nutrition and pro­

mote sustainable agriculture;
	 3.	Ensure healthy lives and promote well-being for all at all ages;
	 4.	Ensure inclusive and equitable quality education and promote life­

long learning opportunities for all;
	 5.	Achieve gender equality and empower all women and girls;
	 6.	Ensure availability and sustainable management of water and sani­

tation for all;
	 7.	Ensure access to affordable, reliable, sustainable and modern energy 

for all;
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	 8.	Promote sustained, inclusive, and sustainable economic growth, full 
and productive employment and decent work for all;

	 9.	Build resilient infrastructure, promote inclusive and sustainable 
industrialization and foster innovation;

	 10.	Reduce inequality within and among countries;
	 11.	Make cities and human settlements inclusive, safe, resilient and 

sustainable;
	 12.	Ensure sustainable consumption and production patterns;
	 13.	Take urgent action to combat climate change and its impacts;
	 14.	Conserve and sustainably use the oceans, seas, and marine resources 

for sustainable development;
	 15.	Protect, restore, and promote sustainable use of terrestrial ecosys­

tems, sustainably manage forests, combat desertification, and halt 
and reverse land degradation and halt biodiversity loss;

	 16.	Promote peaceful and inclusive societies for sustainable develop­
ment, provide access to justice for all and build effective, accountable 
and inclusive institutions at all levels;

	 17.	Strengthen the means of implementation and revitalize the global 
partnership for sustainable development.

We can relate some of these goals to topics in this book. Goal 2 includes 
sustainable agriculture, which must include a transition to sustainable energy. 
The electrification of farming with sustainable energy can include SPCSs for 
use with farm tractors and other equipment that is powered by electricity.

Goal 3 includes good health, which connects with Chapter 8 and the air 
quality benefits from electrification of transportation in urban areas. The 
well-being of many people can be enhanced by providing shaded parking 
under solar panels and better air quality in cities.

The challenge of having sufficient sustainable energy for all (Goal 7) can 
be met by using SPCSs in remote areas as a source of electricity for off-grid 
home needs as well as for transportation. Solar powered charge stations and 
battery storage can provide evening lighting and cell phone charging in off-
grid locations. To support the Paris Agreement, SPCSs are needed to provide 
electricity to the grid and to EV batteries.

If we move forward with the transition to wind and solar energy for electric 
power and SPCSs for EVs, many people will be employed in the process of 
accomplishing the sustainable economic growth goals described in Goal 8.

Goal 9 includes building resilient infrastructure and sustainable indus­
trialization. The SPCSs, EVs, and wind and solar energy fit here, also. We 
can also expect that the transition to these technologies will foster further 
innovation.

Goal 11 is to make cities and human settlements sustainable. Clean air, 
EVs, SPCSs, sustainable energy, good walking conditions, bike paths, and 
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green spaces can contribute to this goal. Solar panels to generate electricity 
on buildings and in parking lots capture solar energy and produce electric­
ity. This helps to cool the urban environment on hot summer days.

Goal 12 is to have sustainable production and consumption, which means 
that recycling must be included in the transition to EVs and SPCSs. Solar 
panel recycling, battery recycling, and EV recycling must become standard 
practices. Solar panels, EVs, and batteries must be made out of raw materials 
that will be available to future generations, also.

Goal 13 relates to reducing greenhouse gas emissions, which is advanced 
by SPCSs and EVs.

10.4 � Complexity of Sustainable Development

The challenge of following a path that leads to sustainable development has 
many dimensions to it, and there are many complex systems that are difficult 
to optimize. Sachs (2015) addresses many of these important complex topics 
and issues. His book includes significant information on many aspects of 
sustainable development, which we do not include here, and we encourage 
those interested in sustainable development to read this excellent book. The 
Paris Agreement provides some specifics and details on how countries plan 
to work together to address sustainable development of Goal 13 to combat 
climate change and its impacts (UNFCCC, 2015).

One of the greatest challenges related to reducing greenhouse gas emis­
sions is to develop science and technology that makes SPCSs, EVs, and bat­
tery storage so inexpensive that companies and consumers find them the 
best choice when they make decisions. New developments in solar pan­
els, batteries, and EVs have already changed the world, and there is much 
ongoing research. Solar energy is already a great success in Germany, and 
from January to September 2015, 30% of all new electric generating capacity 
brought online in the United States was solar (GTM, 2015). Seba (2010, 2014) 
expects solar energy to become a trillion dollar industry, and by 2030 Seba 
expects EVs and renewable energy to take over and be the most attractive 
options. The costs for solar panels and batteries are expected to decrease to 
the point where EVs will be much less expensive compared to other vehicles, 
and electricity from solar will be very low cost and efficient. Developments 
in smart grid systems technology will allow EVs and SPCSs to be an integral 
part of the grid. Because of the trillions of dollars associated with the manu­
facture and installation of solar panels and batteries, there are opportunities 
in this area for both academic research and industrial research and develop­
ment in many countries of the world.

In short, there are great opportunities within the upcoming transitions 
in renewable electric power with smart grids, SPCSs, energy storage, and 
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the electrification of transportation with EVs and SPCSs. There will also be 
many investment and employment opportunities. This will change life for 
all people everywhere.

The roles of government and policy in sustainable development are very 
important. The Paris Agreement is significant in that it demonstrates leaders’ 
commitments to acting on their discussions. It is necessary to take additional 
steps to accomplish the goals of the agreement to keep temperature increases 
well below 2°C. Government support for research on solar panels and batter­
ies has been an important part of the progress to reduce the cost and improve 
the quality of these products. Government support for research on renew­
able energy, smart grid, batteries, EVs, and SPCSs should continue across the 
countries of the world.

Government incentives to encourage progress in renewable energy and 
electrification of transportation have been helpful. With the transition to 
renewable solar and wind power generation, policies are needed that con­
tinue to encourage progress. The financial incentives that have been avail­
able for the installation of wind and solar power generation systems have 
been crucial for supporting this budding technology. Because of the impor­
tance of inexpensive energy to the export of products and international 
trade, financial support to encourage wind and solar production of electric­
ity has been easier to accomplish than imposing a carbon tax on greenhouse 
gas emissions.

There is also the need to address current and potential barriers to progress. 
For example, the integration of solar panels on homes and businesses into the 
grid at a fair price for power is important. There are both opportunities and 
challenges for electric utility companies in this great transition to renewable 
power because of the importance of the smart grid, SPCSs, and reliability. 
With the electric power smart grid infrastructure including renewable gen­
eration, SPCSs, energy storage, EV charging, and more active participation 
of consumers with time of use (TOU) prices, there will be important policy 
issues that will need to be negotiated and approved. The organizations that 
regulate utilities have new challenges and responsibilities because of distrib­
uted renewable generation, utilities selling power to charge EVs in parking 
lots with SPCSs, utilities selling advertising at SPCSs, and the agreements 
between utilities and owners of properties with solar panels that generate 
power that flows into the grid.

It is important to have the participation of governments, industry, and 
other organizations in the processes of electrifying transportation moving 
forward with the smart grid and generating electricity without greenhouse 
gas emissions. Financial support from foundations, the World Bank, and 
charitable organizations has been valuable in past sustainable development 
projects, and financial resources will be needed to make the transition to 
SPCSs, EVs, and a smart grid with renewable energy and energy storage.

Sachs (2015) addresses the importance of good governance in accomplish­
ing sustainable development goals. The rules of behavior in corporations, 
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foundations, units of government, NGOs, and other organizations should 
reflect good governance. Large multinational corporations have significant 
power and their behavior and actions are important. Specifically, account­
ability is one of the principles of good governance. If all organizations have 
goals that are supportive of the sustainable development goals, take actions 
to accomplish their goals, report on their progress and provide transparency, 
this is an example of being accountable. There should be active participa­
tion by many different stakeholders such that good ideas are encouraged 
and implemented in these organizations. In our modern world, multidisci­
plinary teams are often able to accomplish tasks effectively. Diversity that is 
effectively managed often leads to significant advances that have value for 
society.

The Paris Agreement addresses one of the important economic externalities—
greenhouse gas emissions. One of the principles of good governance is to 
address environmental impacts so that organizations do no harm; that is, 
they do not have significant environmental degradation associated with 
their activities and operations. The ethical responsibility to do no harm is 
applicable to both individuals and organizations.

Many organizations have made a commitment to sustainable develop­
ment and produce reports on progress to address efforts to follow a pathway 
toward sustainability. The commitment by organizations to follow the prin­
ciples of good governance and support efforts to accomplish the goals of the 
Paris Agreement will be very beneficial.

Urban environments in medium and large cities have many challenges to 
transition from their present states to being carbon neutral such that there are 
no net greenhouse gas emissions. Parking lots with SPCSs, solar panels on 
buildings, public electric transportation, electric heating and air condition­
ing, EVs, and electric bicycles will be features of these modern sustainable 
urban environments. The quality of life in cities can be improved through 
urban planning that brings the urban environment closer to the pathway to 
a sustainable city.

The U.N. sustainable development Goal 4 is to have quality education for 
everyone. Education is one of the most significant aspects of sustainable 
development because it impacts progress toward many of the other sustain­
able development goals, including the Paris Agreement. Education is needed 
for the smart grid to function effectively with customers responding appro­
priately to TOU prices for electricity. Education will be needed in those parts 
of the world where solar panels with battery storage can bring inexpensive 
power to those who have not had power because there is no grid nearby. 
With inexpensive solar power and inexpensive battery storage, sustainable 
development Goal 7 can be achieved (access to affordable, reliable, sustain­
able, and modern energy for all). However, those who have their own power 
system will need to understand its design and operation so they can take 
care of it and maintain it.
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One of the reasons to have an extensive educational system is to educate 
as many people as possible with the training that they need to be active par­
ticipants in the process to accomplish tasks in support of the Paris agreement 
and sustainable development goals. If electric power can be provided to all 
people everywhere, one can provide education over the Internet and other 
electronic networks to everyone. With education for everyone, people can 
move toward making more informed, responsible, and sustainable decisions 
in their lives. A virtuous cycle is created.

There is a need to have solid support systems when decisions related to sus­
tainable development need to be made. Social value, environmental impacts, 
and economics should be included in the development of decision support 
systems. Goldin et al. (2014) illustrate how to consider these triple bottom 
line values in developing SPCSs for EVs. Decision support systems can be 
integrated into the smart grid such that some decisions are automated.

10.5 � Conclusions

The Paris Agreement on Climate Change is a giant step forward. The agree­
ment is beneficial to the mobilization of individuals, industry, governments, 
and other organizations to work cooperatively to reduce greenhouse gas 
emissions while working to accomplish the sustainable development goals. 
Progress in sustainable development will happen in this century to make 
SPCSs and EVs more attractive and competitive so that hundreds of millions 
of them are in daily use. The transition to EVs being the vehicle drivetrain of 
choice will change the world significantly. It is part of the transition to elec­
trify transportation and generate electricity without greenhouse gas emis­
sions. We have already started on this transition. With advances in science, 
technology, prices, new product availability, and consumer behavior, the rate 
of this transition will accelerate. Education will allow more people to be part 
of this great transition.
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The moral imperative to make big changes is inescapable...That what we take 
for granted may not be here for our children.

Al Gore

By 2050 there are expected to be 9 to 10 billion people on Earth. That is around 
2 billion more than in 2015. This drastic increase in human population has 
many implications associated with it, but increased carbon emissions are one 
important facet. With the population of developing countries growing expo-
nentially, there will be greater stress on all resources, specifically energy. 
There are also projections of the last massive human migration in history. 
This migration is from rural settlements to urban environments throughout 
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the world. With a larger percentage of the population being in urban envi-
ronments, there will no doubt be greater demands for electricity and cars. 
This increased cultural carrying capacity brings new obstacles along with 
many new opportunities to solve them. Many European countries are lead-
ing the way with green technology and power generation. Increasing EV 
adoption will help meet the December 2015 Paris Agreement, which over 190 
countries committed to in order to combat climate change.

The electric vehicle industry is constantly progressing. It is important to 
understand the current development of EVs and charge station infrastruc-
ture worldwide. This chapter considers the EV situation in leading countries 
in Europe, Asia, and Oceania. More specifically, this chapter considers the 
current status of EVs, policies, incentives, charge station infrastructure, and 
issues and potential improvements for Norway, the Netherlands, the United 
Kingdom, France, Germany, Denmark, China, Japan, and Australia.

By the end of 2014, less than 1% of all passenger cars sold worldwide were 
EVs. The majority of money spent on EVs has been in the areas of research, 
development, and demonstration, followed by fiscal incentives for EV pur-
chases, with less money invested in charge station infrastructure. There are 
over 15,000 fast charging points installed and over 94,000 slow charging 
points worldwide. The United States had the greatest share of the global EV 
stock in 2014 with 39% followed by Japan with 16% and China with 12% 
(Global EV Outlook 2015, 2014).

The Electric Vehicles Initiative (EVI) is an international policy forum 
devoted to increasing worldwide adoption of EVs. EVI members include 16 
governments from countries in Africa, Asia, Europe, and North America, 
and the International Energy Agency. Over 95% of the global EV stock is in 
EVI countries (Global EV Outlook 2015, 2014). The data values for countries’ 
EV and EVSE stocks and policies and incentives listed are the most recent 
information available as of June 2015.

11.1 � EV Sales Worldwide

How do electric vehicle sales compare across Europe, North America, and 
China? In the first half of 2015, Europe led in EV sales with over 78,000 sales; 
34,000 more than China and 25,000 more than North America. Just in the 
month of June 2015, Europe sold about 16,000 EVs while China sold 10,000 
and North America sold 9750 EVs (Zach, 2015). Europe is currently the world 
leader for EV sales. When comparing countries’ total EV stock, though, the 
United States is far in the lead with 275,000 EVs, followed by Japan with 
108,250 EVs, and China with 83,200 EVs. When comparing total public 
charge station stock using 2014 data, China is leading with 30,000 charge 
stations, followed by the United States with 21,800 charge stations, and the 
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Netherlands with 12,114 charge stations (Global EV Outlook 2015, 2014). Of 
course, it is difficult to simply compare EV and EVSE stock values to deter-
mine the leading countries for electric vehicles since countries have varying 
population sizes, landmasses, and geographies. It does appear, however, that 
every global region has strengths and challenges to work on.

11.2 � Europe

11.2.1 � Top EV Car Sales

The top three vehicles sold in Europe, using data for June 2015, are the 
Mitsubishi Outlander PHEV, the Nissan Leaf, and Renault Zoe (EV Sale, 
2015). The Mitsubishi Outlander PHEV is larger than the average EV. It has 
5 seats and it is 15 feet by 5 feet. Also, the Renault Zoe is a relatively inex-
pensive EV starting around $20,480 with a spacious cabin. The top European 
leaders in EV sales are Norway and the Netherlands followed by the United 
Kingdom, France, and Germany (EVolution, 2014).

11.2.2 � Policy

The European Union has short-term and long-term carbon emission targets 
for light vehicles. As of 2012, the EU announced a target of 130 g CO2/km, 
for 2020 a target of 95 g CO2/km, and for 2025 a potential target of 68–78 g 
CO2/km, which will be confirmed in 2016. In order to meet the 2020 target, 
OEMs (original equipment manufacturers) will need to reduce their vehicle 
carbon emissions by about 30%, likely leading to developments in electrified 
transportation (EVolution, 2014). In order to encourage EV adoption rates, EU 
governments are investing in EV infrastructure and providing incentives for 
drivers such as subsidies, tax breaks, and special driving privileges.

Electric vehicle car sharing programs in Europe have been instrumental 
in encouraging greater EV adoption and making EVs and EVSEs more com-
monplace. For example, France, the United Kingdom, and Germany all have 
car-sharing services. Car sharing is expected to remain a popular service 
in Europe. Forty percent of young adults (aged 18 to 39) in German cities 
indicate they will be using car sharing services more in the future. Analysts 
predict car sharing customers in Europe will increase from 1 million to 
15 million by 2020 (EVolution, 2014).

Fifty percent of passenger cars in Europe are fleet owned, creating potential 
for high EV adoption rates. Athlon Car Lease is one of the largest independent 
car leasing companies in Europe and is supportive of electric vehicle adop-
tion. They created a program called “Fully Charged” to offer the first leas-
ing contracts for EVs. They also formed an agreement with Tesla Motors in 
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2011 to lease the Tesla Roadster, Roadster Sport, and Tesla Model S to drivers 
in European countries. Athlon Car Lease and other European fleets have the 
influence to encourage EV adoption (Tesla Motors and Athlon Car Lease, 2011).

The European Commission and 11 European countries and regions are 
involved in a program called “Electromobility.” This is an initiative aim-
ing to increase the research and development of energy efficient and clean 
vehicle infrastructure, primarily by providing €20 million for projects 
(Overview of E+ Partners, 2015). The European Commission has established 
another organization, the TEN-T Programme, to support the deployment and 
upgrade of transport infrastructure throughout the European Union, includ-
ing electric vehicle infrastructure. At the end of 2014, the ELECTRIC proj-
ect, funded by TEN-T, was announced. This project will build open-access 
fast charge stations along major highways connecting Sweden, Denmark, 
Germany, and the Netherlands with 155 charge stations. The five compa-
nies collaborating to complete this project are ABB, Fastned, the Swedish 
utility and e-mobility operator Öresundskraft AB, and the German Testing 
and Certification Institute VDE Prüf-und Zertifizierungsinstitut GmbH. The 
project is expected to be completed by the end of 2015 (EU to support, 2015).

11.2.3 � Norway

11.2.3.1 � Current 2015 Status

A large portion of Norway’s electricity production is from hydropower. Norway 
has an open electric market integrated with other Nordic countries. Norway 
imports electricity when the price is low (during the night) and exports it when 
the price is high (during the day) (Market and Operations, 2015).

Norway has the largest per capita fleet of plug-in vehicles in the world with 
an EV stock of over 40,900 and 6200 public charging stations. Market share 
sales for EVs were 7.3% in 2013 and 12.5% for 2014 (Global EV Outlook 2015, 
2014). The country’s fleet is also one of the cleanest in the world since almost 
100% of electricity is hydropowered (Countries, 2015). Despite its relatively 
small size, Norway has been a European leader for EV adoption.

11.2.3.2 � Policy

In the Norwegian climate policy, Norway has set carbon dioxide emission 
targets for passenger cars of 85 g CO2/km by 2020, 10 g CO2/km less than 
the EU target (EV Norway, 2015). The policy outlines incentives to encourage 
electric vehicle adoption to help achieve the emission target (Sett 390 S, 2012).

Norway also has several e-mobility initiatives, including Green Car, 
ZERO Rally, Taxi Trondheim, and NOBIL. Green Car aims to get 200,000 
Norwegians to buy an EV by 2020. They support corporate and municipal 
fleets with introducing EVs, and work with OEMs and importers to make sure 
a sufficient number of EVs are in the market. ZERO Rally is an annual rally of 
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BEVs, PHEVs, hydrogen vehicles, and biofuel vehicles to raise awareness and 
demonstrate their practicality and user friendliness. Taxi Trondheim was a 
joint two-year project employing six EVs in a taxi fleet to assess the practical 
and economic benefits and limitations of EV taxis. NOBIL is a publicly acces-
sible database for charging stations that allows users to build services with 
free standardized data (EV Norway, 2015).

11.2.3.3 � Incentives

A large testament to the EV success in Norway is the incentives the gov-
ernment offers EV drivers, which total to about €17,000. Incentives offered 
include availability of free public charging stations, toll-free roads, free ferry 
rides, free parking, and use of the bus lanes. In addition, an import tax is 
placed on vehicles based on their CO2 and NOx emissions, effect, and weight, 
incentivizing a transition from high polluting vehicles to electric vehicles. 
Plug-in cars are exempt from paying any vehicle taxes until 2018 as opposed 
to the high taxes ICE (internal combustion engine) vehicles are charged. In 
addition, company car taxes are 50% lower for EVs (EV Norway, 2015). A por-
tion of the car taxes is used toward transitioning fleets to clean vehicles (Sett 
390 S 2012).

In principle, most of these incentives would be just as effective in other 
countries as they have been in Norway. In practice, though, other countries 
may have difficulty adopting as similarly pervasive and consistent incen-
tives as Norway.

11.2.3.4 � Infrastructure

Ninety-five percent of BEV and PHEV owners have access to home charging 
and 60% have access to workplace charging. There were 6200 public charg-
ing stations total in 2014. CHAdeMO has installed about 80 DC fast chargers 
(Level 3) and Tesla has installed about 140 Supercharger stalls throughout 
Norway (CHAdeMO, 2015; Tesla Motors, 2015b). Tesla has plans to install 
solar power for all Supercharger stations. There do not appear to be many 
SPCSs in Norway currently, although some stations’ electricity use is being 
offset through solar power generated at offsite locations.

11.2.3.5 � Issues and Improvements

The enticing incentives offered in Norway have led to high EV adoption 
rates that are outpacing EVSE and SPCS infrastructure installation rates. 
The majority of the population lives in Oslo, the capital, but only 500 pub-
lic charging stations are located there. More charging stations need to be 
installed to satisfy the growing number of EVs in Norway.

Despite the positive success of Norway’s incentives, some have been cou-
pled with repercussions. Bus lanes in Norway are now mainly comprised of 
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EVs rather than buses. One day in December 2014, 75% of the vehicles in the 
capital’s bus lanes were EVs while only 7.5% were buses. As the number of 
EVs on Norway roads increase, this issue will only magnify.

Norway is leading the world in EV adoption and incentives, but it is lack-
ing in charge station infrastructure, especially SPCSs. Although almost 100% 
of Norway’s electricity is hydropower, solar power provides additional ben-
efits beyond generating clean energy. Solar power offsets the load on the 
electrical grid from charging an electric car. In addition, the solar power 
could charge EVs during the day without reducing the amount of electric-
ity they export to other countries. If there is excess solar power generated, it 
could be stored in batteries and used for charging EVs at night to reduce the 
amount of electricity imported. Also, the stored solar energy could also serve 
as backup power sources in case of an outage. Solar power has potential in 
Norway despite the harsh winters. Wind power is another potential energy 
source to couple with charging stations.

11.2.4 Netherlands

11.2.4.1 � Current 2015 Status

The Netherlands has over 43,760 EVs and 12,100 EVSEs. The country aims 
to have 200,000 EVs by 2020 and 1 million EVs by 2025 (Global EV Outlook 
2015, 2014). As of June 2015, the Netherlands comprises about 25% of PHEV 
sales in Europe (Kane, 2015). Within the country for 2013 and 2014, EVs have 
maintained 4–5% share of the market sales (Mock and Yang, 2014).

11.2.4.2 � Policy

The government launched the National Action Plan for Electric Driving in 
2009 to make the Netherlands a world leader for electric driving. The plan 
has the government spending about €65 million in support of this effort. In 
order to further encourage EV adoption, the Netherlands has the highest 
tax rate on petrol of any EU state. In fact, it is double the rate of Bulgaria, 
the EU’s lowest state tax rate on petrol (Heymann, 2014). More broadly, the 
Netherlands has a goal of cutting GHG (greenhouse gas) emissions 25% 
below 1990 emission levels by 2020, and encouraging EV adoption will help 
achieve this (Climate Case, 2015).

11.2.4.3 � Incentives

The Netherlands government and many cities offer incentives to encourage 
EV adoption. Full electric lease cars have less income tax addition ranging 
from 0–14% compared to 14–25% for ICE cars in 2013 to 2015. However, this tax 
break will end in 2016 and the income tax addition for PHEVs will increase 
to 14–21%. Amsterdam offers additional incentives including subsidies and 
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benefits. The city provides a subsidy on EV purchase prices of €5000 for pas-
senger cars, €10,000 for taxis, and €40,000 for trucks. Amsterdam also allows 
EVs to have no waiting list for parking permits, to charge for free in cer-
tain parking garages, and to pay no registration or annual circulation tax 
(EVolution, 2014).

In addition, the Dutch Consortium for the Tender of Electric Cars (DC-TEC) 
worked in 2011 to provide assistance to participating companies buying at 
least 10 EVs. The goal was to deliver at least 3000 EVs at a price comparable to 
ICE vehicles to encourage initial fleet EV adoption (Countries, 2015).

11.2.4.4 � Infrastructure

In 2009, Netherlands developed the Open Charge Point Protocol (OCPP), 
a protocol accepted in 50 countries and over 10,000 charging stations. The 
goal of the OCPP is to ensure flexibility of EVs between different charging 
networks worldwide, providing accessibility, compliance, and uniform com-
munications between charge stations and management systems. The Open 
Charge Alliance is an industry alliance comprised of EV charging hardware, 
software vendors, and charging network operators and providers, who are 
determined to uphold and foster global development of the OCPP (Open 
Charge Alliance, 2015).

ElaadNL and EVnetNL work together to create a network of over 3000 
public charging stations for EVs in the Netherlands. These initiatives coordi-
nate connections for public charging points and enable the collaboration of 
different Netherland network operators and managers (ElaadNL, 2015). The 
E-laad Foundation is a consortium initiated in 2010 supported by cooperat-
ing regional grid operators to increase EV infrastructure. The objective is 
to develop 10,000 public charging points. Municipalities can request up to 
2000 charging spots, and EV drivers can request 8000 charging locations. 
The cooperating grid managers fund these charge station installations with 
a €25 million budget. EV drivers can request to have an EV charge station 
installed at their home, workplace, or a different location and the installation 
will be done for free in a reasonable amount of time (Countries, 2015).

One specific successful charge station company in the Netherlands is 
Fastned. Fastned fast chargers are Level 3 charge stations installed with a 
solar canopy to offset electricity demand. See Figure 11.1. The company plans 
to build about 200 stations along major highways, aiming to have about half 
completed by the end of 2015. It is financially sustained through invest-
ments and customer pricing plans. Fastned has received about €15 million 
in investments using several incentives. First, Fastned offers certificates of 
€10 apiece as one share of the company and allows any certificate holder 
to attend certificate holder meetings and to vote on FAST board members. 
This system allows almost anyone to purchase a share and voice their 
opinion if so inclined. Second, Fastned offers a deal for shareholders who 
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purchase over 2500 certificates to become members of the Fastned Founders 
Club, which allows members lifetime free charging. The perks of this mem-
bership encourage greater company investment, which fund their charge 
station development. The pricing plans, which also fund Fastned, allow con-
sumers to choose either to pay a price per kWh or purchase a subscription 
plan. Fastned expects to reach the breakeven point when there are about 
50,000 EVs using their network. Their business model resembles the Tesla 
Superchargers model, in that they are focused on Level 3 charging, solar 
power, and building up the charge station network (Fastned, 2015). There 
are only a few Tesla Superchargers (5 as of July 2015) distributed throughout 
the country, which will be solar powered in the future (Tesla Motors, 2015b).

In June 2015, Stedin, in cooperation with the city of Utrecht and other part-
ners, installed the first vehicle to grid (V2G) capable solar powered charging 
station in the Netherlands (World Premiere Utretcht, 2015). This will allow 
solar energy to be stored in EV’s batteries and delivered to the grid if needed.

The Netherlands has made vast developments in the charge station infra-
structure. The country is building an infrastructure with many Level 3 sta-
tions, locating them at advantageous points, and coupling a large number 
of the stations with solar energy. Netherlands has also started to construct 
charge stations with V2G technology and solar power (Amsterdam Electric, 
2015). The country will hopefully continue this progressive path to satisfy 
the increasing demand of EVs and prepare for the future.

FIGURE 11.1
The Fastned charge stations are a growing charging network powered with renewable energy. 
Photo credit: Fastned fast charging station Vundelaar, Roos Korthals Altes.
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11.2.5 � United Kingdom

11.2.5.1 � Current Status

The United Kingdom has 21,430 EVs and 2870 EVSEs (Global EV Outlook 
2015, 2014). In Western Europe, 40.6% of all PHEVs sold in the first four 
months of 2015 were sold to people in Britain. The UK and the Netherlands 
together comprise over 67% of EU PHEV sales (Kane, 2015).

The UK primarily produces electricity using fossil fuels; coal and natural 
gas. About 15% of electricity is generated using nuclear energy and 7% gener-
ated using renewable energy sources. The UK electricity system is connected 
to France and Ireland, permitting electricity to be imported and exported 
when it is most economical (Electricity Generation, 2015).

11.2.5.2 � Policy

The UK aims to reduce GHG emissions by at least 80% below 1990 emissions 
by 2050. In 2011 the Carbon Plan was created, which included several trans-
portation actions. One action included the provision of over £400 million in 
funding between 2011 and 2015 for EV recharging infrastructure, research, 
and development to support ultra-low emission vehicles. The Carbon Plan 
also included the electric train routes and funding for low carbon emission 
buses and heavy goods vehicles. The government has an additional goal for 
all cars and vans to be zero emission vehicles by 2050 (2010 to 2015 govern-
ment policy, 2015).

11.2.5.3 � Incentives

In order to support EV sales, the UK government provides a one-time pre-
mium of £4000–7000, depending on vehicle price, to car owners whose vehi-
cles emit less than 75 g CO2/km. The government offers a Plug-in Car Grant 
and Plug-in Van Grant, which cover 35% of the EV car purchase price (maxi-
mum of £5000) and 20% of the EV van purchase price (maximum of £8000), 
respectively. Also, the city of London exempts EV drivers from paying the 
congestion charge and road tax when driving in the Congestion Charge 
Zone (EVolution, 2014).

11.2.5.4 � Infrastructure

The UK has over 57,500 public EV charge stations. As UK EV sales con-
tinue to increase, charge station installation rates must follow as well. 
The UK also has several initiatives to support charge station infrastruc-
ture. For example, Plugged-In Places (PIP) was designed to spur charge 
station development in several hubs. The government provided millions 
to this program to fund the construction of thousands of charge points 
nationwide and to provide free charging. Once the initiative ended in 
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2014, charge station companies started charging fees for charge station 
use. The Committee on Climate Change, which advises the government, 
has projected that a charging infrastructure could be supported for almost 
2 million EVs in the UK by 2020 at a cost of a few hundred million pounds 
(Countries, 2015). The government is focused on building home charging 
infrastructure and workingplace charging infrastructure. The National 
Planning Policy Framework encourages local authorities to consider imple-
menting policies that include charge station infrastructure in new domes-
tic developments. In addition, EV charge stations were granted permitted 
development, which is automatic planning permission for landowners to 
install charge points, enabling simpler and quicker installation processes 
(Making the connection, 2011).

Ecotricity is a utility company in the UK that solely uses clean energy, 
primarily wind energy but a portion of solar, tidal energy, and biogas as 
well. They are a not-for-dividend company meaning they have no sharehold-
ers. Instead, they are funded by customers’ energy bills. The utility powers 
and heats homes and businesses, and is also building an EV charge station 
network, powered by clean energy, along highways in the UK. There are 
over 100 charge stations in the Ecotricity network. Other networks’ swipe 
cards work for these charge stations too. Currently the charge stations are 
free to use for all customers, although a fee may be imposed later in the 
future (Ecotricity, 2015).

Green Motion is a car and van rental company, which has EVs, PHEVs, and 
hybrids in their fleet. The charge stations use solar or wind power if appro-
priate (Green Motion, 2015). In addition, there are several Tesla Superchargers 
distributed throughout the country (Tesla Motors, 2015b).

11.2.5.5 � Issues and Improvements

London has had difficulty maintaining functionality of the city’s charge sta-
tions. Beginning in 2014 and continuing through 2015, 20–30% of London’s 
public charge stations have consistently been out of service for maintenance 
at any given time. On-street charging is the primary mode for EV owners 
to charge their vehicles, given the city’s limited garage or driveway park-
ing. Bluepoint, a private operator who recently bought Source London, is 
responsible for repairing the network, but is continuing to struggle to do so. 
The poor charge station network maintenance affects EV drivers, EV sales, 
and companies such as rental companies planning to add EVs to their fleets 
(Sharman, 2015). Bluepoint needs to adopt a better maintenance repair sys-
tem for London’s electric charge stations in order to support EV industry 
growth.

In addition, the UK does not have many charge stations powered with 
solar energy or other renewable energy forms. A greater number of SPCSs 
should be constructed and located throughout the country. If not, the EVs 
are charged mainly using fossil fuels, which still release carbon emissions.
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11.2.6 � France

11.2.6.1 � Current Status

The government aims to have 2 million EVs by 2020. Several car manufactur-
ers and fleet services are leading the initiative, and are pledging to produce 
or purchase mass orders of EVs (Countries, 2015).

La Poste is a postal delivery service company in France with the nation’s 
largest corporate car fleet and the world’s largest electric vehicle fleet. The 
company currently has 5000 EVs with plans to deploy 10,000 EVs in total. 
La Poste is also testing extended-range hydrogen electric vehicles in 2015 
and assessing their viability (Le Groupe La Poste, 2015). This company has 
played a large role increasing EV adoption in France.

11.2.6.2 � Policy

France has a 14-point plan to encourage hybrid and electric vehicle adoption. 
Plan elements include building charge station infrastructure in 2010 with a 
€70 million budget, Renault establishing a lithium ion battery factory in Flins 
to produce over 100,000 batteries annually, requiring offices and homes built 
in 2012 or later to have charge stations integrated, and recycling used batter-
ies from electric vehicles (Detailed presentation, 2012).

France reduced its GHG emissions by 13% from 1990 to 2012; however, emis-
sions in the transportation sector were not reduced during this time. In July 
2015, France passed the Energy Transition Law, which aims to reduce France’s 
environmental impact, especially concerning energy and emissions. The law 
calls for a 40% reduction of GHG emissions between 1990 and 2030 and to fur-
ther reduce emissions by 25% by 2050. It quadruples France’s fossil fuel carbon 
tax by 2020. In addition, it calls for the country to cut 50% of its energy usage 
by 2050 and increase the energy mix’s share of renewables to 32%. The coun-
try’s energy mix as of 2015 is primarily nuclear energy with smaller portions 
of renewable and fossil fuel energy generation as well. The Energy Transition 
Law also works to develop France’s clean transportation and energy efficient 
mobility. It states that fleets and their public institutions should have 50% of 
their vehicles be clean vehicles and announces that the country will deploy 
7 million electric vehicle charging stations. Since 2010, the government has 
already been practicing some infrastructure provisions such as enabling local 
governments to install public charge stations and obliging them to do so at 
public parking areas, reserving a quota of parking spots for EVs and charge 
stations at workplaces and shopping centers, and requiring builders to install 
charge stations on inhabitants’ requests (Energy: energy, 2015).

11.2.6.3 � Incentives

Vehicles that emit 20 g CO2/km or less receive a €6300 premium, vehicles 
that emit between 20 and 60 g CO2/km receive a €4000 premium, and 
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vehicles that emit between 61 and 110 g CO2/km receive a €2000 premium. 
In addition, hybrid vehicles, which emit less than 110 g CO2/km, are exempt 
from company car tax during the first two years after registration. All elec-
tric vehicles are totally exempt from the tax (Overview for purchase and 
tax incentives, 2015). Furthermore, the government of France is offering a 
bonus of €3700 on top of the premium to drivers who trade a diesel car that is 
13 years or older for an electric vehicle and a bonus of €2500 to drivers who 
trade for a plug-in hybrid (Ayre, 2015a). On top of these national incentives, 
drivers who live in the Haute-Normandie region and purchase EVs also 
receive €5000 for individuals and up to €25,000 for companies and commu-
nities. Schools in this region that purchase EVs will also receive support for 
70% of the vehicle cost and total cost support for charge station infrastruc-
ture (Gordon-Bloomfield, 2014).

11.2.6.4 � Infrastructure

The government would like to have 7 million charge stations installed by 
2030. In order to get there, France developed a strategic roadmap in 2009 
for the expansion of the charge station infrastructure. Three key parameters 
were identified: creating standards for charge stations to ensure interoper-
ability and flexibility, developing long-term, viable economic and business 
models for vehicles and infrastructure, and matching infrastructure supply 
with demand. The country recognized the importance of the government’s 
support of the technology in the beginning development stages, until 2020. 
After that, leading up to 2050, viable business models would have to start 
solely supporting the industry (Strategic roadmap, 2015).

Autolib’ has played a large role in building France’s charge station infra-
structure and increasing EV awareness. Autolib’, created by the city of Paris 
and Bolloré, is an electric car sharing service in Paris that allows customers 
to pay a subscription fee to drive an electric Bluecar throughout the city and 
park at designated spots. Each parking spot has a charge station. There are 
over 2200 Bluecars and 4300 charge stations now deployed in Paris. Certain 
other EVs are capable of using the Autolib’ charge stations as well, includ-
ing the Nissan Leaf and Mitsubishi I-Miev. Bolloré has created similar car 
sharing services in Lyon, France and soon in London (Autolib’, 2015). The 
company has helped build a portion of France’s (and soon London’s) charge 
station infrastructure, increased awareness of EVs with high visibility, and 
enabled thousands of customers to experience operating an EV. Autolib’ has 
normalized electric vehicles in Paris. Yet another group, AdvanSolar, is a 
startup company that will install solar powered charge stations in France. 
Currently, there is one AdvanSolar station installed in the city of Nice 
(Advansolar, 2015).

Eco2Charge is a growing project in France, coordinated by Bouygues 
Energies & Services and eight partners, with an aim to increase EV charge 
station infrastructure. This project focuses on reusing EV batteries, after 

K26194_C011.indd   135 7/15/2016   10:33:12 PM



136 Solar Powered Charging Infrastructure for Electric Vehicles

their primary use in a vehicle, as local energy storage systems for charge 
stations. The batteries will store electricity during the night, when electricity 
prices are lower, and then charge vehicles with the stored energy during the 
day. These charge stations will be primarily located at work places, parking 
lots, campuses, and other locations where fleets park. Installations will begin 
by the end of 2016. Recycling used EV batteries is a cost-effective storage 
method. In principle, this project could be further improved if solar panels 
were added to the charging stations. Solar power would charge plugged in 
vehicles, in addition to the batteries, during the day, reducing reliance on 
the batteries and enabling a greater number of EVs to charge. Wider future 
applications of the Eco2Charge program include utility-scale storage systems 
where large solar or wind power stations are coupled with 50+ recycled EV 
batteries. The system could then use stored renewable energy to act accord-
ing to grid-wide demand, such as adding electricity to the grid at peak times 
(Eco2charge, 2015). Last, Tesla also has a presence in France, with several 
Superchargers installed (Tesla Motors, 2015b).

11.2.6.5 � Issues and Improvements

There are few solar powered charge stations developed in France. Although 
a couple of companies are working to deploy more SPCSs, there needs to be 
greater support. Powering more charge stations with solar power will reduce 
the strain on the electrical grid and help meet France’s Energy Transition 
Law requirement of increasing the share of renewable energy in the energy 
mix to 32%.

11.2.7 � Germany

11.2.7.1 � Current Status

Germany aims to have 1 million EVs on the road by 2020. The country had 
24,420 EVs and 2820 EVSEs at the end of 2014 (Global EV Outlook 2015, 2014).

Fossil fuels, renewable energy, and nuclear power are the main power 
sources for the country’s electricity production. Germany plans to phase out 
nuclear power.

11.2.7.2 � Policy

Germany aims to cut 40% of GHG emissions by 2020 and at least 80% by 
2050 compared to 1990 levels (Energy concept, 2015). Transitioning to elec-
tric vehicles charged with renewable energy is the country’s main strategy 
to reaching these targets. Thus far, Germany has been reaching this goal. 
Germany, along with France and Italy, has some of the largest reductions of 
carbon emission from newly registered passenger vehicles for the European 
Union (EVolution, 2014). Every German auto manufacturer has a hybrid 
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electric vehicle on the market and also offers or is developing an all-electric 
vehicle (Countries, 2015).

Four ministries are involved in Germany’s electromobility: the Federal 
Ministry of Economics and Technology (BMWi); the Federal Ministry of 
Transport, Building, and Urban Development (BMVBS); the Federal Ministry 
for the Environment, Nature Conservation and Nuclear Safety (BMU); and 
the Federal Ministry of Education and Research (BMBF) (Countries, 2015).

Germany has established the National Electromobility Development Plan 
to increase the country’s electromobility and help achieve the goal of 1 mil-
lion EVs by 2020. The plan focuses on funding research and development 
and practicing different market strategies to facilitate electric vehicle adop-
tion. The National Electric Mobility Platform brings scientists, politicians, 
and industry workers together to achieve the National Electromobility 
Development Plan objectives. Germany aims to become a leading mar-
ket and provider in the electric mobility sector (National Electromobility 
Development Plan, 2015).

There are three stages to Germany’s goal of having 1 million EVs by 2020. 
These stages are research and development (2014), market expansion with 
vehicle and infrastructure policies (2017), and launching a mass market 
(2020) (Vergis et al., 2014).

11.2.7.3 � Incentives

The government included €500 million for the development and commer-
cialization of electric vehicles and infrastructure in its Second Economic 
Stimulus Package. The government considered not offering consumers incen-
tives for purchasing EVs, but eventually decided to provide a tax incentive to 
spur greater EV adoption. All BEV vehicles licensed before December 31, 2015 
are exempt from taxes for 10 years and those licensed between January 1, 2016 
to December 31, 2020 are exempt for five years (Block, 2015; Countries, 2015).

The Electromobility Act was passed in early 2015 providing municipalities 
the right to grant special perks for EV users. The benefits include reserved 
and often free parking, use of bus lanes, and special transit passes for pollu-
tion sensitive areas (Tost, 2014a).

11.2.7.4 � Infrastructure

A program of the National Electromobility Development Plan is Electric 
Mobility in Pilot Regions, which focuses on building the charge station 
infrastructure in Germany. The government has allocated €130 million to 
this program for the eight regions with pilot infrastructure projects. The pro-
gram has installed over 2000 charge stations. Car sharing services have also 
built charge station infrastructure. Flinkster car-sharing service is available 
in over 140 towns and cities in Germany. There are over 500 electric vehicles 
in their fleet and over 800 charge stations in their network (EVolution, 2014).
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In order to increase the charge station infrastructure, the government 
has enlisted a highway service provider, Autobahn Tank & Rast GmbH, 
to build 400 fast-charging station sites along highways by the end of 2017 
(Cremer et al., 2014).

European Utility RWE has helped develop the largest public charging net-
work in Europe. RWE and other major German utilities are working with 
auto manufacturers and companies to increase charge station infrastructure. 
RWE is working with Daimler in a joint venture called E-mobility Berlin to 
install 500 intelligent charge stations powered with renewable energy. These 
charge stations allow consumers to add the cost of EV charging directly to 
their utility bill in addition to monitoring electricity rates and battery status 
(RWE-Mobility, 2015). Hubject is another joint project with car manufactur-
ers BMW and Daimler, utilities EnBW and RWE, and companies Bosch and 
Siemens. Hubject invited Open InterCharge Protocol (OICP), which allows 
information to be exchanged between an EV and its driver, a charge sta-
tion, and a utility. Hubject network is primarily in Germany but has a pres-
ence in neighboring countries such as Belgium, Austria, and Finland as well 
(Masson, 2013).

The Berlin based company Younicos AG has a solar powered charging 
station called Yana. This station has a solar array that tracks the sun and 
a 100 kWh battery to store solar energy. The station can charge up to eight 
vehicles at once. Younicos displays advertisements on the charge stations to 
generate additional revenue for the installer (Solar charging station, 2010). 
Finally, Tesla plans its Supercharger network to have complete, sufficient cov-
erage of the country by the end of 2015 with 40–50 Superchargers installed 
total (Tesla Motors, 2015b).

11.2.7.5 � Issues and Improvements

Germany was planning to have 100,000 EVs on the road by 2014, but only 
reached 24,420 EVs. Lack of incentives and infrastructure were two rea-
sons for low EV adoption rates. The National Electric Mobility Platform 
(NPE) commented on Germany’s progress at the end of 2014 and suggested 
steps to achieve their goal of being a leading manufacturer and adopter in 
electric transportation (Tost, 2014b). Suggested recommendations include 
incentivizing adopters with bonus tax depreciations for commercial 
users and implementing the Electromobility Act, building up the public 
charge station infrastructure, initiating public and private procurement 
of EVs, and manufacturing batteries in Germany. Germany adopted the 
Electromobility Act in early 2015 and will monitor the affect on EV sales. 
The additional NPE recommendations should be adopted as well, espe-
cially building the public infrastructure. Germany should also focus on 
coupling the charging infrastructure with solar panels, since the country’s 
main strategy to decrease GHG emissions is increasing electromobility and 
renewable energy (Tost, 2014a).
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11.2.8 � Denmark

11.2.8.1 � Current Status

Denmark aims to have energy independence in the future from fossil fuels. 
Denmark plans to couple wind power with EVs and V2G technology to meet 
electricity and transportation goals. As of December 2014, Denmark has 
2800 EVs and 1720 EVSEs (Countries, 2015).

11.2.8.2 � Policy

In the Danish Energy Agreement, Denmark aims to reduce carbon dioxide 
emissions to 34% lower than 1990 levels by 2020. Denmark also has a goal 
to increase the energy share of renewable energy to 35% by 2020. Wind cur-
rently accounts for over 20% of electricity production, but the Danish Energy 
Agreement includes a goal to increase this percentage to 50% by 2025. The 
Agreement also identifies the future need of a smart grid with increased 
renewable energy production and EVs; thus, it calls for the development of 
a smart grid strategy and strategy for energy-efficient vehicle promotion. 
€9.4 million is allocated for EV, hydrogen, and gas infrastructure (Addressing 
climate change, 2015).

In 2008, Danish Parliament entered a Climate and Energy Agreement, lead-
ing to the Danish EV promotion program. As part of the agreement, €4 million 
was allocated to EV battery demonstration programs, administered by the 
Danish Energy Agency. The program is designed to hear user feedback about 
EVs to become aware of deployment barriers. The following year the Danish 
Transport Authority created the Centre for Green Transport to manage sus-
tainable transport initiatives. The Centre conducts demonstration projects 
to promote environmentally aware and energy efficient transportation solu-
tions and test projects with EVs and alternative fuels. Examples of these proj-
ects include testing hybrid buses and leasing EVs on a timeshare basis. The 
EDISON project administered by Energinet.dk, the Danish transmission sys-
tem operator, also began in 2009 to develop system solutions and technologies 
for EVs and PHEVs. The project connects research institutions with industry 
to conduct research, development, and demonstration. However, the majority 
of research in Denmark has been placed on hybrids and hydrogen-fuel cells.

The Danish Electric Vehicle Alliance is an alliance of companies across 
the EV value chain including energy companies, charge station infrastruc-
ture operators, and EV manufacturers (Countries, 2015). The group works 
to foster the growth of EVs in Denmark while representing the interests of 
member companies (Mission, 2015).

11.2.8.3 � Incentives

Incentives include 25% VAT (value-added tax) for vehicles weighing less than 
2000 kg and exemption from the registration fee and annual circulation tax 
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based on fuel consumption. Total incentives for the BEV are about €15,500 
(private) or €3300 (company) and for the PHEV are about €22,800 (private) or 
€3400 (company). Unlike most countries, Denmark’s incentives are higher for 
private users rather than companies. This different incentive strategy does 
not seem to work in Denmark’s favor, however, since EV adoption is low 
compared to other countries (Mock and Yang, 2014).

11.2.8.4 � Infrastructure

CLEVER is a Danish company that established Denmark’s first nationwide 
fast charging network. These stations are installed in convenient locations 
such as highways, shopping centers, restaurants, workplaces, and homes. 
CLEVER worked on Test-an-EV, Northern Europe’s largest research project, 
supported by the Danish Energy Agency. The project had 200 EVs, which 
1580 participants drove and reported their experience on for 3 months. The 
majority of charging occurred at home. Seventy-one percent of the project 
participants reported a positive opinion of electric vehicles. Users felt that the 
vehicles’ range met their daily driving needs. CLEVER also has partnered 
with several different entities to build the charge station network, including 
Volkswagen auto manufacturer, Shell oil company, and the Swedish utility 
Öresundskraft (CLEVER, 2015).

E.ON is another company building the Denmark charge station infra-
structure with 700 charge stations as of 2015. The electricity used to charge 
these vehicles is renewable since it is generated using hydropower. E.ON 
installs stations in the city, homes, and for businesses (About E.ON, 2015). 
Tesla also has several Superchargers installed in Denmark (Tesla Motors, 
2015b). However, CLEVER and E.ON are the main builders of the Denmark 
infrastructure.

11.2.8.5 � Issues and Improvements

Denmark has a low EV and EVSE stock. The country has a relatively similar 
population size as Norway, but had 38,000 less EVs and 4500 fewer EVSEs at 
the end of 2014 (Global EV Outlook 2015, 2014). In order to keep up with other 
countries, Denmark must increase charge station infrastructure, especially 
SPCSs, and encourage much greater EV adoption rates.

11.3 � Asia

The Electric Vehicle Association of Asia Pacific (EVAAP) is an international 
membership organization that works to promote the adoption and develop-
ment of EVs and HEVs in Asia and the Pacific region. EVAAP exchanges 
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relevant information among members, collaborates with other interna-
tional groups with similar goals, and educates the government and public. 
Members include China, Japan, Hong Kong, and Korea (EVAAP, 2015).

Asian countries have had high adoption rates of e-bikes and e-scooters. 
These  vehicles are fuel efficient, easy to maneuver in congested traffic, 
and more affordable than a car. China is the largest market for e-bikes and 
e-scooters and India is the second largest. E-bikes are the most popular mass-
produced alternative fuel vehicle in China. Over 20 million e-bikes are sold 
each year (Bae and Hurst, 2012). Although they can travel only 20–30 miles per 
hour, they are much more affordable, starting at $1000, than EVs (Timmons, 
2013). However, in most other Asian countries, gasoline two-wheel vehicles are 
still preferred over electric (Bae and Hurst, 2012).

Despite the high adoption rates for e-bikes and e-scooters, passenger vehi-
cles are still widely used in Asian countries. It is important to consider the 
progress of EVs and improvements that can be implemented to encourage 
greater EV adoption.

11.3.1 � China

11.3.1.1 � Top EV and PHEV Car Sales

The top three electric vehicles sold in China as of June 2015 are BYD Qin 
PHEV, BAIC E-Series EV, and Zotye Cloud (EV Sales, 2015). BYD Qin, a 
domestically manufactured vehicle, has been dominating the Chinese EV 
market since 2014. BYD Qin is comparable in size to the Mitsubishi Outlander 
PHEV. The automaker BYD is rivaling Tesla. The BYD e6 is the second best-
selling vehicle in China and the 2016 model will have a 250‑mile range, simi-
lar to Tesla’s Model S 270-mile range, but $20,000 cheaper. In addition, the 
company is building a battery factory that could rival Tesla’s Gigafactory 
(DeMorro, 2015b; Shahan, 2014).

In 2014, five domestic EV manufacturers BYD, Kandi, Chery, Zotye, and 
BAIC held the top five highest sales in China. Overall, Chinese-manufactured 
EVs seem to be the leading vehicles sold in China, outselling Tesla and other 
foreign manufacturers (Tillemann, 2015).

11.3.1.2 � Current Status

At the end of 2014, China had 83,200 EVs and 30,000 EVSEs, comprising 12% 
of the global 2014 EV stock and ranking third highest EV stock in the world 
(Global EV Outlook 2015, 2014). China also had 36,500 EV buses and 230 mil-
lion electric bikes at the end of 2014 (Global EV Outlook 2015, 2014). China is 
projected to have over 350 million electric two-wheel vehicles sold by 2018 
(Bae and Hurst, 2012). There was a boom in the electric vehicle market in 
China in 2014, which The China Electric Vehicle Charging Station and Charging 
Pile Report 2015–2016 attributes to Tesla (China electric vehicle, 2015). Electric 
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vehicles and PHEVs are expected to continue to be subsidized relatively 
equally despite PHEVs’ lower total operating cost (Gao et al., 2015; Krieger 
et al., 2012).

China’s primary electricity source is coal, followed by hydropower, natural 
gas, nuclear and other renewable sources. Twenty-six percent of electricity 
produced in China is renewable (China, 2015).

11.3.1.3 � Policy

China targets carbon dioxide emissions to peak by 2030 or earlier and to 
decrease the carbon intensity of gross domestic product (GDP) by 60–65% 
below 2005 levels by 2030 (Climate Action Tracker, 2015). The State Council’s 
Notice on Energy Conservation and New Energy Vehicle Industry Develop
ment (2012–2020) called for the production and sale of 500,000 EVs and HEVs 
by 2015 and 2 million by 2020. China failed to meet the 2015 target and 
does not seem on track for 2020. Only existing Chinese auto manufacturers 
were eligible to produce electric vehicles until early 2015 when the National 
Development and Reform Commission (NDRC) modified rules to allow all 
manufacturers with special licenses to produce EVs (Marro et al., 2015).

The National Government Offices Administration declared that at least 
30% of government cars purchased annually must be BEVs, PHEVs, or other 
new non-polluting vehicles produced in China. In addition, these govern-
ment offices are required to install charge station infrastructure for their EVs 
and improve other clean vehicle infrastructure as well (China urges, 2014).

Four ministries of the central government issued the Interim Measures 
for Financial Aid Fund Management of Electric Vehicles Private Purchase in 
Pilot Cities (2010–2012). This provided a subsidy to EVs for private purchase 
or use in the pilot cities, a grant allowance for power battery production, 
battery charging stations, and infrastructure standardized construction, and 
funds for directory review and inspection (Tan, 2014).

11.3.1.4 � Incentives

Consumers who purchase a locally-produced new-energy vehicle (NEV), 
BEVs and PHEVs, receive a ¥35,000–60,000 ($5650–9700) national subsidy 
until 2020. After 2020, this national subsidy will be scaled down each year. 
In addition, domestic made NEVs will be exempt from the purchase tax 
until 2017. Local governments are providing additional incentives as well. 
For example, the Shanghai government offered free license plates for new 
Tesla vehicles, which saves the driver ¥74,000 ($12,000). Other local govern-
ments are choosing to match the national subsidy. Some local governments 
are also choosing to cap new vehicle registrations and reserve a portion for 
EVs (China urges, 2015).

In Beijing, odd number license plates and even number license plates must 
alternate the days they drive on freeways. However, Beijing is adding an 
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additional incentive for EVs by allowing EV drivers to use freeways every 
day (DeMorro, 2015a).

The majority of incentives in China only apply to locally manufactured 
EVs, not foreign vehicles. The lack of incentives and high import duties are 
hurting some foreign EV sales such as Tesla (Tillemann, 2015).

11.3.1.5 � Electric Transportation

Auto manufacturer BYD sells 4000 electric buses in China and several thou-
sand more worldwide annually (Loveday, 2015b). Nanjing Public Transporta
tion Group Co., LTD has purchased some of the largest electric bus and taxi 
orders from BYD. The company aims for its fleet to become all-electric and 
one of the largest in the world (Nanjing Public Transportation Group 2015). 
Also, the city of Wuhan has added thousands of BYD electric taxis to their 
fleets (Morris, 2015).

11.3.1.6 � Infrastructure

China has focused on building the EV charge infrastructure using charge 
stations and battery swapping. The State Grid Corporation of China 
and China Southern Power Grid, the two main operators of China’s power 
grid, have dominated building China’s charge station infrastructure. 
These state-owned companies have each focused on different regions to 
build charging infrastructure. Both have installed charging stations, charg-
ing and battery swap stations, and developed smart charging and swap 
networks (China electric vehicle, 2015). Other key players in the charge 
station infrastructure development include several electric companies, 
technology companies focused on smart grid and renewable energy dis-
tribution,  and a public transportation company. In 2014, the State Grid 
opened the distributed power grid and charge station market to private 
investors to stimulate installation rates. This allows consumers to install a 
charging station or residential solar power, and enables privately owned 
small-scale power sources to integrate into the state grid (China electric 
vehicle, 2015).

While the majority of EVs in China seem to use charge stations, some EVs 
and most electric buses use battery swapping (Loveday, 2015a). In April 
2015, Ziv-Av Engineering (ZAE), an Israeli engineering firm, signed a deal 
with China’s Nanjing Bustil Technology, an electric vehicle focused com-
pany, to create 7000 battery swap stations for electric buses in Nanjing, 
China. If successful, the Chinese company may expand to electric taxis as 
well (ZAE, 2015).

In 2014, Tesla partnered with Hanergy, a Chinese clean energy and thin-
film solar power company, to build the first solar powered Superchargers in 
China (Tesla Motors, 2015a). There are also nonsolar powered Superchargers 
in China (Tesla Motors, 2015b).
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As a result of all the above actions, the number of charging stations for 
electric two-wheel vehicles jumped between 2010 and 2014 from 76 to 723 
charging stations (China electric vehicle, 2015).

11.3.1.7 � Issues and Improvements

The Chinese government seems to be focused on the luxury, higher-end EVs, 
providing generous subsidies for these vehicles. A majority of Chinese citi-
zens cannot afford these high-end EVs and are unable to purchase an EV. 
Greater support must be given to the average consumer and more afford-
able EVs to help increase consumer EV purchases. If the government aims 
to build an EV fleet suited for its domestic needs, it should also improve 
international vehicle sales and increase small-scale EV production (Akcayoz 
De Neve, 2015).

Given the popularity of e-bikes and e-scooters in China, the bike charging 
infrastructure should also be expanded. In 2014, there were over 700 charg-
ing stations in China, but given projections for almost 60 million two-wheel 
electric vehicle sales in 2016, the charging infrastructure for these vehicles 
must increase rapidly. China is focusing on expanding EV sales, but two-
wheel vehicles may potentially be the future for the country. An equal or 
greater focus should be placed on these electric two-wheel vehicle sales and 
infrastructure.

Electricity in China is primarily produced from coal. Although vehicle 
emissions are reduced when transitioning to EVs, air pollution problems 
remain when the EVs are recharged using coal power, and pollution will 
possibly increase with the greater electricity demand. In order to avoid this, 
China should increase the share of renewable energy in the energy mix. 
In addition, China should couple solar power with charging and battery 
swapping stations to avoid an increased demand on the grid and recharge 
EVs using clean energy. Solar power would also reduce the demand surge 
on the grid, avoiding voltage fluctuation and poor voltage quality (SGCC 
Decontrols, 2014).

Range anxiety is still a large limitation to consumer EV adoption in China. 
There is insufficient charge station infrastructure. Often an area has limited 
charge stations built or the EV is not compatible with the charge station. Cities 
have led the effort of building infrastructure, which has led to varying stan-
dards city by city and local protectionism. For example, auto-manufacturer 
BYD needs approval from every city EV promotion office before entering 
a conversation of building infrastructure. China is working to reduce local 
protectionism and establish a national charging standard for EVs. In 2014, 
China announced it would unify its charging standards with Germany to 
the 7-pin Type 2 plug also used in the Netherlands. Another obstacle is that it 
is difficult to secure physical locations in China’s cities since parking spaces 
and gas stations are rare. Earlier in 2014, 1400 people in Beijing were granted 
free EV licenses, but 70% gave them up because there were no realistic places 
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to charge in the city. China should continue building its national charge sta-
tion infrastructure, using one charging standard, to encourage greater EV 
consumer adoption and to alleviate range anxiety (Yu, 2015). The next chal-
lenge to tackle should be finding or creating suitable charging locations in 
cities (China Top Sector E-mobility, 2014).

11.3.2 � Japan*

11.3.2.1 � Top EV Car Sales

As of June 2015, the top EV car sales for Japan are the Nissan Leaf, Mitsubishi 
Outlander PHEV, and Toyota Prius Plug-in (EV Sales, 2015).

11.3.2.2 � Current Status

Japan is ranked second in the world in terms of EV stock size for 2014. Japan 
has 16% of the 2014 EV global stock with 108,250 EVs and 11,500 EVSEs.

Japan has few domestic energy resources; it is the third largest net oil 
importer in the world behind the United States and China. Japan is the larg-
est importer of liquefied natural gas and the second largest importer of coal. 
Nuclear power was a main electricity source in Japan until the Fukushima 
plant accident. Imported natural gas, crude oil, fuel oil, and coal make up for 
the nuclear power loss, resulting in higher consumer electricity prices and 
a greater reliance on fossil fuels. Japan has plans to use nuclear energy as a 
baseload power source and to balance the energy mix with more renewable 
and alternative energy sources (Japan, 2015).

11.3.2.3 � Policy

In July 2015, Japan took a step backward by reducing the country’s emissions 
reduction target from 25% below 1990 levels by 2020 to 26% below 2013 emis-
sion levels by 2030 (equivalent to 18% below 1990 levels by 2030). This target 
is easier to reach and can be met using the current policies in place without 
taking further action (Climate Action Tracker, 2015).

In 2006, Japan set a target to focus on battery research and development 
to improve the lithium-ion battery and to promote EV sales to have econ-
omy of mass production for the batteries. In 2010, Japan developed the Next-
Generation Vehicle Strategy. This Strategy aims for Japan to have 20–50% 
of the country’s new vehicles as clean vehicles (hybrid, EV, fuel-cell, clean 
diesel) with 15–20% BEVs and PHEVs by 2020. In addition, by 2030 it aims for 
50–70% of new vehicles to be clean vehicles, with 20–30% BEVs and PHEVs. 

*	 Japan defines Next Generation Clean Energy Vehicles as HEVs, PHEVs, BEVs, natural gas 
vehicles, clean diesel vehicles, and fuel cell vehicles.
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The strategy also includes goals to install 2 million charge stations and 5000 
fast charge stations in Japan by 2020 (Government initiative, 2015).

11.3.2.4 � Incentives

In fiscal year 2014, the government offered purchase subsidies of ¥850,000 for 
PHEVs and BEVs and ¥350,000 for clean diesel vehicles. The incentives for 
the acquisition tax apply from April 2012–March 31, 2015 and for the tonnage 
tax apply from May 2012–April 30, 2015. Next generation vehicles are exempt 
from the acquisition tax and exempt from the tonnage tax for the first two 
vehicle inspections.

The government allocated ¥100.5 billion in fiscal year 2012 to subsidize 
charging station installations from March 2013–December 2015. Charge sta-
tions installed in accordance with a governmental or highway operating 
plan had 75% of the cost subsidized and charge stations installed for public 
use, parking lots, or other uses had 50% of the cost subsidized. Some cities 
are providing additional subsidies to encourage charge station installations. 
For example, Tokyo is offering financial incentives to businesses that install 
charge stations (Nagatsuka, 2014).

11.3.2.5 � Infrastructure

Japan has more EV charging points than gas stations. Japan has 40,000 EV 
charging points, including those installed at home (although not electrical 
outlets), and 34,000 gas stations. This impressive statistic indicates Japan’s 
dedication to increase EV charge station infrastructure and transition to 
electric vehicles (Ayre, 2015b).

A major strategy for building the charge station infrastructure is the EV 
and PHEV Town Concept. Fifteen towns were selected for projects to dem-
onstrate EV and PHEV deployment and are used as models for nationwide 
charge station infrastructure. Several towns with high tourism promote 
electric rental cars and electric taxis and have fast charging charge stations 
located in popular tourist spots. In addition, several cities have EV buses 
and EV taxis also. The infrastructure is slightly customized for each town 
depending on people’s daily needs (Our best practices, 2015).

CHAdeMO is a Japanese company that sells fast chargers internationally. 
The charge stations allow bidirectional charging and are Vehicle-to-Home 
(V2H) capable. Over 5400 CHAdeMO fast chargers have been installed in 
Japan (CHAdeMO, 2015).

In 2014, several auto manufacturers, Toyota, Nissan, Honda, and Mitsubishi, 
created a joint company called Nippon Charge Service. This company is 
dedicated to increasing Japan’s charge station infrastructure by funding a 
portion of applicants’ installation costs. These charge stations are then a part 
of the Nippon Charge Service network. The company will focus on building 
infrastructure in highly trafficked areas such as fueling and service stations, 
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along highways, parking lots, hotels, and larger commercial facilities (Japan 
automakers advance, 2014).

Tesla is also installing Superchargers in Japan and powering them directly 
or indirectly with solar power to have no impact on the grid (Tesla to invest, 
2015).

Toshiba has been testing solar powered charging stations for ultra small 
EVs in Miyakojima City, an island in Japan. Given the frequency of power 
outages on the island, Toshiba plans to use storage batteries as emergency 
power sources. Data will be analyzed from these test projects for future 
development on the island (Toshiba Corporation, 2013).

KYOCERA Solar Modules Company has provided solar panels for several 
EV charging stations worldwide. In Japan, KYOCERA worked with manufac-
turer Shintec Hozumi to charge EVs parked at the company’s headquarters 
using solar power. Solar panels of 230 kW generation capacity were installed 
on the building rooftop and the generated energy is used to recharge EVs. 
In case of a blackout, the EV batteries will serve as backup generators for the 
building (Colthorpe, 2014).

11.3.2.6 � Issues and Improvements

Japan imports a large portion of the energy consumed and mainly uses fossil 
fuels. Therefore, although BEVs have no emissions, they are still being fueled 
primarily using fossil fuel generated electricity. Thus, Japan overall has not 
reduced carbon emissions nor other GHG emissions with the transition to EVs. 
In order for EVs to be environmentally friendly, Japan should source the majority 
of its electricity from clean energy, especially solar. Also, EVs should be charged 
using SPCSs to fuel the vehicles using clean energy and to reduce the strain 
on the electrical grid. Tesla and several other companies are working to install 
SPCSs, demonstrating that this technology is feasible for Japan to implement.

11.4 � Australia

11.4.1 � Top EV Car Sales

In Australia in the first quarter of 2015, the Mitsubishi Outlander PHEV had 
the highest sales followed closely by Tesla with the BMW i3 farther behind. 
Nissan Leaf and Holden Volt sales have significantly dropped from 2014 
sales (EV Sales, 2015).

11.4.2 Current Status

In 2013, Australia’s electricity generation was mainly coal, followed by natu-
ral gas, hydroelectricity, and some renewables. However, over the past two 
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years there has been a push for increased renewable energy generation, 
especially solar (Australia, 2014).

The EV market is not on par with other major countries. In 2014, only about 
1180 BEVs and PHEVs were sold total. There are few government subsidies 
to make the price of EVs more competitive with ICE vehicles in Australia. 
In addition, the charging station infrastructure is currently very limited in 
Australia and is a barrier to EV adoption. However, the greatest inhibitor of 
EV adoption is the fact that charging an EV in Australia results in more car-
bon dioxide emissions than burning liquefied fossil fuels in an ICE vehicle. 
Consumers do not feel as environmentally friendly driving an EV as con-
sumers who live in countries with cleaner electricity generation; thus losing 
one of the greatest appeals of EVs (Duff, 2015).

The Central Area Transit (CAT) system of Perth conducted a cost benefit 
analysis and determined that the CAT bus fleet would have net savings of 
$6 million if the buses were all electric (Public transport, 2015). In addition, 
Energeia, which provides energy and electricity research advisory services 
to organizations, determined that the Australian economy would experi-
ence a net economic cost of $368 million if EVs were not adopted over the 
next 20 years. The economy would also lose the potential of an additional 
$878 million gross value added. In order to achieve full economic potential, 
Australia should have 4 million EVs on the road by 2035.

11.4.3 � Policy

In 2009, at the United Nations Framework Convention on Climate Change 
(UNFCCC) in Copenhagen, Australia pledged to reduce carbon emissions 
by 5% or 15–25% (under different conditions of a global agreement that sta-
bilizes GHG levels) relative to 2000 emission levels. Australia and other lead-
ing developed countries met in June 2015 and unofficially agreed to target 
a 40–70% reduction in carbon emissions compared to 2010 levels by 2050 
(Evans and Yeo, 2015). However, countries’ official carbon emission reduc-
tion pledges will be made at the UNFCCC in Paris from November 30–
December 11, 2015 (Quantified economy-wide, 2014). Farmers, environmental 
groups, and organizations in Australia are urging the government to pledge 
these targets or even a zero carbon emissions target by 2050 (Australian 
Government, 2015).

The Australia Electric Vehicle Association Inc. (AEVA) is a nonprofit orga-
nization of individuals and organizations with an interest in EVs. The group 
works to educate consumers about EVs and promote EV adoption, as well 
as foster EV research and provide a forum for communication about EVs 
(Policies, 2013).

Green Vehicle Guide is an online service by the government to provide 
ratings on new AU vehicles based on GHG and air pollution emissions, cal-
culated comparing vehicle test data to AU standards. Overall ratings are 
assigned using 0–5 stars and a greenhouse and air pollution rating, which 
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ranges from 0–10 (best). This Guide enables consumers to compare all vehi-
cle makes and models for up to three auto manufacturers to understand the 
vehicles’ benefits and economic savings (Green Vehicle Guide, 2015).

Through the National Energy Efficiency Initiative (NEEI), the Australia 
Government granted $100 million to Smart Grid, Smart City, led by Ausgrid, 
to develop a smart grid on a commercial scale. The program tested smart 
grid technologies, measuring the benefits and costs of nationwide develop-
ment. Thirty thousand households participated in this program from 2010–
2014. Also, as a part of the program Ausgrid added 20 electric cars to its fleet 
to study how the EVs affect the grid. The Final Report on these studies has 
not yet been released (About Smart Grid, Smart City, 2015).

11.4.4 � Incentives

Fuel-efficient vehicles in Australia are exempt from the Federal Luxury 
Car Tax. Vehicles that are purchased which are above a threshold value 
are subject to a higher tax rate for the proportion that exceeds the thresh-
old. Fuel-efficient vehicles have a higher threshold value of $75,375 in 2014–
2015 compared to $60,136 for other vehicles. The Emission Reduction Fund 
(ERF) offers incentives to consumers who reduce the emission intensity of 
Australia’s transport sector. The ERF targets large fleets, such as rental com-
panies or public bus fleets, and thus primarily promotes fleets, rather than 
individual consumers. However, this incentive has limited benefit for EVs 
since the majority is powered using the electrical grid, which has high car-
bon emissions. EVs qualify for a 20% reduction on their registration fees. 
The Green Vehicles Duty Scheme is another incentive for alternative fuel 
vehicles, which provides a stamp duty discount for vehicles based on GHG 
and air pollution ratings. Vehicles with A-rating, which includes EVs, are 
exempt from stamp duty (Review of alternative fuel, 2015).

11.4.5 � Infrastructure

There are limited publicly accessible charge stations currently in Australia. 
However, there are efforts to increase the infrastructure. Beginning in 2015, 
the Royal Automobile Club (RAC) is developing an electric highway of pub-
lic electric vehicle fast charge stations between Perth and South West. The 
goal is to provide a charging network to stimulate greater EV demand in 
Western Australia. Thirteen charge stations with two charging points each 
will be installed using E-station charge stations (RAC electric highway, 2015). 
E-station is an EVSE provider in Australia that sells charge stations for the 
home, office, car parking lot, or street parking. The charge stations are com-
patible for electric cars or buses (Welcome to E-station, 2015).

Similarly, Queensland also wants to build a 1600-km long electric highway 
of fast charging charge stations, many of which will be SPCSs, along the 
Bruce Highway. The first charge station of the electric highway will be an 
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SPCS, the first in Australia, and will be installed in Townsville. In addition, 
to subsidize costs, the solar provider Ergon Energy is offering to lease 25 kW 
of solar panels for businesses, and the Economic Development Queensland 
is offering to lease EV charging equipment (Queensland plans, 2015).

Tesla has plans to build a Supercharger network in Australia and power it 
with solar. Sixteen Superchargers will be built, connecting Melbourne with 
Brisbane and the Sunshine Coast by 2016. Goulburn Visitor’s Centre was cho-
sen as the first installation location. Tesla is also establishing hotel partner-
ships to install Level 1 and Level 3 wall-mounted charging units (Hall, 2015).

11.4.6 � Issues and Improvements

Incentives should be provided for the purchase of EVs to make them more 
appealing to consumers. Removing the import barrier on foreign vehicles 
could reduce the premium currently paid for the vehicles. In addition, intro-
ducing a pricing scheme that charges consumers more for vehicles with 
higher GHG emissions would reduce the price gap between EVs and ICE 
vehicles and could encourage more consumers to purchase EVs. Incentives 
beyond subsidies, such as granting EVs priority access to bus lanes and 
providing designated parking spots, are also helpful for encouraging EV 
adoption.

There are four models of BEVs and 20 HEV models available in Australia. 
Providing consumers a greater selection of clean vehicles could assist them 
in finding the best vehicle for their needs and increase the likelihood of 
purchasing an EV. In addition, Australian consumers have cited the lack of 
charge station infrastructure as a barrier to EV adoption. Efforts to build 
charge station infrastructure should continue to increase. SPCSs should defi-
nitely be a focus of Australia’s charge station infrastructure since the fos-
sil fuel powered electrical grid discourages consumers from EV purchases. 
SPCSs use clean solar energy to power EVs, reducing emissions and the vehi-
cles’ overall impact on the environment.

11.5 � Conclusions

This review of progress in many countries indicates that charging infrastruc-
ture and incentives are important for widespread EV adoption. High prices 
for gasoline and carbon dioxide emission taxes encourage EV purchases. In 
light of the December 2015 Paris Agreement, countries likely will be further 
encouraged to reduce carbon emissions through EVs.

The majority of countries reviewed in this chapter have relatively suc-
cessful EV policies and initiatives, and they can share and learn from each 
other. It is crucial that countries engage in meaningful discussions with one 
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another to aid in the global transition to EVs. National standards for EVs and 
EVSEs are important to achieve both for internal consistency and to even-
tually have worldwide standards. The political and technological barriers 
inhibiting widespread EV adoption must be removed. SPCSs must be suffi-
ciently prevalent worldwide to combat both range anxiety and the emissions 
associated with the electrical grid.
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12
Conclusions

Larry E. Erickson, Gary Brase, and Jackson Cutsor

Change is the law of life. And those who look only to the past or present are 
certain to miss the future.

John F. Kennedy

12.1 � Summary of Progress

In the last several years there has been progress with respect to many of the 
topics in this book. Electric vehicles (EVs) continue to be sold in significant 
quantities. Tesla delivered more than 50,000 new cars in 2015, and their infra-
structure of Supercharger stations continues to grow (Waters, 2016). Tesla 
provides a good example of the importance of an infrastructure of solar 
powered charging stations (SPCSs). The prices of solar panels and batteries 
for EVs and energy storage have continued to fall over the past several years. 
A significant fraction of new electric generating capacity is powered by either 
wind or solar energy. The path forward leads to a world in which EVs will be 
the vehicle of choice and solar and wind energy will be less expensive than 
other alternatives. Battery storage of energy is becoming competitive, and it 
is being used with smart grid developments and time-of-use prices to deliver 
electric power efficiently and effectively.
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12.2 � Important Research and Development Challenges

Research to develop improved solar panels and batteries continues to have 
great value. Better efficiency in converting solar energy to electricity is 
expected in the next 25 years. Further reduction in cost is expected as well. 
Progress in batteries to increase energy density, lengthen battery life, and 
reduce cost will have value for EVs and for energy storage. While there is a 
continuing growth in new brands and models of EVs, research and develop-
ment to optimize EVs is continuing on many fronts. Similar further research 
and development is needed to improve SPCSs.

Decision support systems are needed to manage the smart grid through 
time-of-use (TOU) prices and automated systems that reduce peak power 
requirements and balance supply and demand effectively. When more than 
50% of vehicles are EVs and more than 50% of electricity is generated by wind 
and solar energy, new decision support software will be needed to manage 
the smart grid efficiently. Research to improve decision support systems for 
grids with large numbers of SPCSs, EVs, and energy storage is needed. The 
educational materials for customers regarding their interaction with smart 
grid communication systems and decision support systems with TOU prices 
and automation features need further study and development. It is known that 
high temperatures may impact the lifetime of batteries. Research is needed to 
understand the relative importance of shade provided by SPCSs in very hot 
parking lot environments such as Arizona. Temperature measurements can 
be made with and without solar panels providing shade and data on battery 
life can be collected in environments with high summer temperatures.

Research and development to make wireless EV charging easy, efficient, 
and inexpensive would have great value. The cord to connect to the vehicle 
is of greater concern when it is used in public SPCSs because of the need for 
safety. A worldwide standard for EV cords is necessary. On the other hand, 
eliminating the need for a cord also has significant value.

12.3 � Integration and Implementation of New Developments

Several new developments have the potential to be very important in the effort 
to develop an infrastructure of SPCSs. The smart grid with time-of-use prices 
increases the value of energy generated with solar panels. Battery storage with 
SPCSs enables solar energy to be made available at times different from when 
it is generated. The smart grid with improved communication and time-of-use 
prices enables users to shift their energy use to more favorable times.

As the growth of solar energy generation systems fills parking lots and 
roof tops with solar panels, the infrastructure for EV charging will be more 
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robust and supportive of EV transportation. If convenient charging is avail-
able at most locations where EVs are parked, the battery size needed for 
effective daily use is reduced.

The integration of SPCSs into the grid has significant value for society. 
Energy storage in batteries as part of a smart grid with TOU prices may help 
the management of supply and demand in grids with large numbers of SPCSs. 
There is significant demand for electricity near most SPCSs because parking 
lots usually have many other activities nearby. Policy issues related to the inte-
gration of electricity generated by SPCSs into the grid need to be managed 
appropriately such that benefits are distributed equitably and there are no bar-
riers that prevent integration. Demand charges, TOU prices, and other smart 
grid features should be beneficial in the integration of SPCSs into the grid.

The SPCS system brings electricity to parking lots in a new way. This allows 
electronic advertising to be integrated into SPCSs at a reasonable cost, and it 
provides another alternative to pay for SPCS equipment and electricity con-
sumed. Free Level 1 and Level 2 charging of EVs is inexpensive and it is being 
provided in some parking lots with costs paid for by advertising, an employer, 
or retail establishments. New business models can be developed that integrate 
SPCSs into the many common parking lot business models that are in use. 
Because electric power is generated with SPCSs, there is the business model 
of the electric utility owning or leasing the SPCSs and producing power for 
its grid, including selling to EV customers that use the SPCSs (Robinson et al., 
2014). Where electric utilities are regulated, they may need to obtain approval 
to sell electricity to customers with EVs at SPCSs. The regulatory body would 
be involved in approving the rate, which might be a TOU rate.

Another integration topic for urban communities is air quality. An air 
quality initiative may include an effort to generate electricity with SPCSs 
and increase the infrastructure for EV charging in order to increase EV use 
and thereby improve urban air quality. There are many urban areas that 
have poor air quality such that it impacts health and the quality of life. The 
justification for installing SPCSs in urban parking lots may include the goal 
of improving air quality. The cost of free charging with SPCSs could be paid 
for with a sales tax or paid through utility billings for electricity, including 
EVs using the SPCSs.

12.4 � Education and Achieving this Great Transition

Education is needed to accomplish the goals of electrifying transportation, 
adding an infrastructure of SPCSs, introducing smart grids with demand 
charges, TOU prices, decision support systems, and new communication 
features that encourage customers to optimize their electricity use. This 
transition to a more participatory system has many features that need to 

K26194_C012.indd   159 6/10/2016   1:39:53 PM



160 Solar Powered Charging Infrastructure for Electric Vehicles

be understood sufficiently to work effectively. Peak power demands can be 
reduced when customers shift their use of electricity to another time. One of 
the purposes of this book is to begin to inform people of the opportunities 
and benefits of EVs, SPCSs, and the smart grid.

In addition to basic education about the nature of EVs, SPCSs, and the 
smart grid, there needs to be some consideration of how people react to these 
changes as they disrupt the traditional ICE market, petroleum-based energy, 
and the basic electrical grid most people have now. Change and disruption 
can be either upsetting or exciting, depending on how it is presented and 
who is experiencing it. Take, for example, the decision to purchase an EV. 
Several of the preceding chapters have explored the basic economics (includ-
ing full cycle analyses) of having an EV versus an ICE. We are now at a point 
where an EV can be quite economically competitive with an ICE. But what 
influences when a particular individual decides to transition to an EV?

Surprisingly, some important factors are decidedly noneconomic; people 
who are made conscious of social status, and given the opportunity to buy a 
more expensive but environmentally “greener” product (a car, an appliance, or 
a cleaning product), are more likely to buy that greener product (Griskevicius, 
Tybur, and Van den Bergh, 2010). Similarly, people pay attention to their neigh-
bors and feel more compelled to adopt new technologies such as home solar 
panels when their neighbors have done so (Plumer, 2015). This seems to come 
down to wanting to be seen by others as holding valued social traits (e.g., car-
ing about the environment, having the ability to obtain the latest technologies).

This “keeping up with the Jones’s” effect is not always a guarantee, how-
ever. Several studies have looked at what happens when people are given 
meters in their homes that show them how much electricity they are using, 
relative to the usage of others. These “smart meters” (as part of a smart grid) 
can lead individuals to decrease their own energy consumption, but effec-
tiveness of these meters depends tremendously on how they are designed 
and how they are used (Ehrhardt-Martinez et al., 2010; Mooney, 2015).

Perhaps a larger concern is the array of forces opposed to education, or even-
tual adoption, of renewable energy and electric vehicles. Some of these forces 
are predictable, but others are not as obvious. Most of them share a common 
thread: as Upton Sinclair said, “It is difficult to get a man to understand some-
thing, when his salary depends upon his not understanding it.” The petro-
leum industry consistently works against the adoption of alternative energy 
sources (Edelstein, 2014). Energy companies are often resistant to change, 
both because of their investments in oil and coal and because of issues related 
to the need to maintain/upgrade the electrical infrastructure (Bushnell, 2015). 
Tesla, which has been selling its electric cars directly to customers, has been 
frustrated by state laws (enacted with the support of dealerships) that limit or 
forbid car sales except through franchised dealerships (Chapman, 2013). Even 
dealerships selling their own EVs appear to be suppressing the sales of those 
vehicles over ICE models (Murphy, 2014; one reason appears to be the much 
higher maintenance and repair revenue dealerships get from ICE models).
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Last, there are growing political dimensions to alternative energy and EV 
adoption. For instance, the Kansas state legislature in 2015 faced an almost 
$600 million budget deficit, primarily due to conservative-led slashing of 
state income taxes. Efforts to fix this shortfall included a variety of steps, 
but legislators were loath to raise taxes as a solution. With one exception; an 
early move to help with the deficit was to eliminate several incentives for 
renewable energy development. Curiously, “conservatives in the Legislature 
who have traditionally opposed tax increases have said renewable energy is 
one sector they don’t mind turning to for revenue” (Himmelberg, 2015). This 
political dimension is actually a bit odd because the transition to renewable 
energy and EVs is key to fundamental issues across the political spectrum. 
Yes, renewable energy is good for the environment (a progressive goal), but 
it also is our best shot at independence from foreign oil and future economic 
prosperity in this area (a conservative goal).

12.5 � The United Nations Paris Agreement on Climate Change

One of the important reasons for developing an infrastructure of SPCSs is 
to help meet the goals of the Paris Agreement to prevent global tempera-
tures from increasing more than 1.5°C. It may be possible to generate at least 
1/3 of the electricity used in the world by covering parking lots with SPCSs. 
Many of the concepts of adding SPCSs in parking lots can be implemented 
almost anywhere in the world. There are off-grid locations where SPCSs 
with inexpensive batteries can be used to provide electricity for lighting and 
other purposes as well. With good policies and efforts to eliminate any bar-
riers, there is the potential to transition to renewable energy, SPCSs, EVs, and 
reduced greenhouse gas emissions. This can help accomplish the goals of the 
Paris Agreement (UNFCCC, 2015).

You must be the change you wish to see in the world.

Mahatma Gandhi
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