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Introduction and Overview

Daphne Mah, Peter Hills, Victor O. K. Li and Richard Balme

Abstract The policy challenges associated with global warming, the prospect of
increasingly expensive fossil fuels, and the recent re-emergence of serious con-
cerns about the safety of nuclear power after the Fukushima accident in Japan are
encouraging many western and Asian economies to develop smart grids (SGs) as a
component of their energy policy portfolios. This introductory chapter first dis-
cusses the evolving definitions of SGs, and the five major applications of these
technologies. We will then provide an energy sector outlook, highlighting the
major energy developments in the near future that may affect SG deployment. We
will conclude with an overview of the objectives and structure of the book.

1 Introduction

The policy challenges associated with global warming, the prospect of increas-
ingly expensive fossil fuels, and the recent re-emergence of serious concerns about
the safety of nuclear power after the Fukushima accident in Japan are encouraging
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many western and Asian economies to develop smart grids (SGs) as a component
of their energy policy portfolios. SGs are often compared to the Internet and smart
phones as one of the major transformational technologies that can potentially
reshape economies and societies [1]. Although SGs are defined in various ways in
different countries and across institutions [1, 2, 3, 4], they are typically taken to
mean a modern grid concept that uses advanced information technology to update
and modernize existing power grids to improve reliability, security, and efficiency
of electricity supply systems [2].

SGs are widely regarded as one of the key building blocks of a sustainable
energy future [3, 5]. These future grids will look very different from those of
today. Traditional grids are typically centralized and fossil fuel-based. These
smarter grids are essential to enable the wider use of renewable energy and plug-in
electric cars as well as to accelerate energy-efficiency efforts—which are the core
elements for more sustainable energy systems [2]. They can also reduce trans-
mission and distribution losses, and enhance grid reliability. They are therefore
expected to bring economic, environmental, and social benefits in many important
ways: revitalizing the economy and providing green jobs, reducing capital
expenditure on energy infrastructure [2], reducing power disturbance costs to
economies [2] as well as facilitating a low-carbon energy future [2, 6].

SG is a subject that is highly dynamic and rapidly evolving. As an emerging
energy-related technology in its nascent phase of deployment [7], SGs involve the
integration of a broad range of state-of-the-art technologies that include wind and
other renewable energy, electric vehicles (EV), car batteries, microgrids, computer
networking, and communication systems [4]. This is an area where rapid innova-
tions in technology are taking place. SGs are highly dynamic because they are also a
key to both demand-side (e.g., energy saving and energy efficiency) and supply-side
(e.g., renewable energy) management of energy systems, making such technologies
a fertile arena in which many possible solutions for a more sustainable future may
be located. SGs are an area where many substantive developments are rapidly
unfolding. Many countries and cities are piloting SGs—at different scales from
small pilots to large demonstration projects, and with varying scope to test tech-
nologies, business models, and consumer acceptance [2]. What also adds to the
dynamic nature of SGs is their stakeholder landscape. The development of these
SGs is a long-term process and a cross-sector effort that requires visionary and
strategic planning, and collaboration among policymakers, utilities, the business
sector, consumers, and other stakeholders [5, 8].

There has been strong international interest in SGs. Drivers of SG policy ini-
tiatives are many: rising energy costs with growing demand for energy, increasing
awareness of global climate issues, growing need for energy efficiency, and rapid
innovations in technology are just some of them [2]. Many countries and cities
have made considerable progress in recent years to develop SGs at various scales
and with different objectives in mind. The US national policy framework for SGs
announced in June 2011, the European Technology Platform established in Europe
in 2005, the four large-scale demonstration projects launched in Japan in 2010, the
Korean smart grid vision announced in 2008, and China’s smart grid initiatives
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formulated in 2009 are just some examples of these endeavors (For more details
about these international developments, please refer to Part 4 International Case
Studies of this book).

2 What Are SGs?

2.1 In What Ways Are SGs ‘‘Smarter’’?

SGs are regarded as essential for a sustainable energy transformation. In what
ways are they ‘‘smarter’’ than conventional systems? How can SGs overcome
problems that cannot be solved by traditional grids?

Today’s electric grids are using technologies that were state-of-the-art more
than a century ago. These traditional grids typically consist of centralized power
plants, transmission, and distribution lines. They are highly dependent on fossil
fuels, and one-directional [9]. However, these aging grids face a number of
challenges, including coping with the continued growth in demand, the need to
integrate various renewable energy sources, which may involve intermittent
availability, and EV, and the need to improve security of supply [3].

SGs are ‘‘smarter’’ in two ways. First, they have the ability to manage the two-
way flow of electricity and information to optimize supply and demand. Tradi-
tional electric grids have one-way communication between utilities and customers:
that is there is a one-way flow of information from customers to the grid (through
meters) and a one-way flow of energy from the grid to customers [5, 9]. In
contrast, SGs enable two-way flow of information (through a variety of interfaces)
and energy (through distributed generation and storage) [9]. This is achieved
through smart metering technologies and sensors that are installed throughout
transmission and distribution grids, and which are linked to integrated commu-
nication networks to collect and consolidate data [1, 5]. This ability of two-way
communication is fundamental to SG operations. Customers, for example, can
proactively monitor and manage their electricity use, and can even sell back to the
grid surplus renewable electricity that is produced at home [9].

SGs are ‘‘smarter’’ also in the sense that they are capable of integrating a wide
variety of energy sources and energy customer services—which are now separately
managed in traditional power systems—in highly interconnected electricity systems
[2, 5, 7]. SGs also integrate a variety of interfaces, including home energy man-
agement systems (HEMS), building energy management systems (BEMS), and
advanced metering infrastructure (AMI). SGs can coordinate the needs and capa-
bilities of different generators, grid operators, end users, and electricity market
stakeholders to operate all parts of the system efficiently [3]. All these components
require the integration of SGs to achieve scale benefits and cost effectiveness [3].
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2.2 Five Major Applications of SGs

SGs are complex systems that may provide five major applications:

• Smart systems: SGs can improve resilience to disruptions, attacks, and natural
disasters [2]. This can be achieved through advanced sensors and computer-
based remote controls. These sophisticated communication technologies and
automation can help prevent disruptions rather than simply react to them, and
therefore limit outages and network losses [5]. SGs can also identify and fix
problems faster [1].

• Smart renewables: Today’s grids are mostly designed for centralized supply
sources and are therefore less accommodating to renewable resources that are
intermittent and widely distributed [2]. SGs can accommodate a variety of
generation, including renewable energy resources such as wind and photo-
voltaic solar, and other forms of distributed generation such as small-scale
combined heat and power, and energy storage [1, 3]. SGs are regarded as
essential to mainstreaming renewables because through state-of-the-art mod-
eling and decision support tools, wind forecasting, and contingency analysis,
for example, can be improved and these can enhance the integration of these
intermittent sources into the power system [2, 3].

• Smart consumers: In SG systems, consumers are no longer passive purchasers
[1]. SGs can inform and empower consumers to proactively manage their
consumption [1]. Consumers can be provided with devices and information to
manage their energy usage, and to reduce demand in response to peak load [1].
This can be achieved through smart meters and smart appliances that are con-
nected with sensors to collect electricity consumption data, and which is
essential to enable dynamic pricing and consumer participation in demand-side
management [7]. Power companies can introduce a variety of demand response
programmes. Direct load control programmes, for example, are mainly offered
to residential and small commercial customers—in which consumers can
choose to allow a programme operator to remotely turn off their appliances or
equipment at short notice [9]. Consumers in this way can help reduce peak
consumption and reduce the costs of generating expensive power to meet peak
demand [2]. Real-time pricing programmes and other dynamic pricing pro-
grammes can be introduced to provide incentives for reducing peak load con-
sumption [9]. Interruptible supply contracts, on the other hand, are offered
mostly to large industrial or commercial customers. With these contracts, cus-
tomers curtail their consumption in case of predefined grid contingencies [13].

• Smart transport: EV and plug-in hybrid EV can have a major role to play in
reducing emissions. SGs can better manage vehicle charging so that rather than
increasing peak loads, the charging can be carried out more strategically, when
for example electricity demand is low or when the production of renewable
electricity is high. In the long run, SGs can use EV as batteries to store
renewable and other sources of electricity for later use [3].
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• Smart electricity service providers: Utility companies will not be the only
significant players in SGs. SGs create new markets as these technologies are
conducive to new products and energy services, and also new market players.
Energy efficiency and intelligent appliances, smart meters, new sensing and
communications capabilities, and passenger vehicles are some examples of
these new products [2]. SGs, therefore, tend to bring major changes in the
market place—they rely on numerous third parties, including energy-service
providers and brokers to provide core and additional services [1]. Energy-
service providers, such as home energy monitoring service and energy-service
companies (ESCOs) can analyze customer energy usage and provide custom-
ized energy services to meet customer needs. They can also perform direct load
control or provide financial incentives for customer-responsive demand in
homes and businesses [14] (Fig. 1).

3. Smart Consumers

4. Smart Transport 

2. Smart Renewable

5. Smart Provider 

1. Smart System

Fig. 1 Five major applications of smart grids. Source authors, Computer Networks and Security
Lab [31], and HD PLCMAG [32]
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3 Energy Sector Outlook

A recurring theme in this book is that the overall context for energy production and
use is progressively moving in a direction that will support SG initiatives. This
context reflects not just the global concern with climate change and the need to use
energy more wisely and efficiently but also the kinds of energy that will be produced
and the nature of the power grids that will deliver electricity to end users. A brief
commentary on some important global energy and energy-related trends is, there-
fore, needed to contextualise SG initiatives. We emphasize, however, that this is not
a book about energy policy. Rather, our focus is on the way in which thinking about
SGs is developing, how the concept is being translated into practice and the kinds of
technical, policy, and governance issues that surround such grid transformations.

Clearly, international thinking on energy and energy policy over the past
20 years has been profoundly influenced by global climate change concerns. The
latest assessment by the intergovernmental panel on climate change (IPCC) pub-
lished in September 2013 concludes that human influence on the climate system is
clear, and it is extremely likely that human influence has been the dominant cause of
the observed warming since the mid-twentieth century [14]. While CO2 emissions
in some countries have either slowed or declined, most notably the USA as a result
of the switch away from coal to natural gas in electricity production, global energy-
related CO2 emissions increased by 3.2 % over the 2010 figure to reach 31.2 Gt in
2011. Much of this increase was the result of the increasing use of coal in China and
India. Effective and widespread decoupling of emissions and economic growth has
yet to be achieved [15].

Global electricity demand is expected to continue to increase—by 70 % in the
period to 2035—and approximately half of this increase in demand is expected to
arise in the coal-dominated energy economies of China (38 %) and India (13 %) [15].

In terms of sectoral demand for electricity, industry will remain the largest
electricity consumer, accounting for 2.3 % increase in demand per year and over
40 % of total demand in 2035 [15]. The other major demand sectors will remain
the residential and service sectors [15]. The transport sector is expected to expe-
rience a significant and substantial increase in demand for electricity as a result of
the deployment of EV [15]. Hybrid-electric (HEV) and EV sales passed 1,000,000
and 100,000 in 2012 at growth rate of 43 % and more than 200 %, respectively
[16]. Japan and the United States of America continue to lead the electric vehicle
market [16]. Increasingly, governments around the world are providing various
types of support for EV deployment including vehicle tax breaks and programmes
to encourage the installation of charging stations. In India, for example, the
government plans to get 6 million EVs and HEVs on the road by 2020, with half of
the investment cost (US$4.2 billion) supported by government funding [16].

In terms of energy production, output from various forms of renewables con-
tinues to grow at a rapid pace. In 2012, solar PV electricity output grew by 42 %
and wind power by 19 % [16]. The share of renewable in world electricity gen-
eration is projected to grow from around 20 % in 2010 to 28 % by 2020 and
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almost 60 % by 2050 [16]. The diffusion of renewables has already spread well
beyond the developed OECD economies such as the USA and those in Europe and
is well established in developing economies such as Brazil, China, and India. In
fact, non-OECD countries account for 53 % of world renewable electricity pro-
duction [16]. Furthermore, China has itself become a major player in the renew-
ables technology area and is the world’s largest solar panel producer [17].

Nuclear power continues to represent a key element of the generation mix in a
number of countries and although the Fukushima accident resulted in a widespread
revisiting of nuclear expansion plans around the world new nuclear projects increased
from four in 2011 (the year of the accident) to seven in 2012 [16]. Nuclear seems to be
slowly regaining public support since 2011, a trend that is the most pronounced in
the USA, China, and France, although local support for nuclear continues to fall in
Japan, Poland, and Spain [16]. Nonetheless, as a non-carbon-emitting option (at least
insofar as the process of generating electricity is concerned) nuclear will doubtless
continue to figure on the energy policy agenda in coming decades.

While much attention is naturally given to the fuel and technology mix options
used to generate electricity, the means by which electricity is distributed and
delivered to end users is just as important an issue. As the focus of this book itself
indicates, power grids themselves have moved center stage and are now seen as a
critical element in progress toward a low-carbon economy. The scale of invest-
ment in power grids in coming decades will be enormous, possibly up to
$17 trillion of investment is expected worldwide for grid infrastructure upgrades
to meet growing energy demand by 2035 [15].

In a world still hungry for more energy and with a range of difficult choices
facing policy-makers, local communities, and power utilities regarding the fuel/
technology mix to be deployed as well as how best to manage the demand for
electricity and to ensure its efficient use, the context for energy policy-making will
continue to pose difficult and serious challenges. Our concern here is with just one
part—albeit a very significant component—of this bigger system but one that will
nonetheless play a critical role in shaping electricity system management and
consumer usage patterns in future decades.

4 The Development of SGs at the Global Level

The prospects for future SG development are very favorable. Key drivers such as
the continuing growth in the deployment of renewable energy technologies,
especially wind and solar power, growth in electric transport, and overall increases
in the demand for electricity look set to create a positive environment for SGs over
the period to 2020 and beyond. By 2020, renewable capacity is expected to
increase by around 300 %, electric transport, including cars, by 45 %, and elec-
tricity demand itself by 27 % [16].

Between 2008 and 2012 the number of smart meter installations around the
world grew more than fivefold from 46 to 285 million. The number is expected to
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reach 1 billion by 2018 [16]. A number of European countries have been making
rapid progress in smart meter deployment: more than 36 million have been
installed in Italy, two million in Denmark, and over two million in France.
Installations in France are expected to reach 35 million by 2035 [18].

But it is not only in the hardware area that progress has been made. Although by
no means as widely deployed as smart metering, dynamic pricing of electricity is
beginning to appear but despite a series of pilot programmes since the late 1990s,
recent policy initiatives concerning this pricing mechanism have been limited in
scale and primarily confined to the United States. US-based programmes tend to
take on a mandatory form such as the hourly pricing system in New York [19] and
the mandatory time-of-use and optional critical-peak pricing in California [21].

Consumer engagement in matters related to power access provision has also
proceeded although again at a far from uniform pace. Consumers in European
countries are typically more engaged in electricity markets and cost reductions due
to the widespread liberalization of electricity markets between 1995 and 2007 [22].
In the United States of America, progress with market reforms various markedly
between the different states. For example, it has been relatively slow in California
and but more progressive in Texas. Overall, however, in a growing number of
Western countries liberalization has allowed consumers to make proactive
decisions regarding their choice of electricity provider [22]. This is not, however,
the case in Asia-Pacific countries. Here, customer choice and participation remain
low because most electricity markets remain highly regulated [22]. Nonetheless,
there are a few examples of community-based SG projects that have taken place
with active consumer involvement. These include the four smart city demonstration
projects in Japan, which involved more than 5,000 households, and the SG test-bed
project on Jeju Island in South Korea.

Some examples of international collaboration in the SG area have also emerged
in recent years. These include STRONGrid which involves five European coun-
tries, NASPI between Canada and the USA, and other demonstration projects in
Italy, South Korea, and India [16].

SGs are not only attracting widespread international attention but are also the
focus of very substantial capital investment as countries update and modernize their
power grids. In 2008, SG-related investment was estimated at around US$3.4 bil-
lion. By 2012, this figure had reached nearly US$14 billion and is expected to grow
to US$25 billion by 2018 [16]. Over half of the SG investment in 2012 took place in
the USA (36 %) and China (26 %), while the global cumulative costs and benefits of
SGs may reach US$738 billion and US$3,179 billion, respectively, by 2020 [16].

5 Policy Support Mechanisms and SG Initiatives

The more widespread diffusion of SG technologies in coming decades will depend
on a wide variety of factors. There will be a number of crucial policy drivers for
SGs that will provide a positive environment for such developments and which
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will facilitate grid enhancements. Some of the most important are linked to gov-
ernment initiatives to better manage energy demand and to enhance energy effi-
ciency. This will be particularly important in non-OECD countries which will
account for a very high proportion of primary energy consumption growth over the
next two decades. Between 2011 and 2030, energy consumption in non-OECD
countries is projected to grow by 61 % and is expected to account for 65 % of total
global consumption [20].

A key element in creating a favorable context for SG initiatives will be gov-
ernments’ determination to pursue energy-efficiency initiatives. This is already
underway in various developed economies with the USA, for example, committed
to improving building and appliance efficiency through extensive energy-effi-
ciency standards [23]. In the European Union, an Energy-Efficiency Directive has
been introduced to support its 20 % efficiency improvement target by 2020 and
beyond [23].

Elsewhere, developing economies are grappling with the problem of managing
energy demand more effectively. China, for example, incorporated energy con-
sumption caps, energy intensity reduction targets, and CO2 per capita reduction
targets in its 12th Five-year plan and has set out energy saving programmes in its
energy efficiency plans [23].

Over the next two decades, it is widely expected that renewables will account
for an increasing proportion of energy consumption. BP’s Energy Outlook 2030
sees renewables growing at 7.6 % per annum over the period to 2030 [20]. More
than 100 countries had national renewable electricity policies in place by 2010
[16]. In some countries, such as Germany, Italy, and Spain, financial incentives for
renewables have been reduced as they become more competitive, while in other
countries, such as Japan, China, and South Korea, efforts are still being made to
improve incentive schemes through feed-in tariffs, renewable portfolio standards,
renewable energy certificates, tax incentives, and other mechanisms [16]. In some
countries, these policies are being further reinforced by policies to phase out fossil
fuel use over coming decades. For example, in 2011, Denmark announced its long-
term goal of fossil-fuel independence by 2050 [24].

Another policy area of great significance to future SG developments will be the
trajectory of the nuclear industry. While the Fukushima accident in 2011
encouraged some countries to reconsider their nuclear policies (e.g., Japan has shut
down most of its nuclear plants, and France is considering reducing nuclear
electricity from 79 to 50 % by 2025), other countries have continued to proceed
with planned nuclear expansion programmes (e.g., U.S. began to build four
reactors in 2012, China has resumed nuclear plant construction after a brief halt in
the approval process for new plants in the immediate wake of Fukushima, while
Russia and India continue to expand nuclear capacity by 15 to 20 GW each by
2025) [16].

Another critical element in relation to the further development of SGs will be
development and innovation in business models. In light of the substantial capital
investment required as well as the sizable potential global market for new energy
products and services, the development of new business strategies to achieve
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economies of scale and risk sharing will require effective collaboration between
the government and the business sector [25].

Moving now to the actual process of planning for SGs, there are clear indi-
cations that this has been gathering momentum since approximately 2009 although
it is still far from being a global phenomenon. Early initiatives to establish long-
term strategic plans/policies to facilitate SG deployment include roadmaps and
other policy initiatives developed by countries such as Italy and the United States
of America [16]. In the EU, SGs are seen as one of the keys to achieving the 20/20/
20 European targets (i.e., 20 % increase in energy efficiency, 20 % reduction in
CO2, and 20 % renewables) set for 2020. The European Commission released
mandates for smart meters in 2009, for EV in 2010, and for SGs in 2011 to provide
reference architecture, standardization tools, and consistent standards for European
Standards Organizations [26].

Elsewhere, in 2011, South Korea enacted the Smart Grid Stimulus Law to
provide legislative support for SG planning and to tackle potential barriers [16],
while in Japan, after the Fukushima accident in 2011, the Japanese government
reviewed its Basic Energy Plan and consulted the public with energy mix sce-
narios—pursuing 0, 15, or 20–25 % nuclear [27, 28]. However, recent government
changes have created uncertainty on Japan’s position regarding nuclear power. In
China, SGs are being addressed as one of the important elements of the current
national energy plan [29].

This brief summary of some of the recent trends involving SGs suggests that
while international interest in such grids has grown markedly over the past 5 years
progress in the implementation of facilitating policies and the introduction of
comprehensive grid enhancement programmes has been rather uneven. This is
perhaps to be expected. SGs have been passing through what might be termed ‘‘the
conceptual stage’’. The overall policy environment for SGs is, however, becoming
increasingly favorable and supportive. A growing number of countries are moving
to the stage of developing more extensive programmes for SG implementation.
The key hardware and software elements are already available and we expect to
see the diffusion of operational SGs rapidly gathering momentum over the period
to 2020. But a cautious note on these trends is that the existence of competing
priorities among stakeholders represents one of the major challenges to advancing
SGs [30]. It is still uncertain whether SG developments will be able to introduce
radical changes into existing power systems, or whether such developments may in
fact result in only incremental changes, and re-inforce the dominant role of tra-
ditional, centralized power systems by making them smarter [30].

6 About This Book

With new technological and policy advances in SGs being announced almost from
month to month, there is a need to contextualize and analyze these developments
and to bring their impacts and significance to a wider audience. Hence, the basic
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rationale for this book. We caution, however, that the development of SGs is such
a dynamic area that any book or paper can at best provide a snapshot of the
situation at a given point in time. Given the rapid diffusion of SG technologies and
developments in related areas such as ICT the picture will almost certainly look
very different in 5 years time. Nonetheless, it is important to document and review
the progress that has been made and to offer some observations on the possible
trajectory of SG initiatives over the short to medium term.

6.1 Our Perspective

Meeting today’s energy and climate challenges requires us to expand the scope and
diversity of energy technologies as well as policy options. This requires new
interdisciplinary, forward looking, and more participatory approaches to problem
solving. More traditional approaches are unlikely to provide the innovative and
imaginative approaches required to address such major challenges.

We have designed the structure and content of this book with four principal
considerations in mind:

An interdisciplinary approach: SG technologies and their application are
inherently interdisciplinary as they involve expertise not only from power system
professionals but also from specialists in areas such as information systems,
transport, and buildings. But the effective implementation of SGs requires more
than technological advances. Policy supports, often involving new policy per-
spectives and approaches, are needed to make these technologies practical, useful,
cost-effective, and socially relevant. This book focuses not only on the techno-
logical issues involved but also the perspectives of various stakeholders. It also
provides a number of national case studies that demonstrate progress with SG
implementation and provide insights into the opportunities, challenges, and bar-
riers that currently exist. Coverage of these complementary dimensions allows this
book to adopt an interdisciplinary approach to SGs from the perspectives of sci-
ence and technology, economics, and governance and policies.

Global and Asian perspectives: Many SG developments are taking place in
developed economies (including the USA, Europe, and Australia), industrialized
countries in Asia (such as Japan and Korea) and in emerging countries such as
China. Current studies on the topic of SGs have tended to focus primarily on
Western developed economies. In an attempt to address this imbalance in coverage,
the case studies presented this book include both Western developed economies
(i.e., the US and Europe) and a number of Asian economies (i.e., China, Korea and
Japan). This broader geographical perspective allows us to inject an Asian view to
the global discussion in this important area.

Learning from international case studies: SGs are a new, highly dynamic and
significant component of energy planning and management around the world.
R&D breakthroughs and market applications, policy developments and piloting
projects, successes and failures in our case study countries may reveal important
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similarities as well as interesting differences. This book aims to provide insights
derived from these empirical experiences. Good practice demonstrated by policy
initiatives in various countries is vitally important to policy-makers for the pur-
poses of policy learning and diffusion.

Theoretically informed and empirically based: A number of chapters in this
book focus on multi-stakeholder perspectives and international experiences. The
analysis in these chapters is underpinned by key social science theories concerning
governance, policy, and politics. This theoretical underpinning is intended to
provide coherence in the analysis throughout the book.

6.2 Objectives of the Book

Our aim in compiling this book and drawing together the valuable work of our
contributing authors is to provide the reader with an interdisciplinary, informative,
and comprehensible introduction to SG technologies in the context of increasing
interactions between technological innovation and sustainability, between gov-
ernment, business and society, and between economic, political and social
developments. Clearly, it is not feasible to provide coverage of each and every
SG-related issue but our objective here is to provide the reader with a compre-
hensive understanding of the key issues associated with SG development and to
illustrate how such grids are rapidly taking shape in many parts of the world.

This book, therefore, showcases state-of-the-art R&D developments and policy
experiences. All aspects of this book are designed to contribute to a better
understanding of governance, institution, and policy challenges and help formulate
policy recommendations for successful SG deployment.

We hope that this book will be of interest to and meet the needs of not only
academics, but also government policy-makers, those in energy and environmental
consultancies and utility planning, and in international institutions as well as
NGOs. It is also intended to meet the needs of undergraduate and postgraduate
students wishing to gain a more comprehensive understanding of the technical and
policy backgrounds to SG applications.

6.3 Structure and Content: A Brief Overview

We have selected the chapters that appear in this book on the basis of the four
considerations or guiding principles outlined earlier. Our contributing authors
come from a variety of academic and professional backgrounds and their work
draws on a variety of national contexts and experiences. All are either active
researchers or managers/practitioners in the area of SGs. We hope that this direct
involvement in SG work on the part of our authors will help to convey to readers
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not only the key technical and policy issues involved but also the significance and
the dynamism of the field.

The book itself is organized into five sections: Part 1 provides an overview of
SGs. Part 2 deals with the technological aspects of SGs. It introduces important
technical characteristics of these grids and showcases state-of-the-art R&D devel-
opments for different SG technologies. It also highlights the interdisciplinary and
wide-ranging nature of SG technologies. Part 3 integrates a multi-stakeholder per-
spective into our discussion of SGs. The aim here is to provide a better understanding
of the interests involved, the ways in which different stakeholders use their power,
and how conflicts among power utilities, policy-makers, market regulators, con-
sumers, environmental NGOs and other stakeholders can emerge and be resolved,
and the implications of these issues for policy-making. Part 4 offers a collection of
international case studies of SG development to showcase policy experiences in both
Western and Asian countries. Part 5 consists of a postscript which aims at sharing
insights, identifying the lessons learnt, highlighting the policy implications of the
discussions in the various chapters of the book.

Part 1, comprising two chapters, is an overview of SGs. In this chapter, the editors
provide an historical overview of SGs. It discusses the basic (often varied) definitions
of SGs, the evolution of SGs as a concept and as a practice. In chapter ‘‘A Holistic
View on Developing Smart Grids for a Low-Carbon Future’’, John Cheng presents a
holistic overview of the development of smart grids as an essential element for
a low-carbon future. It examines how four key aspects, technology, economies,
regulation/policy, and social acceptance, are complementary and therefore need
to be considered in a holistic manner for the deployment of smart grids.

Part 2 includes four chapters related to SG technology development. In chapter
‘‘Statusand Prospects of European Renewable-based Energy Systems Facilitated
by Smart Grid Technologies’’, the plans and status of renewable energy resource
development and energy policy in Europe are introduced. The development of SG
technologies in the European Union is also discussed. Chapter ‘‘Arcturus: An
International Repository of Evidence on Dynamic Pricing’’ is a comprehensive
study on dynamic pricing, reviewing results from 163 pricing treatments offered in
seven countries located in four continents. It was found that customers respond as
the peak to off-peak price ratio increases, by lowering their peak demand, and as
the price continues to increase, they continue to lower their demand, but at a
decreasing rate. In addition, the use of enabling technologies boosts the amount of
demand response. Chapter ‘‘Microgrids and Distributed Energy Future’’ reviews
the concepts and models of microgrids, describes its evolution from the traditional
power system, and studies issues related to microgrid operations, including
grid-connected and islanding operations, operation and control strategies, and
economic issues. Existing microgrid projects from around the world are described.
Chapter ‘‘Communication and Network Security Requirements for Smart Grid’’
focuses on the communication technology of SG. It is noted that deployment of SG
requires technologies on sensing and measurement, advanced control methods,
advanced components, improved interfaces and decision support, and integrated
communications. To achieve the full functionalities of such SG enabling
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technologies, communication technology plays a fundamental role. This chapter
describes a communication-oriented SG framework, identifies the communication
requirements, and the security and privacy requirements.

Part 3 of the book, comprising three chapters, focuses on stakeholder perspec-
tives in SG development. In chapter ‘‘Smart Grids: The Regulatory Challenges’’,
Mah, Leung and Hills examine some of the regulatory challenges associated with
SG systems. Working from the position that a successful transition to SGs requires
not only technological advances but also the need to overcome various regulatory
barriers, the authors review the changing regulatory context for grid development.
They argue that SGs present new and different challenges for regulators. These
include disincentives to utilities, pricing inefficiencies, and cyber security and
privacy concerns. Drawing upon case studies from North America and Europe the
authors demonstrate that a variety of regulatory initiatives have emerged to facil-
itate SG development from which they conclude that a mix of regulatory approa-
ches will most likely be needed to achieve a successful transition to SGs.
Furthermore, with the more complex and dynamic stakeholder landscape that has
emerged in relation to SGs, the authors also suggest that future regulatory frame-
works will need to be more open and participatory if they are to respond effectively
to the challenge of SGs.

Chapter ‘‘i-Energy: Smart Demand-Side Energy Management’’, by Matsuyama,
provides valuable insights into novel research that explores the potential for smart
demand-side energy management. This chapter views SGs from a different per-
spective, arguing that these grids aim at achieving more effective energy manage-
ment from the supplier’s viewpoint but that what is also required is a consumer
perspective. Matsuyama, therefore, proposes the concept of i-Energy which
emphasizes the importance of energy management from the consumer’s side. The
chapter discusses four steps in the realization of the i-Energy concept: the Smart Tap
Network for monitoring electricity consumption patterns, the Energy on Demand
Protocol to achieve a priority-based best-effort supply mechanism, Power Flow
Coloring to allow versatile power flow controls, and, finally, the Smart Community
for bi-directional energy trading among households, offices, and factories.

Chapter ‘‘Switching Perspectives: Creating New Business Models for a
Changing World of Energy’’, the final chapter in this part of the book, examines
the need to develop new business models for the rapidly evolving energy scene.
Valocchi, Juliano and Schurr argue that new technologies, policy changes, and
more demanding consumers are driving the need for a revamp of traditional
electric utility business models and the traditional ‘‘grow and build’’ mindset.
These are rapidly becoming outdated and inappropriate. The foundations on which
these traditional business models were based, namely one-way flows of power and
information, declining costs with increased usage, passive consumers, easy access
to cheap carbon fuels and regulatory protection from threats to core business
interests, are being eroded. A new kind of ‘‘grow and build’’ era is upon us, one in
which there must be a switch to new business models that will facilitate and
support information exchange, consumer participation, and new services. The
future is not so much about energy itself but information and services.
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Part 4 provides a collection of international case studies of SG developments to
showcase policy experiences across the Western and Asian countries. Our case
studies of Europe (chapter ‘‘Smart Transmission Grids Vision for Europe: Towards a
Realistic Research Agenda’’), a comparative study of the USA and Europe (chapter
‘‘Comparison of Smart Grid Technologiesand Progress in the USA and Europe’’),
Japan (chapter ‘‘Towards Sustainable Energy Systems Through Deploying Smart
Grids: the Japanese Case’’), Korea (chapter ‘‘Governingthe Transition of
Socio-Technical Systems: a Case Study of the Development of Smart Grids
inKorea’’), China (chapter ‘‘Developing Super Smart Grids in China: Perspective of
Socio-Technical Systems Transition’’), and Australia (chapter ‘‘Exploring the Value
of Distributed Energy for Australia’’) provide a better understanding how countries
differ in their deployment of SGs with different aspirations, approaches, and focus.
These case studies, together, highlight the key issues, opportunities, and barriers to
the large-scale deployment of SGs, which involve not only the technological aspects
but also the financial as well as regulatory ones. Furthermore, the adoption of the
same theoretical perspectives of the socio-technical systems in the case studies of
Korea and China (chapters ‘‘Governingthe Transition of Socio-Technical Systems: a
Case Study of the Development of Smart Grids in Korea’’ and ‘‘Developing Super
Smart Grids in China: Perspective of Socio-Technical Systems Transition’’) has
guided us to examine the complexity of the energy system transition, which can be
enabled by the deployment of SGs, from the macro, meso, and micro levels.

Starting with Europe, in chapter ‘‘Smart Transmission Grids Vision for Europe:
Towards a Realistic Research Agenda’’, Vanfretti et al. advocate for a realistic turn
in SG research if the overwhelming challenges posed by their deployment are to be
met. If SGs at the transmission level are to become a reality, there needs to be an
alignment in the current research practices integrating complex interactions
between policies, the regulatory background, technology maturity, and socially
responsible and farsighted investment. The different time frames in which the
transmission system is managed are pivotal in the appreciation of SGs. ‘‘Smarter’’
grids require adjustments in the operations and the operational planning phase as
well. On the operational side, an increased use of AMI, for instance from phasor
measurement units, can be expected to bring considerable advantages to the power
system. Nevertheless, challenges such as standardization, big data management,
and ICT requirements remain important. If these challenges can be met, the mea-
surement data can be applied to improve system operations, for instance through the
provision of improved control and protection functions. The uses of new ICT
technologies, and especially the possibility of visualization, allow the operators to
become better aware of the system state to take the appropriate actions. However,
the main challenge may lie in development of new reliability concepts which can be
implemented in realistic power systems to provide a maximum social welfare to the
users, and for which adequate tools are still under development.

Chapter ‘‘Comparison of Smart Grid Technologies and Progress in the USA and
Europe’’, by M. Godoy Simões and his colleagues, provides a comprehensive
account of the major historical and technical events of SG developments in the
USA and Europe. By contrasting these technical, legal as well as policy
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developments in these two major economies, the authors provide a full under-
standing of how and why SGs are developed in various pathways across places.

Chapter ‘‘Towards Sustainable Energy Systems Through Deploying Smart
Grids: the Japanese Case’’, by Amy Poh Ai Ling, is a case study of Japan. Poh
discusses the aspirations, concepts, and elements of SG deployment in Japan. Poh
highlights that SGs are a part of the government’s ‘‘go green’’ effort to elevate
Japan to a leading country in green growth. Poh also provides an overview of
Japan’s major initiatives on SGs, which include smart communities, large-scale
city-based pilot projects as well as overseas collaboration.

In chapter ‘‘Governing the Transition of Socio-Technical Systems: a Case
Study of the Development of Smart Grids in Korea’’, Mah, van der Vleuten,
Chi-man Ip and Hills show how driven by its ‘‘Green Growth Vision’’, Korea
embarked on its SG initiatives in 2009. Within just 3 years, the country has made
some important progress in the development of SGs. Grounded in a perspective of
governance and innovation systems as a general analytical framework, the chapter
first reveals the complexity of the socio-technical system by highlighting the
breadth and depth of factors influencing SG development in Korea. The conver-
gence of policies, business incentives, and consumer motivations is critical to drive
changes in socio-technical systems. Various factors spanning from macroeco-
nomic policies and global views, to partial electricity market reform and public
distrust, and to experimentation in a demonstration project are found to be crucial
in the socio-technical system for SGs in Korea. The presence of partial electricity
market reform and public distrust has created barriers to develop some of the
favorable conditions for change, such as policy consistency, second-order learning,
and the development of financially viable business models, still lacking in Korea.

Chapter ‘‘Developing Super Smart Grids in China: Perspective of
Socio-Technical Systems Transition’’ by Yuan Jia-Hai in turns considers the
prospects for SG developments in China. It shows that technological development
in renewable energies industries will not be sufficient to ensure a transition toward
a cleaner and more efficient energy system for China. Indeed such a transition will
require the separation of generation, transmission, distribution, and retail prices,
which in turn, calls for a new perspective on the regulation of transmission and
distribution network. Given that there is deep-rooted origin of the current tariff
policy, pricing reform can be regarded as a cornerstone for the Chinese Govern-
ment in its energy policy. The integration of medium-and-small scale renewable
generation as well as pricing mechanism reform also calls for the gradual redef-
inition of the power grids and restructuring of the utility companies. This certainly
poses the most difficult institutional puzzle for developing SG in China. Powerful
grid companies would have no incentive to develop SG if it was destined to be
dismantled. Therefore, the lock-in effect of energy systems is particularly active in
China and a subtle design to synchronize the SG roadmap with power sector
deregulation is necessary. Potential strategies to overcome institutional loopholes
include empowering the National Energy Administration to be responsible for
national strategy formulation, the creation of a think-tank to support policy
innovation and the establishment of an industry-government consortium to provide
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integrated translation research and strong front end support. At the same time,
restructuring of the power sector should be synchronized with the development of
SG. Dismantling the Grid Companies into regional transmission companies and
provincial distribution companies should provide public goods to private users.
Leveling the playing field in both technology and investment and opening the
power sector to private investors seems of critical importance.

The final chapter in this section examines the important role of distributed
energy in smart grid diffusion in Australia. Based on the findings of a major
government-funded study, William Lilley and his colleagues examine the oppor-
tunities of and key barriers for large-scale uptake of such distributed systems.
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A Holistic View on Developing Smart
Grids for a Low-Carbon Future

John W. M. Cheng

Abstract This chapter provides a holistic overview of the development of smart
grids as an essential element for a low-carbon future. It examines how four key
aspects, namely technology, economics, regulation/policy, and social acceptance, are
complementary and therefore need to be considered concurrently for the deployment
of smart grids. This chapter emphasizes that there is no one-size-fit-all solution, and
the choice of solutions differs across countries and localities. A good understanding
of local features such as historical, cultural, resources, market, and regulatory factors
that coexist with strong and consistent commitment, careful road mapping, learning
through trials as well as supporting innovation and research are required for the
effective transition toward different smart grid systems in a low-carbon world.

1 Introduction

Power grids are designed to interconnect generation and load entities for the
purpose of delivering electricity in a safe, economical, reliable, and socially
acceptable manner. Engineering marvels have made today’s power grids one of the
most complex and valuable systems humans have ever built [18]. Our industri-
alization, technological advancements, social well-being, and high living standards
are based on the electricity delivered through the power grids, without which we
would not have developed so rapidly in the past century.
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However, with rapid development and a heavy reliance on fossil fuels to
generate electricity globally, greenhouse gas emissions have also brought on new
challenges for the global community, namely climate change and global warming.
Social norms are favoring the adoption of more environmentally friendly and
sustainable development practices to be adopted. Volatile fuel prices and resource
constrains have also prompted many countries to place energy security high on
their national agendas. For instance, Germany’s ‘‘Energiewende’’ (roughly trans-
lated as ‘‘Energy Transition’’) favors more renewables instead of the conventional
coal or nuclear facilities, which has driven the rapid development of wind and
solar generation. Within the last decade, traditional generation mix and associated
practices have been rapidly evolving. Figure 1 shows the potential increase of
variable generation of the world by 2050, according to IEA’s estimates [10].

Meanwhile, the need to upgrade and reinforce the grid is also necessary. Most
power grids were built over 50–60 years ago and are aging with different degrees
of deterioration. With the continuous needs of meeting load growth, equipment
retirement, network reinforcements, and the ever-changing market conditions, the
power industry finds itself facing a dilemma. Should the industry continue to invest
in conventional means, which only offers the status quo at best, or leap to a more
efficient, smarter, interactive, and flexible grid for a low-carbon future?

With maturing Information and Communications Technology (ICT) and their
wide applications and deployment in different sectors, a technological pull also
provides the industry with different tools and applications to enable the making of
a more advanced power grid or as it is commonly known a ‘‘smart grid.’’

Global smart grid developments vary widely in terms of scope and pace of
development. In fact, even the definition of smart grid may differ from place to
place. In most developed countries, smart grid developments focus on renewables,
smart meters (SM), and demand response (DR). The main drivers are on renew-
ables integration, energy efficiency, and provision of more choices to consumers.
On the other hand, in emerging economies like China, smart grid developments are

Fig. 1 Portion of variable generation of electricity by region (BLUE Map Scenario) [10]
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focusing on building a ‘‘strong and smart’’ grid. The main driver is to build a
reliable and strong transmission and distribution system to meet rapid demand
growth. Mega-projects like HVDC and EHV lines stretching thousands of kilo-
meters are being built to bring bulk power from remote sites to major load centers.
Digital substation and distribution automation (DA), coupled with different smart
meter deployment schemes, are also being trialed in major cities to increase
reliability or simply to gain the development experience.

This chapter suggests that a holistic view encompassing four key aspects of
smart grid development should be examined concurrently. These aspects include
technology, economics, regulation/policy, and social acceptance. As different
communities or nations have their own sets of existing conditions, their needs,
aspirations, resources, implementation, and results could be all different. Like any
other grand problems confronting the global community, each community has its
own unique characteristics as well as intricate relationships with each other. The
choice of solution would therefore differ, but it is important to understand the
inherent and related issues in a holistic manner to constantly refine them. It is
hoped that this chapter will help facilitate meaningful discussions and further
research and development and ultimately make deployment of smart grids a uni-
versal reality—a necessity for this and future generations to build a low-carbon
world.

2 Capabilities of Smart Grids and Implications

The notion of a ‘‘smart grid’’ should not be misconstrued to say that the existing
power grids are dumb or unsophisticated. Instead, we should appreciate and
anticipate what will be required of future grids. In essence, a smart grid is the
conventional grid equipped with extensive information-based and technology-
based equipment and systems to do or support most, if not all, of the following:

• Integrate a larger share of renewable energy (RE);
• Enable customers to participate in supplying and balancing the grid;
• Accept new load entities such as electric vehicles (EV) and smart appliances;
• Interconnect with different distributed energy resources (DER) and micro-

grids;
• Enable market-based power transactions or new business models;
• Recover robustly and more reliably after extreme disturbances;
• Improve grid efficiency and reduce transmission losses; and
• Do the above while upholding or exceeding existing reliability and safety

standards, with a sound economic base under the allowable regulatory
framework and social acceptance.

With full deployment, smart grids could enable us to reduce carbon dioxide
emissions significantly. For instance, it was estimated the potential for carbon
dioxide (CO2) reduction in US alone could range from 4 to 27 % based on
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different studies [23]. Figure 2 shows an estimate of regional CO2 emissions
reduction through the deployment of smart grids according to [10].

However, like all infrastructure establishments, any fundamental change of this
magnitude would involve many aspects. Based on the main smart grid capabilities,
Table 1 highlights the key implications with respect to four major aspects, namely
technical, economic, regulatory, and societal. The following sections will elaborate
on each of the key aspects.

3 Key Technologies and Their Current Stage
of Development

If one were to take a quick look over the development pace of the ICT infra-
structure buildup in the last decade, the growth is nothing but astounding. For
instance, fiber-optic cables (the backbone of today’s communication networks)
have grown from 95 billion km in 2000 to 180 billion km in 2011 [11]. Mobile
cellular subscribers have increased almost nine times to 6.3 billion in 2012 since
2000 [12]. Meanwhile, global Internet users grew from 0.361 billion (5.8 % of
world population) to more than 2.75 billion (38.8 % of world population) in 2013
[13]. Most smart grid technologies are also built on this ubiquitous and extensive
communication technology and infrastructure. However, beyond the ICT, what are
the key technologies that are required in order to fulfill the prescribed objectives of
a smart grid? This, of course, depends on the local environment [6, 7, 15, 22].
Instead of being pulled by any political agenda, fashionable rhetoric or technology

Fig. 2 Regional CO2 emissions reduction through smart grid deployment [10]
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lobbyists, it is useful to first examine the nature of different ‘‘smart grid’’ tech-
nologies and understand their stage of development and deployment today.

3.1 Smart Meters and Automated Metering Infrastructure

Today, hundreds of millions of SM have been deployed globally. ENEL of Italy
was a first mover on SM, and over 30 million, SM have already been installed. The
fastest growth today is in China. According to Navigant Research [19], there were
139 million SM installed in 2012 and this figure will likely grow to 377 million by
2020. SM are electronic meters which are more intelligent and versatile than the
conventional electromagnetic meter. They offer a wide range of functions
including the abilities to capture and store detailed consumption data, communi-
cate by wire or wireless means, remotely connect and disconnect, enable net
metering, support dynamic pricing or prepaid, and monitor power quality and
outage conditions. Although not all the above-mentioned functionalities are
present in these SM deployments, almost all are capable of supporting automatic
meter reading, dynamic pricing scheme, and detailed consumption data recording.

Automated metering infrastructure (AMI) refers to the bidirectional commu-
nication system linking hundreds and thousands of SMs (the customers) with the
backend systems (the utilities/distributors). This is usually accomplished by
linking the SMs with collectors and concentrators using one or more of mesh
networks, power line carrier, optical fiber, Wi-fi, or Wimax technologies. AMI can
carry out multiple functions such as automatic meter reading; meter data man-
agement system (e.g., integrity check and lost data retrieval); interfacing with
customer supports, billing, and outage management systems; and supporting in-
home energy displays and/or Web-based customers’ consumption portal.

With SMs and AMI, the detailed usage information, bidirectional communi-
cation, and near-real-time access of load entities’ condition open up new oppor-
tunities for both consumers and utilities [10]. With the versatility and convenience
of these technologies, cyber security and privacy issues are also present. The new
infrastructure therefore also needs to have high security features built into the
design so that customer’s privacy is reasonably protected and supply reliability is
ensured against any cyber attacks.

3.2 Demand Response and Automated Demand Response

DR refers to the active customer engagement requested by the grid operator to
reduce demand when there is insufficient generation or transmission capacity to
supply all load entities under normal or abnormal conditions (e.g., severe weather
or loss of supply). The customers are generally rewarded by compensation or
entitlement to special tariff schemes. DR has been demonstrated to be quite
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successful in USA. The recruitment of participants and management of DR
executions are generally performed semiautomatically with lead time in terms of
days and hours ahead. Automated demand response (ADR) incorporates special
hardware to control major appliances such as air conditioners and hot water heaters
to reduce demand directly upon request from the utility. The lead time is reduced
to almost real time and is more certain to the operators. In theory, having the
means like DR and ADR to control the demand side is desirable as it enhances
the flexibility of the network. In practice, the implementation also depends on the
nature of the customer fabric and their corresponding effects on the system when
DR/ADR is called upon. The level of compensation also depends on the elasticity
of demand, tariffs, program flexibility, and general acceptance to the notion of
participating in grid control.

3.3 Phase Monitoring Unit and Wide Area Monitoring
System

PMU is a high-precision sensor designed to capture subsecond-level information
of the voltage and current conditions on the grid. They can be deployed in key or
strategic locations (e.g., interconnection points or major substations) of the grid to
form a WAMS. PMUs are synchronized to a common and precise clock such that
they can monitor the power flows and voltage profiles together at a much higher
sampling frequency compared to conventional means. As a result, PMUs and
WAMS offer system operators in a control region (as well as across different
control regions) the ability to react in a timely manner to avoid or mitigate the
damage caused by any disturbances happening far away. It should be noted that
PMUs and WAMS are most beneficial to long-distance bulk power transfers and
large networks stretching across a wide area. The integration and usage of them are
only gradually being introduced to the industry in the last decade, so many are yet
to be convinced of its effectiveness in improving the reliability supply.

3.4 Power Electronics, HVDC, and FACTS Devices

Power electronics have been used for grid applications since the 1960s. Many of
the inverter and converter stations in HVDC lines or back-to-back HVDC systems
were built on the thyristor-based technology [1]. HVDC lines stretching hundreds
and thousands of kilometers can now bring in remote hydro power in bulk and
lower costs. The same facilities can also be used to harness mega-size wind and
solar facilities. This technology is mature and stable after years of development
and deployment experience. Today, thyristors are being gradually replaced by a
more efficient and powerful technology using integrated gate bipolar transistors
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(IGBT). The main difference is that IGBT can be freely switched on and off, while
thyristors can only be switched on. This allows faster and more complicated
switching schemes to be implemented (e.g., multi-level modular converter).
FACTS1 devices such as STATCOM (or called SVG in China) or SVC are used to
alter the natural flow of AC power such that the voltage profile can be maintained
and/or real power transfer capability increased. In short, the rapid deployment of
power electronic equipment in the grid today is offering more flexibility and
security to grid operations. The benefit is wide as the technology can be applied to
both bulk power flow controls and on smaller scales, using distributed and variable
interconnections with micro-grids and distributed energy resources.

3.5 Distribution Automation

Technologies used in DA are quite mature. To a large extent, similar monitoring
and control features used in SCADA and EMS2 systems for generation and
transmission systems are now downloaded to the distribution level. Through the
extensive deployment of Remote terminal unit (RTUs) in substations or supply
feeders, DA will normally cover the following functions [21]:

• Monitoring and control of distribution circuits and voltage profile;
• Outage location and automated restoration;
• Semi- or automatic reconfiguration;
• Voltage and reactive power controls (via transformer tap changing or capacitor

bank switching);
• Load flow calculation and contingency analysis; and
• Equipment health monitoring.

Together with SMs and AMI, DA can significantly enhance service reliability
and robustness.

3.6 Energy Storage

To date, energy storage remains the holy grail for the power industry. However,
the future looks more and more encouraging due to the rapid concurrent devel-
opment of various storage technologies, renewables, and EV. With energy storage,
we can harness the full potential of uncertain and intermittent RE to give a more

1 FACTS Flexible AC transmission system; STATCOM Static Synchronous Compensator; SVG
Static Var Generator.
2 SCADA—Supervisory Control and Data Acquisition System; EMS—Energy Management
System.
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controllable interface with the grid, hence providing a better utilization of
low-carbon energy. Traditionally, pump hydro was the reliable and most widely
used utility-scale means of energy storage around the world. Part of the reason
may be because of the storage means used—water is relatively safe to store in bulk
and stable enough without the needs for expensive monitoring or maintenance
setups. Sodium sulfur (NaS) or Lithium–ion (Li ion)-based battery systems are
both commercially available today, and trials are taking place around the world to
test their applicability for different uses. Although their unit costs are still high, the
deployment rate and applications are growing, particularly in strengthening the
supply consistency of renewables. Figure 3 shows an overview of different storage
technologies and their stage of development.

3.7 Micro-grids

Micro-grids are self-contained local electrical networks which have one or more
generation units feeding the local loads through a small network. The network
usually is low-to-medium voltage (1,000 V or below) with limited nodes con-
necting DER like solar PV, wind turbines, combined heat and power (CHP), fuel
cells, and energy storage devices. They typically deal with loads like community
buildings, households, and EVs. Figure 4 shows a schematic comparison between
today’s distribution grid and a micro-grid. In theory, with the distributed gener-
ation and sophisticated control and coordination, a micro-grid would be more
resilient to disturbances and capable of operating even if the connection with the
main grid is disconnected.

3.8 New Paradigms, Systems, and Technologies
for a Flexible Grid

Multiple factors are driving the shift toward a low-carbon future, and power grids
have to be more flexible [10] to accommodate higher share of renewables (e.g.,
[30 %), more AC/DC system interactions, more emission-constrained dispatch-
ing in accordance with market activities (power markets and/or carbon markets),
more demanding controls over the interconnections, and sophisticated coordina-
tion of distributed systems (e.g., micro-grids). It is impossible to list all the new
paradigms and associated technological needs in this context as some of them have
yet to be discovered. However, it is worthwhile to note that different combinations
of the above-mentioned technologies, which increase the grid observability and
controllability, are just the basic building blocks. They have to be linked by a
robust, reliable, and ubiquitous communication framework and overlaid with a
suite of elaborated ICT-based monitoring and control applications.
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Fig. 3 Storage technologies and stage of development

Fig. 4 Comparison of conventional grids with micro-grids
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3.9 Enabling Customer Interactions and Dynamic Pricing
Scheme

Today, the most popular value chain of a smart grid is composed of SM–AMI–
Metering Data Repository System–Enterprise Application Systems. This new
value chain provides multiple functions to stakeholders including meter reading,
energy audits, customer interactions, net metering of distributed renewables,
dynamic pricing support and auditing, outage monitoring, remote connection, DR,
direct load control, and detailed billing information.

3.10 Providing Flexibility and Intelligence to Grid
Operations

Grid operators and system planners both understand very well that the power grid
is a highly complex machine with many different characteristics and unique
practices derived from historical, market, and technical developments. With new
technologies, innovative models and algorithms are needed to make the grid more
flexible, robust, and reliable. For instance,

• Intelligent tools using remote sensing images to deduce accurate wind and solar
generation, optimized with coordinated interconnection control and generation
dispatch;

• Decentralized control incorporating DR, DER, and micro-grids instead of the
conventional hierarchical approach;

• Data mining on usage data to derive new business opportunities and applica-
tions [5];

• Equipment health monitoring diagnostics and monitoring.

4 Economic Values, Benefits, and Market Forces

A power grid is implicitly a natural monopoly because it requires huge investment
and long lead time to build and is also costly to maintain. The barrier to entry is so high
that grid companies are usually owned by governments, local communities, large
corporations, or highly regulated grid operators. To better understand what the dif-
ferent values and/or economic justifications of upgrading to a smart grid are, one must
look at it from three different levels, i.e., transmission, distribution, and metering.

4.1 Transmission

Smart grid investments on the transmission level are usually driven by conven-
tional needs such as
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• Increasing monitoring and control capabilities through PMUs and WAMS for
large-scale networks;

• Harnessing remote energy resources (e.g., hydro) using long-distance EHV
lines and/or HVDC systems;

• Reinforcing the networks to increase transfer capacity using STATCOM (SVG)
or FACTS devices;

• Upgrading aging infrastructure with new facilities (e.g., reconductoring and
voltage upgrading) or intelligent software (e.g., dynamic line rating); and

• Resource sharing by building interconnections among neighbors (e.g., back-to-
back HVDC tie lines).

The economic benefits would include revenue generation from the import/
export of energy, reserve sharing, investment deferral, system reliability, and
security improvements (avoiding blackouts or interruptions).

4.2 Distribution

Traditionally, investments in distribution networks are built on increasing service
reliability measured by reliability indices such as SAIFI, SAIDI in the USA, and
CML and CI in the UK [2, 24]. These indices are used to quantify the reliability
needed in order to justify investment. The costs to meet the prescribed level of
reliability will then be compared to the cost of interruption/unreliability. This
conventional practice is usually guided by regulation in most developed countries.

With increasing numbers of DER such as solar PVs, CHP and fuel cells are
gradually being added to the distribution grid on the customer’s side. Business
values for the distribution grid reinforcements and changes become murkier and
more challenging to justify because the new technologies also bring in new players
and business paradigm shifts. Management of the distribution networks becomes
much more complex. For instance, the return on investment (ROI) for network
reinforcements and DA may be diluted, while some new players may benefit more
than others without bearing any costs or risks.

More distributed generation would also mean less revenue to the grid company,
but the existing feeders and interconnectors remain as assets of the utility. The
costs to maintain these assets are unlikely to shrink in the future, but the number of
customers may vary. Some of these grid assets may then become a sunk cost as
well. As such, innovation and new paradigms to build the business case for dis-
tribution-level investments and cost recovery are urgently needed as distribution
generation grows [16].

However, charging stations for EVs and the associated infrastructure rein-
forcements may have a clearer picture with a win–win–win business case. For
instance, if the generation mix is reasonably low carbon such as powered by
renewables, nuclear, or natural gas and the distribution grid is strong, the added
new EV loads could increase the revenue for the utilities. They would reduce
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roadside pollution and provide a lower-cost transportation means to consumers.
Unfortunately, development and popularity of EVs is only taking off slowly
globally [14].

4.3 Metering

As previously mentioned, the first mover on utility-scale deployment of SM is
ENEL of Italy. ENEL installed 30+ millions SM costing €2.1 billion in 2001.
However, the annual benefits through revenue protection, dynamic pricing, and
remote connection management were up to €500 million annually. In other words,
the payback period was only 5 years [4].

Electricity meters are the cash registers for a power utility company. The
evolution from electromagnetic meters to electronic matters is in fact imminent
under today’s pace of technological progress. Depending on individual utilities,
the business case to bring in SM and AMI needs to incorporate existing and future
policies on dynamic pricing, renewables targets, net metering, DR, and energy
storage facilities (including EVs).

As the industry moves toward widespread deployment of SM and AMI, the
utility and consumers are also offered new opportunities such as the provision of
energy audits, Internet access, or related applications (e.g., home security moni-
toring). The key values would include cost savings in automatic meter reading,
usage optimization through DR and dynamic pricing, prepaid services, remote
disconnect, energy theft reduction, and outage management. These capabilities
could add new revenue-generating services for utilities that were not possible or
available in the past. However, it should be noted that the deployment of SM is a
long-term and capital intensive investment. Without a clear commitment and
mandate from the regulatory bodies and policy support, the business case of full
deployment (trials are different) will take time to build. Stakeholder education and
engagement as well as public supports are key to a successful deployment [8, 9].

5 Regulation and Policies

The planning and operation of power grids are heavily regulated by local, if not
national-level authorities. This section first focuses on the primary objectives and
current practices that guide electric utilities today in general, followed by the
growing challenges in regulation and policy. We then review some global expe-
riences for reference.
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5.1 Different Industry Structure

Globally, electric utilities operate in different forms of organizational structure;
hence, the regulation and policies applied to them may vary. For simplicity, the
following briefly describes the major structures:

• Vertically integrated, investor-owned utilities (IOUs) that own and operate gen-
eration, transmission, and distribution and are regulated by the local government;

• Independent system operators (ISOs) are usually set up in a deregulated
environment. Their responsibility is to look after the delivery system, while the
generation and distribution functions are given to separate business entities.
Competitive markets on the wholesale and/or retail levels are set up to interact
with the ISO. While the these GENCO and DISCO are more or less market
driven, the ISO is always regulated by the local government; and

• Publicly owned utilities (POUs) like the State Grid in China, TVA in US, or BC
Hydro in Canada are generally exempt from regulation as they are expected to
have the consumer’s best interests in mind and hence will offer the best tariff
and services to the public.

5.2 Common Regulation Objectives

Today, depending on historical, geographical, and political reasons, heterogenic
(e.g., USA), semiheterogenic (e.g., China), and homogenic (e.g., Japan) mixes of
IOUs, ISOs, and POUs are present. Despite their differences, a set of common
overseeing objectives for the regulators/governments include the following:

• Customer values and rate calculation rules
• Investment cost recovery principle
• Socioeconomic developments
• Efficiency incentives and measures
• Reliability standards
• Environmental considerations
• Other policies (e.g., pollution controls)

5.3 New Objectives and Regulation

With the aspiration of building and deploying smart grids to achieve a low-carbon
future, regulators are confronted with some new challenges [16, 17, 25]:

• Technologies are changing the roles of generators and loads;
• Incentives to promote renewables also imply higher rates combined with

conventional generation;
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• DR may contradict traditional rate structure;
• New entities such as distributed generation, storage devices, and EV are

changing the role of the grid and hence their values;
• New players may discourage traditional investment decisions due to higher

risks of reasonable rate of return; and
• Evolving and constantly changing public opinions.

As such, government and regulators have to incorporate new objectives and
design appropriate measures to nurture a healthy development of the power grids.
These objectives may include a combination of the following, depending on their
suitability of meeting local needs:

• National policy and/or international commitments on climate, pollution con-
trol, etc;

• Target of generation mix for a low-carbon future, including RE target;
• Demand-side management and energy efficiency policies;
• Service reliability standards for distributed and centralized generation;
• Grid charge calculation methodology;
• Guidelines to set up smart grid trials and corresponding evaluation framework;
• Incentives or subsidies for distributed generation, storage, and EV development;
• Electricity market design, monitoring, assessment rules, and dynamic pricing

policy;
• Cost recovery principle and means (e.g., for stranded costs);
• Smart grid standards: equipment interoperability for SM, AMI, digital sub-

stations, etc;
• Utility’s own performance measures: grid efficiency and performance metrics;
• Cyber security requirements: data security and intrusion prevention;
• Privacy protection policy;
• Supports for innovation and R&D;
• Stakeholders’ education and coordination; and
• Workforce training policy and programs.

According to a recent report [17], global smart grid development projects have
different focuses. In North America, the main objectives are on peak load
reduction and dynamic pricing schemes, automatic metering reading, revenue
protection, and outage management. In Europe, the focus is more on efficiency
improvement through distributed resources and emission reduction means. In Asia
Pacific, the objectives vary from country to country. For instance, building a strong
transmission grid and automating distribution has been and will remain a strong
driver to the rapidly growing infrastructure buildup in China. Australia, however,
is closer to the American approach with more emphasis on load management.

Regulator’s tasks are increasingly difficult today as new generation and load
entities are rapidly entering the arena driven by rapid technological advancements
and new business paradigms. Aspirations, decisions, and commitments of the
government policymakers and/or the regulators have a long and crucial impact to
individual smart grid developments universally. As such, demonstration projects
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are important. It is imperative for local regulators to provide sufficient funding and
flexibility to allow utilities and different stakeholders to conduct demonstration
projects such that the policymakers can identify the key aspects to concentrate,
mistakes to avoid, skills to acquire, and the pace to undertake.

6 Societal Benefits, Impacts, and Acceptance

Last but not least, the social aspects of what smart grids will bring must be
understood and properly addressed for any developments to take place. As dif-
ferent communities have their own unique history, culture, and economic, politi-
cal, and regulatory environment, their corresponding social issues are different.
These are some of the key considerations:

6.1 Economic Growth, Competitiveness, and Jobs

Smart grid development could bring employment to local communities on infra-
structure construction, technology development and exports, energy independence,
and new markets for products and services. By reducing costs on conventional
fuels and dependency, economic developments could increase national competi-
tiveness and economic growth [20].

6.2 Emissions and Pollutant Reductions

Smart grids increase the capability to absorb more renewables, demand-side
management, and storage devices. In others words, the dependency on existing
fuels such as coal or gas can be reduced and hence less emissions and pollution. As
such, the health impacts to local communities and the nation at large could be long
term and significant.

6.3 Customer Engagements

Despite what technologies may offer, the new paradigm of offering active par-
ticipation (e.g., DR, ADR) and financial incentives to load entities to participate in
balancing the grid operation requires a committed mass. The aspiration to use
energy wisely for a better world, the willingness to relinquish traditional conve-
nience and opt for a better ‘‘common good’’ habitually and continuously, may not
be universally accepted nor easily achieved overnight.
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6.4 Reactions to the New Prosumers

As more DERs are allowed and developed, the new prosumers’ paradigm will
undoubtedly go through stages of progressive evolution. It is quite obvious that the
more privileged or large load entities will most likely be able to afford the changes
and hence enjoy the benefits ahead of others. The subsequent impacts in terms of
potential tariff increase, different service reliability, social fairness, and perceived
winners may render an unfair judgment of smart grid developments.

6.5 Value of Reliability

System reliability is a complicated notion which encompasses two key aspects, i.e.,
adequacy and security [2]. Adequacy is a probabilistic measure to gauge the level of
resources and redundancy a system should have to ensure the expected load is met.
Security, on the other hand, is a deterministic measure to gauge a system’s ability to
response and recover from a prescribed list of contingencies. Smart grids can offer
new or additional reliability benefits through technologies such as DR, DER, and
micro-grids. To date, such cost and benefits are most appealing to the niche market
such as the military, heavy and big industries, and data centers because interruption
or ‘‘blackout’’ is not an option for them. However, the task of convincing policy-
makers and the general public on the value of reliability (or the cost of unreliability) is
a challenge sometimes because it is difficult to prove or it may be taken for granted.
The value of reliability has to be an integral part of the low-carbon future and hence
must be understood and accepted by most if not all stakeholders.

6.6 Privacy

Smart meter deployments in the USA have taught us a valuable lesson when the
media and some customers question or even totally reject SM as they feel their
most sacred guarded place, namely their home, has been intruded. The reality of
many security breaches, personal privacy, and financial losses certainly does not
help. As such, cyber security of SM and AMI has become one of the biggest
concerns as well as requiring substantially expensive development [3]. The value
of using the collected data in helping the community to a more efficient and
intelligent use of resources must be explained to the stakeholders (from regulator
to customers) along with addressing privacy issues. More importantly, choices
(including opting out) should be present simultaneously.
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6.7 EV Adaption Rate

The adaptation of EVs in different communities varies, which will also affect the pace
of smart grid development. Private vehicles in today’s societies are no longer just a
transportation means, but also a symbol of social status. Unfortunately, the choice of
EVs on the market today is still limited. In the meantime, other hybrids (e.g., diesel
electric or gasoline electric) or even diesel-based or CNG-based competition exists.
How the consumers and local communities open up to the use of EVs will not only
take time to come up to speed, but also depends on EV markets globally.

Ironically, social norm changes help fuel the development of renewables, smart
grids, sustainable practices, and the notion of a low-carbon futuristic aspiration.
However, it is also the general public that represents one of the biggest hurdles.
Public inertia is slow to adapt some behavioral changes and paradigm shifts
brought on by smart grids. Education would help, but the cultural background,
openness, and flexibility of the local communities will also affect the course of
local smart grid development.

7 Neither a Silver Bullet Nor One Size Fits All

The conventional grid is designed based on a well-defined set of end points so that
the corresponding power flows are generally well understood. The distance,
capacity, and associated protection systems of individual connecting lines/cables
are also carefully designed and utilized based on prescribed generation and load
profiles. The implicit responsibilities of the grid are to interconnect the power
systems in a reliable, safe, and sustainable way in an economic manner. With the
arrival of more renewables, customer interactions, DER, and increasing mobile
loads (e.g., EVs), the grid needs new technologies, regulatory changes as well as a
sound business model to ensure its implicit responsibilities and performance
remain unchanged. The challenges and the scope of involvement are huge.

Undoubtedly, smart grid development will be evolutionary instead of revolu-
tionary. It will not be one size fits all either. To ascertain a stable and healthy smart
grid development for a low-carbon future, different communities will have their
own way and choices [16, 25]. The following is only one of many views on how
key processes should be included:

7.1 Take Inventory

Review historical and existing conditions including natural resources available,
fuel sources, grid structure and extent, geography, regulatory structure, generation
mix, interconnections, national policy, political infrastructure, long-term contracts,
and social fabric.
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7.2 Set Targets

Establish a targeted generation mix, renewables ratio, energy efficiency perfor-
mance, reliability standards, interconnection commitments, reserves, minimum
level of conventional plants needed, climate policy, and pollution control targets.

7.3 Assemble a Road Map

Envision and design a road map with intermediate targets to allow adjustments of
development pace and possible technology changes.

7.4 Stage for Flexibility

Staging can help mitigate risks or burdens in financial commitments, complexity
of transitioning from legacy systems, technology obsolescence, policy changes,
and/or societal reactions.

7.5 Trial Different Options

Identify clear trial objectives and select appropriate assessment methodology. The
objectives may include testing the capabilities of selected technologies or the
reactions of customers subjected to different schemes. Trial design and execution
should be tailored to fit individual communities’ needs and encompassing condi-
tions. Learning from other utilities’ experiences and sharing one’s own findings
could accelerate learning.

7.6 Standardize Equipment and Practices

Use of open architecture can ensure interoperability and expedite implementation
with less ‘‘special’’ or ‘‘exceptional’’ cases. Following international standards is an
option, but using national standards is also acceptable as far as consistency, sca-
lability, equipment interoperability, and cyber security requirements are also met.
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7.7 Retrain Workforce

New skills and experiences in operating and planning DER, SM, DR, EV, etc. are
needed to enable the existing workforce to manage and deal with the massive
implementation and subsequent demand.

7.8 Educate the Public

Educating all levels of the community in terms of the needs and benefits of
building a low-carbon future is important. Stakeholder’s engagement and public
campaigns to promote how smart grids can facilitate a low-carbon future not only
strengthen the commitment, but also help stimulate innovation and accelerate the
adoption rate.

7.9 Review and Adjust Periodically

Regular reviews and assessments are necessary to ensure the trials or implemen-
tation processes are on track and if any adjustments are needed. However, frequent
major changes could be detrimental so firm guidelines and strong commitment to
reach the goal post are important.

7.10 Research and Development

Technology plays a key role in smart grid developments. Many technologies and
associated practices are new in commercial and large-scale applications. R&D is
important to help identify risks, pitfalls, and opportunities of new business
opportunities.

8 Research Needs

With the gradual shift of our generation mix to favor more renewables and dis-
tributed energy resources, the grid naturally needs to adjust not just for the physics
and engineering needs, but also the changing business environment. New oppor-
tunities and challenges are arising. In particular, the development of distributed
renewables, storage devices, CHP, DR, and micro-grids will affect conventional
utility operation paradigms to different degrees in different communities.
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A healthy research and development program is considered important in this
crossroad of the industry. Some of research directions may include the following:

• Economic values of DER for different technologies, markets and regulatory
structure;

• Renewable resource assessment, monitoring, and utilization;
• Integration of renewables, DSM, and micro-grid;
• Cost allocation model of smart grid taking into consideration various stake-

holders, e.g., prosumers;
• Value of reliability under extreme contingencies or severe weather conditions;

and
• Power electronics applications in micro-grids, storage, and bulk power transfer.

9 Conclusion

A low-carbon world is a necessity not only to mitigate climate change, but also to
achieve a more sustainable future for our own and future generation. Transfor-
mation toward a low-carbon world will need to incorporate more renewables,
distributed energy resources, efficient delivery systems, and intelligent use of
energy. A smart grid powered by advanced technologies, coupled with sufficient
economic conditions and regulatory environment, is an inevitable and crucial
component interconnecting the new forms of generation and load entities as well
as making the existing infrastructure work more intelligently and efficiently.

Globally, smart grids will have different flavors because of different local needs,
available resources, historic and social backgrounds, economies, and regulatory
frameworks. Grid changes in terms of more customer engagements, wider inte-
gration of renewables, and DER (including storage) will be the main thrust in
developed countries such as the USA, EU, and Japan. On the other hand, grid
changes in bulk power transmission system developments, network reinforce-
ments, and DA will be the main focus in developing countries and emerging
economies such as China, India, and Brazil. In due course, both main streams will
converge in terms of technologies which are built on the ubiquitous and versatile
Internet, sensors, sophisticated controls, wireless communications, data analytics,
and smart decision tools.

However, technology will only be one of the fundamentals for smart grid
development and deployment. Healthy economics and appropriate regulatory
push-and-pull elements are considered crucial, and they need to be in-synch with
technological advances to make any smart grid deployment usable, beneficial, and
acceptable to the local communities. Policies to incentivize more renewable
contents in the generation profile must also provide sufficient support to reinforce
(and smarten up) the associated network to handle intermittency and complex
flows of electricity. Policies to encourage trialing/implementing new technologies
to allow optimization of grid operations through efficiency improvement, outage
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management, and asset life extension are welcome. Smart meter deployment must
also consider a win–win business model for both utility and customers.

For individual communities, policymakers must set out an inspirational and yet
practical vision toward a low-carbon future. A road map and periodic reviews of it
will help, but a strong commitment from policymakers and the public is equally
important. To decarbonize the electric power generation and increase efficiency
and customer engagement, we must also include the efforts and costs of smart-
ening/reinforcing the grid to meet the needs of new players and new challenges.
These challenges are not just technical, but also can be economic, social, and
environmental. The processes and endeavors are unique to each community. They
are neither trivial nor short-lived. Smart grids are the conventional power grids
being remade. Long-term commitments toward a low-carbon future, robust tech-
nologies, sound business models, and consistent and timely regulatory changes
will provide the wind. The industry in turn will set the sail by making our grids
stronger, smarter, and more flexible such that we and our future generation can
confidently depend on.
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Status and Prospects of European
Renewable-Based Energy Systems
Facilitated by Smart Grid Technologies

Yi Ding, Jacob Østergaard, Poul Ejnar Sørensen,
Peter Meibom and Qiuwei Wu

Abstract Renewable energy plays an important role in the future energy frame-
work of the European Union. The European Union will reach a 20 % share of
renewable energy in total energy consumption and increase energy efficiency by
20 % by 2020. Smart grids will be the backbone for facilitating the integration of
renewable energy resources into future energy systems. The plans and status of
renewable energy resources development and energy policy in Europe are intro-
duced in this chapter. The development of smart grid technologies for facilitating the
renewable-based energy systems in the European Union is also discussed. The role
of Denmark, one of the leading countries for developing smart grid technologies and
using renewable energy resources, has been emphasized in this chapter.

Keywords Renewable energy � Wind power � Smart grid � European union �
Denmark

1 Background

Two of the major challenges facing the world are climate change caused by global
warming and security of energy supply. The European Union (EU) has realized
that its future economic growth and jobs are relying on the efficient and sustainable
use of natural resources [1]. The EU2020 agenda deliverers a clear European
framework for promoting the use of renewable energy resources and reducing
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greenhouse gas emissions for 2020: The EU will reach a 20 % share of renewable
energy in total energy consumption and increase energy efficiency by 20 %. In the
future energy framework of EU, renewable energy plays an important role tackling
the challenge of the climate change as it is an ideal energy source to decarbonize
the generation of energy, as well as a means of improving the security of our
energy supply by drawing upon inexhaustible sources of energy [2, 3].

However, the existing EU’s energy infrastructure cannot cope with the high
penetration of renewable energy efficiently and effectively. Without serious
upgrading of existing electricity network, monitoring and metering systems, and
operation and control strategies, the use of renewable energy generation will
develop at a much slower pace and system security may be jeopardized. Oppor-
tunities for energy saving and energy efficiency will be missed [1].

Smart grids will be the backbone of the future electricity network of EU, which
will facilitate the integration of the high penetration of renewable energy and vast
amounts of electric vehicles (EV), heat pumps, and other distributed energy
resources with a considerable potential to provide balancing capacity and other
flexible services to the power system. Moreover, smart grids provide a possible
solution for improving the reliability and security of electricity networks. The
Commission of EU is encouraging the implementation of smart grids because it
provides an opportunity to boost the future competitiveness and worldwide tech-
nological leadership of EU technology [1].

Denmark is also a driver in the way in energy-efficient and energy-friendly
economy in EU. In 2012, 30 % of the total electricity consumption came from
wind power (Energinet.dk Market Data) [17]. The Danish Energy Agreement of
March 2012 (Accelerating green energy towards 2020) [7] sets ambitious targets
for 2020, including that approximately 50 % of electricity consumption should be
supplied by wind power, and more than 35 % of total energy consumption
(including electricity, heat and transportation) should be supplied from renewable
energy sources. Danish experience illustrates that dependency of fossil fuel can be
reduced without adverse effects on the economic development through positive
energy policy and technology development for enhancing energy efficiency.

This chapter discusses the plans and status of renewable energy resources
development and energy policy in Europe. The challenges faced by future power
systems with high penetration of renewable energy resources are briefly described.
Solutions for developing smart grid technologies for catering high requirements of
balancing power in the future are discussed.

2 Plans and Status for Renewable Energy Resource
Development and Energy Efficiency Improvement

The EU commission has endorsed the European strategic energy technology plan
(SET-Plan) to develop and deploy low-carbon technologies during the next
10 years in Europe. The corresponding technology roadmaps are proposed as a
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basis for strategic planning and decision making on a transition to a low-carbon
economy, which includes the following main sectoral targets by 2020 [3]:

• Up to 20 % of electricity in EU will be produced by wind energy resources.
• Up to 15 % of electricity in EU will be produced by solar energy resources.
• The electricity grid in Europe can accommodate the integration of 35 %

renewable electricity in a seamless way and effectively maintain the reliable
and secure operation.

• Cost-competitive and sustainable bioenergy will occupy at least 14 % of the
EU energy mix.

• The framework of CO2 emission allowance will be effectively developed with
carbon capture and storage technologies.

• Around 25–30 European cities will be pioneer of the transition to a low-carbon
economy.

For achieving these objectives, new generation of more efficient and more
reliable wind turbines and photovoltaics/concentrating solar power plants will be
implemented. The offshore resources and deepwater potential of wind power will
be exploited. The technology competitiveness for large-scale penetration of solar
power generation will be improved.

Meanwhile, an unprecedented European research, development, and demon-
stration program will be conducted in the next 10 years, which will cost between
58.5 and 71.5 billion euros. Table 1 illustrates the cost estimation of renewable
energy development and smart cities initiative [3].

Among EU countries, Denmark is a leading country for developing renewable
energy technologies and using renewable energy resources [4]: In 1957, an
experimental wind turbine was installed in Denmark and connected to the elec-
tricity grid. In the 1980s, the first generation of wind turbines was mass-produced
by machine manufacturers. Since then, the Danish Government has encouraged the
large power companies to construct wind farms for providing electricity. In the
1990s, the government provided attractive incentives for wind power develop-
ment, and more and more private individuals join the investment in constructing
wind farms and producing wind power because of favorable profits. In the past
three decades, wind power generation capacity has grown from nearly 0 to almost
3,500 MW. The Danish electricity grid has also been operated effectively and
securely with the high penetration of wind power.

Figure 1 illustrates hourly wind power generation and demand in October 2010
in the western Denmark (DK1) provided by the Danish transmission system
operator [5]. The annual wind generation was 27.1 % of the annual demand in
DK1 in 2010. Still, the figure indicates that the hourly wind generation exceeded
the hourly demand in the nights of and October 3 and October 13. This was the
case in 71 of the 8,760 h in 2010, corresponding to 0.8 % of the time.

Besides increasingly using renewable energy, a wide range of energy-saving
initiatives and energy efficiency improvement have also been included in the
Danish action plan [6]: Denmark is among the countries in the EU with highest
energy efficiency. Since 1980, the Danish economy has increased by 78 %.
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However, energy consumption has remained approximately constant and CO2

emissions have been reduced with 24 % [18].
The Danish gross energy consumption has been decreased by 2 % from 2006 to

2011 based on the target of Danish energy policy and still further by 2020. Energy
consumption from buildings and vehicles is primary target to be reduced. Com-
paring with current standard, energy efficiency requirements for new buildings will
be much stricter. Electric vehicles (EVs) will cover 10 % of the road transporta-
tion, and 15 % of energy consumption from road transportation will be supplied by
electricity [8]. EVs will also constitute a flexible demand resource enabling
smoothing of the power fluctuations from renewable energy resources.

Allowance and tax schemes also work as lever for achieving the goal of energy
savings. In Denmark, gasoline-based vehicles have received very high taxes,
which is up to 180 % [8]. The total price of a medium-sized car is two times than
that in the USA. The gasoline price in Denmark is also approximately double of
that in the USA due to heavy taxes. Comparing with that, EVs have not received
tax yet. From 2013, most generation companies in EU will have to purchase CO2

emission allowance from the market, which is expected to increase the electricity
prices by approximately 20 % [4]. It will encourage the electricity production from
renewable energy sources, which is allowance free. Thus, the emission allowance
will spur more investment in renewable energy field and EVs.

Table 1 Cost estimate of
renewable energy
development and smart cities
initiative

European industrial initiatives Total (b€)

Wind energy 6
Solar energy (PV and CSP) 16
Bioenergy 9
Carbon capture and storage 10.5–16.5
Electricity grid 2
Sustainable nuclear energy 5–10
Smart cities 10–12
Total 58.5–71.5
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Fig. 1 Wind power
generation and demand in
November 2010 in the
western Denmark
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3 Challenges and Solutions

The high penetration of renewable energy resources will also challenge the power
grid of EU for two reasons [9]. Firstly, the share of fluctuating and less predictable
electric power production will increase significantly. The Danish balancing chal-
lenge with 50 % wind power generation is illustrated in Fig. 2, where the wind
generation has been estimated by a simple scaling of the 2010 data so that wind
covers 50 % of the demand.

Subtracting wind power leaves a residual demand and an overflow in November
as shown in Fig. 3. With the applied simple scaling of the wind power generation,
the hourly wind generation will exceed the hourly demand in 1,254 of the 8,760 h in
2010, corresponding to 14.3 % of the time. In reality, the overflow periods will
probably be even longer with 50 % wind generation, because most of the new wind
power development will be built as large offshore wind power plants. Experience
with the operation [10] and modeling [11] of large offshore wind plants has shown
that the power fluctuates relatively more than the power from the land-based wind
turbines, first of all because there is a much higher geographical concentration of the
offshore wind plants compared to the land-based wind turbines.

Obviously, higher renewable energy penetration in Europe will increase com-
petition and costs for balancing power because the conventional energy resources
are reduced and the need for balancing resource will increase. Also both current
energy markets (spot, regulating power) and ancillary services are designed for
conventional large generation, which may be too rigid as the practicability of the
new-generation technologies.

Secondly, the electrification of transport and heat will put a pressure on the
distribution grids in the power system; hence, the operators of the distribution
grids may face two options in order to manage the subsequent grid congestions,
either increase grid capacity or implement control signals, e.g., real-time price
signals that reflect the variation in demand for capacity during real-time operation.
However, these two options are not entirely a choice of one over the other. Some
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Fig. 2 Estimated wind
power generation and
demand in November in the
western Denmark with 50 %
wind power penetration
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additional grid capacity will be needed; however, implementing control signals
will improve the utilization of existing distribution capacity; hence, the need for
new capacity will decrease.

If the control signals are set as locational real-time price signals it will adapt to
the local supply and demand conditions, taking grid congestions into consideration
during system operation.

To address the future needs and challenges, an efficient and effective market-
based tool must be developed, which will attract distributed energy resources
(DER) and active end user to provide balancing power for the transmission system
operator. The EcoGrid EU—A Prototype for European Smart Grids is a large-scale
smart gird demonstration project [9, 12], where a new real-time electricity market
is proposed to allow the participation of small-scale DERs and small end con-
sumers into the existing electricity markets. Today, most of the DERs and end
users face barriers to supply balancing services to provide balancing services, e.g.,
requirements on bidding size, complex bidding strategies in the markets, com-
plying with schedules, etc. The objective of the new real-time electricity market is
to remove these barriers [9, 12].

While the EcoGrid EU emphasizes on the participation of small-scale DERs
and small end consumers for providing system-wide balancing services, another
Danish national project iPower—a Strategic Platform for Innovation and Research
within Intelligent Electricity is more focused on the aggregation of DERs pro-
viding flexibility services, trading services for the efficient and reliable operation
of distribution grids. An aggregator-based Flex market [13] has been proposed for
promoting small-scale DERs to provide the flexibility services for distribution
system operator such as overload and voltage management. Three possible trading
setups including bilateral contracts, auctions, and supermarkets have been iden-
tified in the Flex market of iPower.
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demand and overflow with
50 % wind power penetration
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4 EU Smart Grid Initiatives

With the technology advancements, the future EU and Danish power grid have the
following design objectives [14]:

• Sustainable to reduce carbon emission.
• Secure and reliable to provide electricity supply.
• Economic to reduce electricity prices and costs for other services.
• Flexible to promote customer participation.

The vision of Smart grid is defined by the European Commission Smart Grids
Advisory Council as ‘‘an electricity network that grants connection access to all
network users and provides efficient and reliable services in order to fulfill cus-
tomers’ needs whilst responding to the changes and challenges ahead’’ [15].

Key components of smart grid include the following [14]:

• Smart meters: Smart meters are key enabling component for smart grids, which
allow the end user to monitor and control consumption in real time. Smart
meters also enable two-way communication and interaction between system
operator and end users. It will in turn drive development and demand for smart
controllers of electrical appliances.

• Intelligent grid management: Intelligent grid management allows flexible
power generation, transmission, and active distribution. The bidirectional
power flow between transmission and distribution is also possible, which
allows prosumers to sell their own power surpluses in the future.

• Software-based added-value services and applications: These services allow
DERs and end consumers to economically optimize their electricity produc-
tion/consumption.

• System-wide oversight and coordination—the ‘‘glue’’ in the system: A uniform
communication infrastructure will enable real-time and system-wide commu-
nication, which integrate both producers and consumers. The uniform com-
munication infrastructure will support PMU-based wide-area measurement
system (WAMS) for system security supervision and control.

There are several smart grid projects implemented in EU. Table 2 [12] sum-
marizes the contribution and key deliverables from previous and ongoing EU
smart grid projects. The assessment of technical feasibility is the focus of the
majority of smart grid projects. The EcoGrid EU and iPower projects focus on
market-based system operation to a higher degree, so that both DERs and end
users can provide flexibility services on both transmission and distribution levels.
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5 Case Studies: Bornholm—‘‘Fast Track’’
for EU Smart Grid

The Danish island of Bornholm is located in the Baltic Sea as shown in Fig. 4 [16],
which is a unique test site for smart grid projects. The Bornholm distribution
system is integrated in the electricity market of western Denmark (DK2) and is
interconnected with Nordic power system as shown in Fig. 5 [12, 16]: The system
has a peak load of 55 MW and very high penetration of renewable energy
resources. The capacities of wind power and CHP units are 30 and 16 MW,
respectively. In the future, the amount of renewable energy resources and energy
storage devices such as PV, micro-CHP, fuel cell, and heat storage will be
established for smart grid demonstration purpose.

The Bornholm distribution grid is a meshed 60-kV network, which also includes
60/10-kV substations, 10-kV feeders, and 10/0.4-kV substations. The Bornholm grid
is also connected to the Nordic transmission grid through a 60-kV AC cable.

The Bornholm power system is a pioneer of future distribution systems of EU,
which has very high penetration of renewable energy. The public and municipality
of Bornholm support and encourage the ‘‘Bright Green Island’’ strategy. The goal
of renewable energy resource penetration in the Bornholm power system will
reach 100 %. Therefore, the Bornholm system is well suitable for testing the
feasibility and robustness of smart projects of EU. The Bornholm power system
will provide a very good test bed for the smart grid projects.

Fig. 4 The Danish Island of Bornholm [16]
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6 Conclusions

The future EU power system will integrate high penetration of renewable energy
resources, which will significantly challenge the system operation and control.
Smart grid provides an efficient and effective tool for addressing the future needs.
This chapter synthesizes challenges faced by future power systems with high
penetration of renewable energy resources. Energy policy in EU is also summa-
rized. Several smart grid projects implemented in EU, e.g., Ecogrid EU and
iPower, are introduced.
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Fig. 5 The Bornholm distribution system [16]
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The chapter is partially based on a large-scale smart gird demonstration project of EU—
EcoGrid EU. The Center for Electric Technology, Technical University of Denmark, is
responsible for the new real-time electricity market design in the project.
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Arcturus: An International Repository
of Evidence on Dynamic Pricing

Ahmad Faruqui and Sanem Sergici

Abstract This chapter introduces Arcturus, an international database of dynamic
pricing and time-of-use pricing studies. It contains the demand response impacts of
163 pricing treatments that were offered on an experimental or full-scale basis in
34 projects in seven countries located in four continents. The treatments included
various types of dynamic pricing rates and simple time-of-use rates, some of which
were offered with enabling technologies such as smart thermostats. The demand
response impacts of these treatments vary widely, from 0 % to more than 50 %,
and this discrepancy has led some observers to conclude that we still do not know
whether customers respond to dynamic pricing. We find that much of the dis-
crepancy in the results goes away when demand response is expressed as a
function of the peak-to-off-peak price ratio. We then observe that customers
respond to rising prices by lowering their peak demand in a fairly consistent
fashion across the studies. The response curve is nonlinear and is shaped in the
form of an arc: as the price incentive to reduce peak use is raised, customers
respond by lowering peak use, but at a decreasing rate. We also find that the use of
enabling technologies boosts the amount of demand response. Overall, we find a
significant amount of consistency in the experimental results, especially when the
results are disaggregated into two categories of rates: time-of-use rates and
dynamic pricing rates. This consistency evokes the consistency that was found in
earlier analysis of time-of-use pricing studies that was carried out by EPRI in the
early 1980s. Our analysis supports the case for the rollout of dynamic pricing
wherever advanced metering infrastructure is in place.
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1 Introduction

Many utilities have been deploying advanced metering infrastructure (AMI) as
part of their grid modernization activities. In addition to yielding operational
efficiencies in the distribution system, such as lowering the cost of reading meters,
faster detection of outages, and theft detection, AMI is also the enabler of dynamic
and time-of-use pricing (called time-varying pricing in the rest of this chapter).1

Through the use of time-varying rates, utilities can lower their cost of doing
business and customer bills by lowering, since such rates lower peak loads and
improve utility load factors [8].

As of this writing, about a quarter of US households are on smart meters; the
number is projected to approach a hundred percent in a decade. However, only two
percent of the households are on any type of time-varying rate and only a very
small percentage of these households are on any form of dynamic pricing rate.2

Over the past decade, a number of dynamic pricing and time-of-use studies
have been conducted around the globe in order to inform policy making. Some of
these have been randomized experiments, some have been quasi-experiments,
some have been demonstrations, and some have been full-scale deployments. A
full-blown meta-analysis would require the analyst to normalize for differences in
experimental design, which in turn would require access to detailed information on
the experiment design, implementation, and findings. Such a study was carried out
by EPRI in the early 1980s by using data from five experiments with time-of-use
pricing [1]. Lack of individual customer data prevents us from carrying out such an
analysis at this time. However, as a first step in that direction, we have assembled
the results from 34 studies in a database called Arcturus.3

The 34 studies in our analysis encompass a total of 163 ‘‘treatments’’ where a
treatment is defined as a unique combination of a time-varying pricing design and
enabling technology. At first glance, there is little consistency in the results: the
amount of demand response exhibited across the 163 treatments ranges from 0 to
58 %. This wide range of impacts has led observers such as Joskow [10] and some
policy makers to conclude that our understanding of customer behavior is not
strong enough to proceed with universal deployment of dynamic pricing and time-
of-use pricing, even though smart meters are being deployed. However, this range
just represents the raw data, unfiltered by the intensity of the price signal that
was conveyed to participants. If the data from those treatments that only featured

1 Time-varying pricing refers to time-of-use (TOU) rates as well as dispatchable rate structures
such as critical peak prices (CPP) and real-time prices (RTP). AMI is only a prerequisite for
dynamic pricing programs, whereas TOU rates can be implemented with legacy meters.
2 Federal Energy Regulatory Commission.
3 Faruqui and Sergici [5] and Flaim et al. [9] summarize the results from some recent studies but
do not attempt a meta-analysis of the type reported here. A previous meta-analysis, more limited
in scope that this one, is contained in Faruqui and Palmer [4]. A comprehensive bibliography on
dynamic pricing can be found in Enright and Faruqui [2].
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time-varying prices are plotted separately from those that featured time-varying
prices with enabling technology, even sharper results are obtained, as enabling
technologies increase demand response even more.

We examine the impact of the price ratio on the magnitude of the reduction in
peak demand using a log-linear regression model. Because the amount of demand
response varies with the presence or absence of enabling technology, such as a
smart thermostat, an energy orb or an in-home display, we include a variable that
indicates the use of enabling technologies.4 We find a statistically significant
relationship between the price ratio and the amount of peak reduction. The
interaction variable between price and the use of enabling technologies is also
statistically significant indicating that there is a boost to the peak reduction when
prices are paired with enabling technologies. This relationship is termed the Arc of
Price Responsiveness for reasons that will become clear later in this chapter.

2 The Time-Varying Rate Designs

Time-varying rate designs charge different electricity rates at different times of the
day and year.5 These rates reflect the time-varying cost of supplying electricity and
incentivize consumers to decrease their electrical usage during peak hours and/or
shift consumption to less expensive off-peak hours. This chapter examines the
resulting peak demand reductions from four types of time-varying rates: time-of-
use (TOU), critical peak pricing (CPP), peak-time rebate (PTR), and variable peak
pricing (VPP) rates. The last three options fall under the rubric of dynamic pricing.
While real-time pricing (RTP) rates also fall into that rubric and have been offered
to customers in some of the published studies, the lack of a clear price ratio
inhibits us from using these treatments in this chapter.

A time-of-use (TOU) rate could either be a time-of-day rate, in which the day is
divided into time periods with varying rates, or a seasonal rate into which the year
is divided into multiple seasons and different rates provided for different seasons.
TOU rates are fixed by period and consequently offer certainty as to what the rate
will be and when they will occur. In a time-of-day rate, a peak period might be
defined as the period from 12 p.m. to 6 p.m. on weekdays, with the remaining
hours being off-peak. The price would be higher during the peak period and lower
during the off-peak period, mirroring the variation in marginal costs by pricing
period. TOU rates with three periods have also been offered. Such rate schemes
include a shoulder (or mid-peak) period, where the cost of electricity is lower than

4 Some studies characterize only smart thermostats as enabling technologies as these devices
automatically adjust temperature settings without requiring an action from the customers. For the
purposes of this chapter, we characterize smart thermostats, energy orbs, and in-home displays as
enabling technologies since these devices either automate actions for customers or equip them
with information to act on.
5 For a detailed discussion of time-varying rates, see Faruqui et al. [7].
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peak period rates, but higher than off-peak period rates. Additionally, TOU rates
may include two peak periods (such as a morning peak from 8 a.m. to 10 a.m. and
an afternoon peak from 2 p.m. to 6 p.m.).

On a critical peak price (CPP) rate, customers pay higher peak period prices
during the few days a year when wholesale prices are the highest (typically the top
10–15 days of the year which account for 10 to 20 % of system peak load). This
higher peak price reflects both energy and capacity costs and, as a result of being
spread over relatively few hours of the year, can be in excess of $1 per kWh. In
return, the customers pay a discounted off-peak price that more accurately reflects
lower off-peak energy supply costs for the duration of the season (or year). Cus-
tomers are typically notified of an upcoming ‘‘critical peak event’’ one day in
advance, but if enabling technologies are used, these rates can also be activated on
a day basis.

Like on a CPP rate, customers on variable peak price (VPP) rates pay higher
peak period prices during a few days a year when wholesale prices are highest. The
main difference between a critical peak price and a variable peak price is that the
variable peak price varies from one event day to the next, as determined by market
rates. On-peak prices generally vary each day based on day-ahead market prices.
On non-event days, the VPP rate acts like a normal TOU rate, with fixed period
prices.

If a CPP tariff cannot be rolled out because of political or regulatory constraints,
some parties have suggested the deployment of a peak-time rebate (PTR). Instead
of charging a higher rate during critical events, participants are paid for load
reductions (estimated relative to a forecast of what the customer otherwise would
have consumed). If customers do not wish to participate, they simply buy elec-
tricity through at the existing rate. There is no rate discount during non-event
hours.

Participants in real-time pricing (RTP) programs pay for energy at a rate that is
linked to the hourly market price for electricity. Depending on their size, partic-
ipants are typically made aware of the hourly prices on either a day-ahead or hour-
ahead basis. Typically, only the largest customers—above one megawatt of load—
face hour-ahead prices. These programs post prices that most accurately reflect the
cost of producing electricity during each hour of the day and thus provide the best
price signals to customers, giving them the incentive to reduce consumption at the
most expensive times.

Figure 1 presents a visual representation of these rate types.
Enabling technologies such as programmable thermostats and in-home displays

(IHDs) can be offered with time-varying rates in order to enhance the effectiveness
of the rates by automating response and minimizing customer transaction costs.
Programmable communicating thermostats (PCTs) can receive a signal during a
critical peak pricing event and automatically reduce air-conditioning usage to a
level that is specified by the customer, reducing the need to manually respond to
high-priced events. Information-enhancing technologies such as in-home displays
(IHDs) can give customer information such as the amount of electricity that they
are using, what it is costing them, how that translates into their carbon footprint,
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how close they are to energy savings goals, and other such data. The information
can also be provided online through Web portals or even through a smartphone.
Energy orbs provide visual feedback to customers by changing color depending on
the price of electricity.

3 The 34 Studies

The 34 studies encompassing 163 experimental treatments in the Arcturus data-
base span four continents and seven countries. Figure 2 sorts the peak reductions
for each of the 163 experimental treatments from lowest to highest. At first glance,
there is little consistency in the results, for demand response varies from 0 to 58 %.
Some of the variation in demand response can be attributed to the different rate
types tested, while the rest is potentially due to other factors such as differences in
experimental design, socio-demographic characteristics, and climate conditions.
Grouping the results by rate type slightly improves the resolution, but not by much.
There still remains significant variation among pricing types, as shown in Fig. 3.
Due to their tendency to have higher price ratios than TOU rates, we hypothesize

Fig. 1 Common time-varying rate options
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that CPP and PTR rates tend to result in higher customer response.6 We hypoth-
esize that this is primarily due to the use of high price ratios for these rates. By
filtering by rate type and the use of enabling technologies, as done in Fig. 4, we
can see a clearer picture emerge from the data. The use of enabling technology
appears to increase demand response to levels above pricing-only observations for
a given price ratio.

Even after sorting the observations by rate type and the use of enabling tech-
nology, significant unexplained variation remains. As hypothesized before, the
range of results may be due to the variation in the peak-to-off-peak price ratio
employed across the studies among other reasons. In order to examine this, we
carried out an exploratory data analysis by plotting demand response as a function

6 For the PTR rate, the effective critical peak price is calculated by adding the peak-time rebate
to the rate the customer normally pays during that time period (in the absence of the rebate). This
is essentially the opportunity cost of consuming every kWh of electricity.
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of the price ratio. The plots initially focus only on pricing treatments that were not
accompanied by enabling technology. As seen below in Fig. 5, the 92 price-only
treatments fall into a tight pattern. These are then followed by plots that focus on
pricing treatments that were also technology-enabled.

The 71 treatments involving price and enabling technologies have a more
diffuse pattern, but peak reductions still tend to increase with the peak-to-off-peak
price ratio. In addition, for a given price ratio, peak reductions for these tech-
nology-enabled treatments tend to be greater than those exhibited by price-only
treatments (Fig. 6).

We took this exploratory analysis one step further and estimated a simple
regression model for the 163 experimental treatments to quantify the effect of the
price ratio and use of enabling technology on demand response. For the purposes
of this cursory analysis, we assumed that the main determinant of the variations in
the peak reduction is the variations in the peak-to-off-peak price ratio. Using a log-
linear specification, we model the amount of demand response, expressed as a
percentage, as a function of the log of the price ratio, with and without enabling
technology.

y ¼ aþ b� ln price ratioð Þ þ c� ln price ratio� techð Þ

where
y peak demand reduction expressed in percentages;
ln (price ratio) natural logarithm of peak-to-off-peak price ratio;
ln (price ratio 9 tech) interaction between the ln (price ratio) and tech dummy

variable (where tech takes the value of 1 when enabling
technology is offered in conjunction with price)

Table 1 presents the regression results.
The results reveal that as the peak-to-off-peak price ratio increases, the peak

reduction also increases. In addition, the positive and significant relationship
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Table 1 Regression results Coefficient Regression

Ln(Price Ratio) 0.051***
0.011

Ln(Ratio_EnablingTech) 0.056***
0.008

Intercept 0.045*
0.020

Adjusted R-Squared 0.372
F-Statistic 49.02
Observations 163

Standard errors are shown below the estimates
***p B 0.001
**p B 0.01
*p B 0.05
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between peak reduction and the ln(price ratio 9 tech) variable indicates that the
use of enabling technology further boosts demand response. The R-squared value
of 0.37 means that approximately 37 % of the variation in the dependent variable
(i.e., peak demand reduction) can be explained by the independent variables.

As seen in Fig. 7, the analysis yields two ‘‘arcs of price responsiveness’’ for
pricing-only treatments and technology-enabled pricing treatments. These Arcs of
Price Responsiveness can be used to make preliminary assessments about expected
customer impacts from various time-varying rates. For example, for a peak-to-off-
peak price ratio of 5:1, the expected peak reductions for price-only and price-
technology treatments are 12.7 and 21.6 %, respectively. For a price ratio of 10:1,
these reductions would increase to 16.2 and 29.0 %, respectively.

Figure 7 also shows that some of the 163 treatments yielded either extremely
high or extremely low impacts. In order to minimize the impact of these outliers on
the regression estimators, we re-estimated the models using a robust regression
technique that utilizes the MM-estimator. This reduces the influence of moderate
outliers and completely eliminates the impact of gross outliers by down-weighting
their influence in estimating the parameters of the model. ‘‘Moderate’’ and ‘‘gross’’
outliers are defined based upon the scale of the data and such that, were there truly
no outliers, all observations would receive the same treatment as in a standard
ordinary least squares model.

The regression results from the MM-estimation are presented in Table 2.
As done earlier, the Arcs of Price Responsiveness (shown in Fig. 8) can be used

to make preliminary assessments about expected demand response from time-
varying rates. For a price ratio of 5:1, the expected peak reduction in price-only and
price-tech experimental treatments is 11.5 and 20.1 %, respectively. For a price
ratio of 10:1, expected peak period reductions are 15.2 and 27.6 %, respectively.7

The preliminary results with the 5:1 price ratio are similar to the results from the

7 By using MM-estimation, our re-estimated arcs predict impacts that are lower than before.
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California Statewide Pricing Pilot (SPP) in 2005; this study featured a CPP rate with
a price ratio of 6.56 and resulted in a 13 % peak reduction [3].

While this approach led to some interesting and statistically significant results,
it became apparent that the analysis could be refined by splitting the Arcturus
database and corresponding regressions into two: one for TOU-only treatments and
one for dynamic pricing treatments (i.e., CPP, PTR, and VPP). Not only are TOU
price ratios consistently lower than other rate types, as can be seen in Figs. 9 and
10, but customer reactions to TOU pricing are probably different. In TOU pricing,
the altered rates are applied every day, as opposed to only on discrete event days
which is the case in dynamic pricing. This gives TOU customers more opportunity
to change their energy consumption habits, leading to greater impacts from TOU.
On the other hand, it is easier to change behavior for a few hours per year on
dynamic pricing rates.

Table 3 presents the regression results of the TOU-only arc using MM-
estimation.

Table 2 Regression results
using MM-estimation

Coefficient Regression

Ln(Price Ratio) 0.054***
0.011

Ln(Ratio_EnablingTech) 0.054***
0.008

Intercept 0.027.

0.016
Number of outliers 3.000
Observations 163

Standard errors are shown below the estimates
*** p B 0.001
. p B 0.1
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Table 3 Regression results
of the TOU-only arc using
MM-Estimation

Coefficient Regression

Ln(Price Ratio) 0.056**
0.021

Ln(Ratio_EnablingTech) 0.067*
0.026

Intercept 0.009
0.022

Number of outliers 0
Observations 65

Standard errors are shown below the estimates
**p £ 0.01
*p £ 0.05
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The results again reveal that as the peak-to-off-peak price ratio increases, the
peak reduction also increases. In addition, the positive and significant relationship
between peak reduction and the ln(price ratio 9 tech) variable indicates that the
use of enabling technology further boosts demand response.

As done earlier, the Arcs of Price Responsiveness (shown in Fig. 11) can be
used to make preliminary assessments about expected demand response from time-
varying rates. For a price ratio of 2:1, the expected peak reduction in price-only
and price-tech experimental treatments is 4.7 and 9.4 %, respectively. For a price
ratio of 5:1, expected peak period reductions are 9.9 and 20.7 %, respectively. The
preliminary results with the 2:1 price ratio are similar to the results from the
California Statewide Pricing Pilot (SPP) in 2005; this study featured a TOU rate
with a price ratio of 2:1 and resulted in a 4–5 % peak reduction [3].

Table 4 presents the regression results of the non-TOU arc (CPP, PTR, and
VPP) using MM-estimation.

The results again reveal that as the peak-to-off-peak price ratio increases, the
peak reduction also increases, although the relationship is weaker and less sig-
nificant. However, the positive and significant relationship between peak reduction
and the ln(price ratio 9 tech) variable remains strong and indicates that the use of
enabling technology further boosts demand response.

As done earlier, the Arcs of Price Responsiveness (shown in Fig. 12) can be
used to make preliminary assessments about expected demand response from time-
varying rates. For a price ratio of 5:1, the expected peak reduction in price-only
and price-tech experimental treatments is 13.8 and 21.7 %, respectively. For a
price ratio of 10:1, expected peak period reductions are 15.9 and 27.2 %,
respectively.
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4 Comparison to Earlier Meta-Analysis of TOU
Experiments

It is useful to put the results of our analysis in historical perspective. We have done
this by comparing them to an earlier meta-analysis of TOU pricing experiments.
This was carried out in the early 1980s by Christensen Associates under contract to
EPRI and managed by Ahmad Faruqui. In this meta-analysis, data from the five
best residential TOU experiments were combined and analyzed. This yielded a
variety of elasticities of substitution: (1) for the average household across all five
experiments, (2) for households with all major electric appliances living in a hot
climate, and (3) for households with no major electric appliances in a cool climate
[1]. The elasticity of substitution for this meta-analysis captures a customer’s
decision to shift usage from higher-priced peak periods to lower-priced off-peak
periods. Using Brattle’s price impact simulation model (PRISM), which grew out
of California’s Statewide Pricing Pilot, we have used these elasticities to simulate

Table 4 Regression results
of the non-TOU (CPP, PTR,
and VPP) arc using MM-
estimation

Coefficient Regression

Ln(Price Ratio) 0.030.

0.015
Ln(Ratio_EnablingTech) 0.049***

0.008
Intercept 0.090**

0.031
Number of outliers 2
Observations 98

Standard errors are shown below the estimates
***p B 0.001
**p B 0.01
. p B 0.1
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the impact of different price ratios on peak demand [8]. The results are shown in
Fig. 13.

And to put these results in perspective, Fig. 14 shows the new Arc of Price
Responsiveness for pricing-only TOU treatments superimposed on the previous
figure. The results are similar between the average household results from the early
1980s and the price-only result from the recent studies.

5 Elasticity Estimates

In our review of these 34 studies, we find that the impacts also vary widely among
the experiments using the same rate design. Other than the differences in the peak-
to-off-peak price ratios, this variation is largely attributed to the variation in price
elasticities and sample designs. Most studies estimated two types of elasticities: (1)
substitution elasticity that captures customers to substitute relatively inexpensive
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off-peak consumption for relative expensive peak consumption and (2) own price
elasticity that captures the change in the level of overall consumption due to the
changes in the average daily price. Based on our review, substitution elasticities
from the experiments range from -0.07 to -0.40 while the own price elasticities
range from -0.02 to -0.10. Availability of the enabling technologies, ownership
of central air-conditioning, and the type of the days studies (weekend vs. weekday)
are some of the factors that yield variations in the price elasticities.

Price elasticities allow the estimation of peak impacts for a given time-varying
rate design. Brattle’s PRISM model predicts the changes in electricity usage that
are induced by time-varying rates by utilizing a constant elasticity of substitution
(CES) demand system. This demand system consists of two equations. The sub-
stitution equation predicts the ratio of peak-to-off-peak quantities as a function of
the ratio of peak-to-off-peak prices and other factors. The daily energy usage
equation predicts the daily electricity usage as a function of daily price and other
factors. Once the demand system is estimated, the resulting equations are solved to
determine the changes in electricity usage associated with a time-varying rate.
PRISM has the capability to predict these changes for peak and off-peak hours for
both critical and non-critical peak days. Moreover, PRISM allows predictions to
vary by other exogenous factor such as the saturation of central air-conditioning
and variations in climate. The model can be set to demonstrate these impacts on
different customer types.

6 Conclusion

Our survey of 34 time-varying rate projects across four continents and seven
countries has shown convincingly that the amount of demand response increases as
the peak-to-off-peak price ratio increases but at a diminishing rate. Enabling
technologies, coupled with dynamic pricing, enhance demand response.

Of course, there are many drivers of demand response besides the price ratio.
These include the length of the peak period, the number of pricing periods, cli-
mate, and appliance ownership. Additionally, the manner in which dynamic
pricing rates are marketed to customers has an undeniable impact on customer
response, since marketing shapes customer awareness and education. Finally, the
non-random selection of customers into some of the time-varying rate experiments
can affect the validity of their results.

Because we were unable to control for these factors in this meta-analysis, there
are some outliers in our dataset which require further inspection. Even then, the
surprising amount of consistency in the results shows that utilities and policy
makers can be confident that dynamic pricing and time-of-use pricing will yield
significant load reductions.
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Microgrids and Distributed Energy
Future

Jin Zhong and Yuqian Song

Abstract Microgrid appears with the development of distributed generations
(DGs) and distributed renewable energy resources. It is usually located in low
voltage networks and connected to the power grid through switches. In remote or
isolated areas, microgrid is an alternative way of power supply instead of installing
expensive long-distance transmission lines. A microgrid combines DGs, loads,
distributed energy storages, and cogenerations to form a mini power system. The
system could be operated as grid-connected mode or islanded mode. The auton-
omous operation is one of the features of microgrid. Distributed renewable energy
resources and small-scale clean energy generating units are the major generation
resources in microgrids. The development of microgrids and distributed clean
energy generations will be one of the solutions to carbon emissions and global
warming. Microgrid is a transition step from conventional power systems to smart
grid. The demand management and generation control in a microgrid could sig-
nificantly improve energy efficiency and system operation. In this chapter, the
concept and development of microgrid are introduced. The challenges and oper-
ation issues are discussed for microgrids. In the end, the operating microgrids all
over the world are introduced.

1 Introduction

Electricity is a necessity for people in a modern society. Power systems traditionally
are classified as generation, transmission, and distribution. Due to economies of
scale, power systems have been operated as centralized large systems since gener-
ators were first developed in 1890s. Centralized large-scale thermal power plants and
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hydropower stations are usually located far from load centers. High-voltage trans-
mission lines transmit electricity to urban and suburb areas. Then, electricity is
distributed to customers through distribution lines, which have lower voltage levels
than transmission lines. Advantages of high-voltage (220–800 kV) transmissions
are: larger transmission capacity; ability of transmitting power for longer distance;
and less transmission losses. Due to high investment costs of power generation and
transmission facilities and the complexity of real-time power system operation, a
vertically integrated power company owning generation, transmission, and distri-
bution facilities had been the most common business model for power industry for
many years until some countries started power system deregulations in 1990s.
Vertically integrated power companies operate power plants, transmission, and
distribution lines in the region and dispatch the system based on power generation
costs to supply customers in a reliable way. The traditional vertically integrated
power system and its operation mechanisms significantly facilitate the development
of power technologies and the investment in power industry, especially when power
technique development reached its golden era in 1960s and 1970s.

In traditional power systems, customers are connected to the distribution sys-
tem. Utilities supply electricity to end users with fixed electricity prices. Except
some large industry customers that can sign power supply contracts with utilities,
most small customers are passive customers. They turn on switches to use elec-
tricity and pay the bill based on kWh consumptions. They do not know or care
about which generators generated electricity for them and have no choices of
power suppliers or electricity prices.

However, this situation has changed since 1990s from two aspects: generation
technology development and energy policies.

Due to economics of scale, traditional power generations are usually centralized
large power plants. Thermal conversion efficiencies of these thermal power plants
are around 30–35 %. With the development of new generation technologies, new
types of generating units with higher efficiencies (40–50 %) are commercialized
and become common in supplying electricity, for example, gas turbines, micro-
turbine, combined-cycle gas turbine, cogeneration, etc. Most of them use gas or oil
as fuel, which is cleaner than coal-fired power plants. However, the sizes of these
units are relatively small compared to traditional centralized generating units. Due
to higher fuel costs of oil and gas, their operating costs/marginal costs are higher
than coal-fired units. On the other hand, they can start up/response in a very short
time and have a lower startup cost. The small-sized fast-response units with new
generation technologies could be used as peak generators in traditional power
systems. However, these types of generators are commonly installed at customer
premises using dispersed energy resources. Compare to centralized power gener-
ations, they are called distributed generation (DG). Distributed generations (DGs)
are usually small-sized generators with high efficiencies and can be easily
installed. For fossil-fuel-based DGs, gas or oil is often used. Wind turbines and
photovoltaic panels using dispersed renewable energy are also classified as DGs.
Some DGs are installed at customer buildings applying cogeneration technologies
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to improve the total thermal efficiency by providing thermal energy in addition to
electrical energy to customers.

Energy polices and power system deregulations provide chances for DG tech-
nologies. The new generation technologies of DGs became popular and commer-
cialized in 1980s–1990s. During this period, power industry was under
restructuring all over the world. Vertically integrated power systems were dereg-
ulated, and centralized power generations were unbundled from transmission sys-
tems. Independent power providers (IPPs) invest in and own generating units.
Power companies are not the sole owner of generating units. IPPs and customers
could buy their own generators and provide electricity from the customer side.
Power system deregulations provide opportunities and market environments for DG
technologies and their applications at the demand side. DGs could be used as the
supplementary generator to supply electricity to residential buildings and industry
loads. DGs operating during system peak hours have the effect of peak shaving.
From planning aspects, installing DGs in distribution systems could relieve trans-
mission congestion and lower the requirement of transmission capacity, hence
reducing the investment in transmission expansion planning. In the deregulated
power system, one may invest in small generators distributed at the customer side,
instead of investing in centralized large generators and long-distance transmission
lines. This makes it easier for small investors (or large customers) to invest in power
generations. This also postpones the transmission expansion problem, which
requires large capital investment.

DGs installed in a distribution network could coordinate to provide electricity
to local loads. The DGs, small renewable energy sources, energy storage devices,
and loads could form a small power system at the low voltage distribution levels.
They are called microgrid. Microgrids are usually connected to the main power
grid. It has two operation modes: grid-connected operation and islanded operation.
When a microgrid is connected to the grid, there is power exchange between the
microgrid and the main grid. During emergency situations or other conditions, the
microgrid is disconnected from the main grid and be operated autonomously as
islanded operation. In a remote/independent area, the microgrid is a promising
practice for electrical energy supply to customers, and it can make best use of
dispersed renewable energy.

Virtual power plant (VPP) is another concept for dispatching DGs. The concept
of VPP is to use a novel software system to control a cluster of small-scale DGs to
act as a single large-scale power plant. VPP is not a physical power plant. It
aggregates the outputs from DGs, like wind power, photovoltaic panels, biomass
generations, combined heat and power (CHP), and energy storage, by using
sophisticated software to control their total power output to follow a preset power
generation curve. The power output of all DGs looks like a traditional controllable
power plant. VPPs were initially developed mainly in European countries and
operated by municipal utilities. A VPP requires complicated software system for
optimization, control, and communication.
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Microgrid and VPP operation technologies were developed to manage DGs
dispersed in the distribution network. In a traditional power system, few generators
are located in the distribution network. Power flows from generators to customers
through transmission and distribution networks. There is no reverse power from
customer sides to transmission grid. The system operator controls generating units
at the generation level. Small generators located in the distribution networks are
transparent to transmission system operators. Forming microgrids or VPPs could
manage the large penetration of DGs at low-voltage networks. A well-designed
management system could improve the overall energy efficiency of distributed
renewable energy sources.

Microgrids may be considered as a low-voltage mini-grid connected to distri-
bution networks. The mini-grid connects loads and small generating resources,
which are geographically close. Typical microgrids are usually connecting loads
and generators in a remote or independent area, for example, a village, university
campus, and residential areas. CHP is a promising generation technology in
microgrid. The overall electrical efficiency and thermal efficiency of a CHP is very
high, as it could recover waste heat of power generation to thermal usage for
residential customers, which is energy efficient for residential customers. Dis-
tributed energy storage devices, such as batteries, ultra-capacitors, and flywheels,
are also very important components of microgrids. The energy storage devices
could be coordinated with renewable energy resources (wind turbines and pho-
tovoltaic panels) to store the electrical energy when electricity demand is low
while wind or sunshine is strong and to discharge the electrical energy when
demand is high and wind or sunshine is weak.

The future of microgrids is to serve as a controllable component in the distri-
bution system. By controlling distributed energy storage, CHP and small gas
turbines, microgrid should be able to optimize energy consumption and to improve
the efficiency of renewable energy utilization, hence reducing carbon emissions. In
smart grid, microgrid will serve an important role in demand response and could
significantly shave the peak and lower the capacity requirement of peak generating
units (usually fossil-fuel-based generators).

In this chapter, we will introduce the basic concepts of microgrids, their
operation modes, technical and economic issues of microgrids, and practical
projects of microgrids.

2 Concept of Microgrid

One of the challenges to reliable power system operation is the growing number of
DGs, which have smaller sizes than conventional generating units and in proximity
to end users. Most DG technologies are based on energy sources with low/zero
carbon emissions, which are helpful to global warming issues. On the other hand,
as distributed generators are close to customers, their waste heats could be further
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utilized to heat up or cool down commercial/residential buildings, thus improving
the total energy efficiency. The high penetration of small generators in distribution
networks raises some technical issues and operation issues to conventional power
systems. The concept of microgrid offers a transition step to an autonomous, low
emission, smart power system. A well-designed control and management system
for microgrid should allow advanced control, which is compatible with current
power system operations, and the microgrid should be visible and controllable to
higher-level system operators.

The concept of microgrid is to group distributed energy resources and loads, so
that they can act as a single generator connected to the power grid through a
connecting point. The control strategies and techniques developed for microgrid is
to have the least impact on the existing electricity infrastructure and current system
operation modes.

A microgrid might be connected to the main power grid, or operated as an
islanded system. An isolated microgrid is defined as one with no connecting point
to the utility grid. This kind of microgrid is usually located in the remote rural
areas or on an island. These areas can be supplied by a large number of clean
energy generations managed with a good load control strategy. From this aspect,
microgrid is a new method of powering remote areas, eliminating the need of
installing long-distance transmission lines to the area, which is not economical if
the electricity demand and number of users are small. A grid-connected microgrid
represents a transition of the traditional power system to smart grid for accom-
modating growing numbers of DGs. This type of microgrid groups a number of
AC generators, renewable energy generations and loads. If the total power gen-
eration from the generators is greater than the total load in the microgrid, the
excess power can be fed back to the power grid through the point of common
coupling (PCC). On the other hand, if generations in the microgrid are not suffi-
cient to supply the load, the microgrid will withdraw electricity from the power
grid through PCC. Control strategies are the key techniques for the microgrid to
control the load, battery charging/discharging, and the switching between grid-
connected operation mode and islanded operation mode. The energy management
system of a microgrid needs to optimize and control the battery charging and
discharging based on its state of charge (SOC) to compensate the fluctuation of
renewable energy generations. For a microgrid with cogenerations/combined heat
and power generators, the coordination of power supply and thermal supply is
needed. Another important function of microgrids is dynamic load control, which
is also the key technology of demand response and smart meter applications
in smart grid. The key features of a grid-connected microgrid are its ability of
islanding the system from the main grid during emergency events, and its ability of
recovering the connection autonomously. The switching between islanded opera-
tion and grid-connected operation is usually accomplished through a bidirectional
relay at PCC.
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3 Motivations and Challenges of Microgrid

The benefits of microgrids are evaluated from various aspects. By adopting dis-
tributed renewable energy for electricity supply, microgrids have significant effects
on greenhouse gas emission reductions and other environmental issues. However,
there are significant challenges in setting up the micro-power systems in the
existing mature power grid. The challenges are due to the integration of new
technologies, regulation and policy incentives, and compliance to international
standards. Despite these challenges, microgrids have been set up all over the world.
Emission and environmental issues are not the only incentives for microgrid
development. Other motivations are that utilities could postpone installation of new
generation capacities and transmission capacity upgrades by connecting distributed
energy resources. Some microgrid owners have similar financial incentives of
developing microgrids instead of installing new line capacities to the main grid.

In the area of microgrid, the most discussed topics include: control strategies,
reliability and power quality issues, islanded operation, microgrid design, and
demand response.

4 Operation and Control of Microgrids

Microgrids may be divided into two categories:

1. Isolated microgrids, which operate independently, and are usually not con-
nected to the main grid

2. Grid-connected microgrids are usually connected to the main grid and have
power exchanges

For microgrids of the first category, they are usually located in isolated remote
areas. The system itself is like an independently operated scale-down power
system. The technical requirements are the same. However, they have more
intermittent renewable energy sources. Frequency regulation and voltage control
are important for microgrid reliable operation. Isolated microgrids are usually
equipped with energy storage devices to compensate for generation fluctuations
and system disturbances.

For grid-connected microgrids, the main power grid is a major power supply.
They could rely on the power grid for power balance and energy backup. From the
perspective of the system operator of the power grid, the microgrid is operated as a
predictable load (generation lower than demand) or a controllable generator
(generation larger than demand) at the connecting point. Grid-connected microgrid
usually has higher reliability than isolated microgrid due to its connection to the
power grid, which could import/export power from/to microgrid. Local customers
of grid-connected microgrid could be supplied by the DGs in the microgrid if the
power supply from the main grid is lost or if there is a fault. In emergency situa-
tions, grid-connected microgrids could provide black-start services to the main grid.
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Grid-connected microgrids have two fundamental operation modes: grid-
connected mode and islanded mode. There are two transition modes: transition
mode from grid-connected to islanded, and connection restoration mode.

In grid-connected mode, the switch at the point of connection is closed. The
microgrid is connected and performed as part of the main grid. Due to DGs, there
is reverse power flow from the microgrid to the main grid. In grid-connected mode,
system operation information needs to be exchanged for system control. The
information includes generation outputs, demands, voltages, and protection relay
states. The information serves as control parameter to schedule a transition to
islanded operation mode. In islanded mode, some loads might be shut down to
guarantee that power supply is enough for important loads. To balance load with
limited generation sources, load shedding and load management are needed. To
restore the connection of the microgrid to the power grid, the frequency, voltages,
and phase angles should be within limits and must be synchronized.

Control of microgrids is one of the most frequently studied topics in the
research areas of microgrids. Microgrid control is to ensure that the frequency and
voltage parameters are operated within limits. The major control schemes of
microgrids include autonomous control, and agent-based decentralized control,
etc. With autonomous control, the microgrid is expected to run automatically
while maintaining reliable system operation. Decentralized control is applied to
microgrids due to its characteristics of distributed energy sources.

In a microgrid, it is important that a generation resource could be flexibly added,
removed, or adjusted, more or less like a ‘plug-and-play’ resource. The control of
microgrid should be flexible. During a fault situation in the main grid, the microgrid is
expected to be disconnected from the system. This is called intentional islanding. When
a fault is detected, the components in the microgrid need to be coordinated to take
actions. At this moment, all control schemes must be able to support different opera-
tion modes, and some loads are switched off to match existing power supply capacity.
Once the fault in the main grid is cleared, the microgrid should be able to recover its
connection to the main grid and restore normal grid-connected operation mode.

The operation and control of microgrids could be different from traditional
power systems. From the customer side, it is a transition state from conventional
system to smart grid. Demand response and demand management are the first stage
of smart grid. With economic incentives and proper control strategies, microgrids
could participate as a component of smart grid to adjust its performance to
improve energy and economic efficiency.

5 Economics of Microgrids

To establish a microgrid, the investment includes the capital costs of generation
devices, energy storages, control equipment, management systems, communication
systems, and protection schemes. Operation costs include fuel costs for distributed
generators and cost of purchasing energy from the main grid.
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Costs of distributed energy generations, in most cases, are higher than con-
ventional centralized generating units. This is one of the drawbacks of microgrid.
However, considering the high cost of installing transmission lines in a remote
area, installing microgrids could be more economical.

With the applications of demand response and smart meters, the economic
benefits of microgrids are amplified. As a system with generators and loads, a
microgrid could adjust its energy consumption or power generation in response to
electricity price signals. During peak hours, the microgrid could discharge its
energy storage and export electricity to the power grid at a higher price. During off-
peak hours, microgrid could purchase electricity from the power grid at a lower
price and charge its energy storage. With a well-tuned management and control
system, a microgrid could perform well in demand response and achieve significant
financial benefits. In a microgrid with distributed generators, CHP and renewable
energy generations, the system could be operated in a cost and energy efficient way.
When renewable energy is excessive, it could be used to charge energy storage
devices or feed loads that are not time critical, for example, space heating/cooling,
laundry machine, etc. The energy storage could be discharged when electricity
price is high. Management and control strategies can be designed for different types
of loads to minimize the electricity generations from fossil-fuel-based DGs, as well
as to minimize the total cost of supplying local loads. For the microgrid with CHP,
the economic benefit could be enhanced by coordinating electricity loads and
thermal loads. The total energy efficiency can be improved accordingly.

6 Existing Microgrid Projects

Currently, the research efforts and constructions on microgrids have been accelerating
in many regions and countries such as North America, the European Union, and Japan.
Based on the regional energy policies and actual operation conditions of power
systems, relevant industry and research organizations have achieved remarkable
accomplishments in microgrid operation, control, and protection, as well as in energy
management systems and the impact analysis on power system [13]. Control strategy is
one of the core issues of microgrid technology. As the platform of testing and verifying
the relevant control strategies and theoretical techniques, the construction of microgrid
experimental system has received more attention by the governments of many
countries in recent years. So far, a number of laboratory and demonstration projects
have been conducted in the European Union, America, Canada, Japan, etc. [1].

6.1 Typical Microgrid Systems in Europe

Microgrid has been considered as one of the most important solutions for enhancing
the reliability of power systems and has gained much attention by members of
the E.U. Themed as ‘Energy, Environment and Sustainable Development,’ the
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European fifth Framework Programme (1998–2002) [6] and sixth Framework
Programme (2002–2006) [7] have promoted a number of research projects on DG
control strategies and operation. The green book published by the European
Commission ‘European Smart grids Technology Platform: Vision and strategy for
Europe’s Electricity networks for the Future’ in 2006 elaborated the concept of
smart grid [8] and pointed out the perspective long-term plan, which is to build the
smart grid consisting of centralized power plants and microgrids, in order to
achieve higher reliability, less environmental pollutions as well as higher economic
benefits. This plan was included in the core issue of the seventh framework pro-
gramme (2007–2013) [24].

6.1.1 Microgrid Laboratories in the E.U.

NTUA Microgrid

National Technical University of Athens (NTUA), as one of the leaders of
European microgrid research work, established the NTUA Microgrid [12], which
is a 230-V, single-phase, and 50-Hz system. Using a 60-V, 110-W PV generation
as the distributed power source, this system is integrated to the power system.
Besides, a 60-V, 230-Ah battery is used to maintain the transient power balance. In
order to present the multiformity of the microgrid system, a 2.5-kW wind gen-
erator is planned to be added. The purpose of the NTUA experimental microgrid is
to analyze different control strategies for the underlying level PV and energy
storage on both grid-connected mode and islanded mode and to estimate the
impact of microgrid on economic benefit and the environmental pollution. How-
ever, the NTUA Microgrid is a single-phase system, which does not have general
significance for other network structure.

Demotec Microgrid

Demotec Microgrid is located in the Institute for Solar Energy Supply Technology
(ISET), the University of Kassel, Germany, which is one of the earliest established
microgrid laboratories in Europe [3]. This experimental grid is a three-phase 400-
V, 50-Hz system and is connected to the power grid with 175 and 400-kVA
transformers. There are simulators for traditional thermal generation units and DGs
in the power supply side, as well as different kinds of loads in the demand side.
One noticeable feature of the Demotec Microgrid is that the system is composed of
sub-microgrids including a single-phase PV-battery system and a three-phase PV-
battery diesel generator system. By managing the upper-level controller, the
structure of the microgrid can be optimized and re-configured in order to achieve
better power quality and reliability. In addition, the microgrid system will feed the
power back to the power system when the DG output is higher than the load.
Demotec Microgrid is used to conduct islanded operation test based on power
invertors, and it is also considered as an analytical tool for studying the impacts on
system transient states due to variations of resistive, conductive, and unbalanced
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loads, as well as the influences of DG fluctuations on system stability. It has been
playing an important role in the theoretical development of E.U. microgrids.

Armines Microgrid

Armines Microgrid is a single-phase microgrid located in Paris, France, including
PV (3.1 kW), fuel cell (1.2 kW), and diesel generators (3.2 kW), etc. [27]. It uses
48-V, 18.7-kWh battery sets as energy storage devices. The demand side contains
controllable resistive, inductive, conductive, and non-linear loads and can be
operated on both connected and autonomous islanded mode by computer-controlled
disconnecters. Superior-level management system is built based on AGILENT
VEE7 and Matlab, which realize the function of sending commands and collecting
data, and manage the microgrid in real time.

Labein Microgrid

Labein Microgrid is one of the demonstration platforms of the European ‘multi-
microgrid’ project [29]. It is connected to the 30-kV power network via two 1,250-
kVA transformers in Bilbao, Spain.

The framework of Labein Microgrid includes:

• Regular DGs (single-phase 0.6 and 1.6 kW PVs, three-phase 3.6-kW PVs and
6-kW wind turbines).

• Energy storage devices (48 V/1,925 Ah and 24 V/1,080 Ah battery sets,
a 250-kVA flywheel energy storage and a 48 V/4,500 F super-capacitor).

• 150-kW resistive and two sets of 50-kW conductive loads.

The purpose of Labein Microgrid is to design the control strategies and
demand-side management under grid-connected mode and to study frequency
regulation and power quality issues of microgrid. In addition, this system contains
a DC bus, in order to promote further researches on DC microgrid technology.

CESI Microgrid

CESI Microgrid is a 400-V, 50-Hz system, with a capacity of 350 kW, it is
connected to 23-kV system via a 800-kVA transformer in Milan, Italy [5]. It was
first established to test DG-related technologies. Afterward, it takes part in the
European ‘multi-microgrid’ project and is used to analyze operation features of
different types of microgrid structures. Besides, control strategies after distur-
bances, power quality analysis and communication technologies are also studied
base on this platform.

CESI Microgrid manages the lower-level microgrid structures via Ethernet,
wireless communication, and power carrier. Based on the existing microgrid
framework, a DC microgrid is being planned.
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6.1.2 Microgrid Demonstration Projects in the E.U.

Kythnos Microgrid

Kythnos Microgrid is co-founded by the company SMA Technology AG and
National Technology University of Athens in 1980s on an island of Greece [31]. It
does not really qualify as a microgrid since it will only operate on islanded mode.
However, it is of great significance for the development of European microgrid
theory and technology.

Based on different research objects, Kythnos Microgrid can be configured as
both single-phase and three-phase systems. According to the requirements of
European ‘multi-microgrid’ project, it was set up as a three-phase, 400-V, 50-Hz
system, supporting research on topics of microgrid operation, control strategies,
and system reliability.

Kythnos Microgrid contains two subsystems so far, a three-phase system (PV,
battery sets, and diesel generators) can cover the local load, and a single-phase
system including 2-kW PVC and 32-kWh battery sets is operated in order to
support the communication devices of the entire system. In the future, a 5-kW
wind turbine will also be introduced to limit the consumption of diesel as well as to
enhance the diversity of the system.

Since the Kythnos Microgrid only operates on islanded mode, it will drop part
of the ‘non-critical’ load when power supply is less than demand, and, on the other
hand, smart load will absorb the redundant power when the power supply is
excessive.

Continuon Microgrid

Continuon Microgrid is the first civil microgrid demonstration project in Nether-
lands [21]. It was established in Zutohen in 2006. The system is a three-phase,
400 kVA, 50 Hz grid, which connects to the 20-kV power system via a 400-kVA
transformer, and is allowed to feed power back to the power system. The capacity
is 335 kW, supports 200 houses through 4 feeder lines, and the peak load is
150 kW.

By managing the charging and discharging states of the battery banks, the
system is able to operate stably in islanded mode for 24 h and has the ability to
black-start when the power system fails.

EDP Microgrid

EDP Microgrid is a three-phase, 400-V, 50-Hz system, one 80-kW Capstone gas
turbine is operated as the major generation [25]. It is connected to the 10-kV
medium-voltage system by a 160-kVA transformer.

EDP is one of the demonstration platforms of the European ‘multi-microgrid’
project. It is able to operate in both grid-connected and islanded modes, and the
research efforts mainly focus on two different scenarios:

• Micro-turbines will cover the local load and the microgrid will feed extra
energy to the power system.
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• Except supporting local load, the micro-turbine will also supply electricity
power for civil, commercial, and industrial load.

Based on these scenarios, the studies are conducted on micro-turbine operation
characteristics, strategies of microgrid operating mode switching, and load
management.

MVV Microgrid

MVV Microgrid was constructed in Mannheim, Germany. The system is a 400-V,
50-Hz, three-phase microgrid connected to the 20-kV distribution network through
a 400-kVA transformer [4]. Current DG sources include PV and micro-gas turbine.
In the future, the microgrid will be enhanced with fuel cells, battery sets, and fly
wheels.

Bornholm Microgrid

The aforementioned microgrids focus on the research topics of low-voltage mi-
crogrids. Bornholm Microgrid, Denmark, is particularly noteworthy as the only
medium-voltage-level grid among European microgrid demonstration projects [28].

Bornholm is one of the islands on the Baltic Sea. The generation section of this
system consists of a 39-MW diesel generator, a 39-MW gas turbine, a 37-MW
CHP generation, and 30-MW wind turbines, all of which supply for the 28,000
residents on the island (the peak load is 55 MW). The microgrid contains 950 10/
0.4 kV substations and 16 60/10 kV substations and is connected to the Sweden
power grid via a 132/60 kV transformer. As one of the demonstration projects of
the European ‘multi-microgrid,’ the Bornholm microgrid contributes to research
on microgrid black-start, and re-connection to the system major network.

Apart from the aforementioned microgrids, the European microgrid projects
also include UMIST laboratory (England), Germanos Microgrid (Greece), and
Kozuf marsh-gas-oriented microgrid, etc. [9, 14].

For most of the European microgrids, micro-sources such as PVs, fuel cells, and
micro-gas turbines are usually interfaced through power electronic devices. Major
energy storage units are installed on AC buses. In addition, these microgrids
normally adopt hierarchical control strategies, as DGs and loads are controlled at
the lower level. The upper level is in charge of configuring and managing the
micro-sources and energy storage devices to optimize operating conditions of the
microgrid, as well as feeding energy to the major power system as a unit.

6.2 Typical Microgrids in the US

The global financial crisis is pushing the US government to attach great impor-
tance to renewable energy. Transformation and development of the renewable
energy industry has become the core issue of President Obama’s Economic
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Stimulus Package. Because of the huge potentials of microgrids in enhancing the
efficiency of energy utilization, power system reliability, and security, the US
government is now strengthening the research on microgrid-related technologies
by supporting hundreds of research institutes, colleges, companies, and national
laboratories, as well as accelerating the constructions of demonstration projects.
The US Department of Energy (DOE) considers microgrid technology as one of
the three cornerstones of the future power systems and includes it in the US
‘Grid2013’ Plan.

Research efforts on DG and microgrid technologies in the USA are mostly led
by Consortium for Electric Reliability Technology Solutions (CERTS). As one of
the most authoritative organizations in America, maybe even the world, CERTS is
the absolute pioneer in the microgrid and DG field and has published a series of
programmatic documents describing the microgrid concept and control theory
[19]. The concept proposed by CERTS includes two core components: static
switches and autonomous DG sources. When there is a failure or disturbance in
the major power system network, static switches will automatically switch the
microgrid to islanded mode in order to improve the power supply quality. When
operating on islanded mode, the DG will adopt control strategies of active power-
frequency and reactive power-voltage droop so that the transient power balance
can be maintained.

6.2.1 CERT Microgrid Demonstration Projects

Wisconsin Experimental Microgrid

Wisconsin microgrid laboratory is established at the University of Wisconsin–
Madison to verify the microgrid concept proposed by CERTS Lasseter and Piagi
[20], using two DC voltage sources to simulate DGs, and the load is pure resistive.
A series of experiments conducted on this system have determined that the micro-
system can achieve transient voltage and frequency regulation as well as smooth
switching between grid-connected and islanded modes by adopting the voltage
droop control strategy.

CERT Microgrid Demonstration Platform

After the concept was verified in the laboratory, CERTS established a demon-
stration platform in Dolan Technology Centre, Columbus, Ohio, which is finan-
cially supported by the company American Electric Power (AEP) [26].

The system includes three power feeder lines, among which line A is a regular
power line, line B connects to a 60-kW gas turbine (including energy storage
devices) and controllable load, and line C connects to two 60-kW gas turbines and
sensitive loads. This system is mainly used to study the parallel operation issues of
DGs, as well as power quality for sensitive loads.
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6.2.2 NREL Microgrid Projects

National Renewable Energy Laboratory (NREL) is very active in the research field
of DG and microgrid.

NREL Laboratory

NREL laboratory is built to promote research on DG technologies. The system is
composed by PVs, wind turbines, micro-gas turbines, and energy storage devices
[17].

This system is used to test the reliability of DG system and other renewable
energy-related microgrid technologies. The IEEE 1,547 protocol is formulated
based on some of the experimental results in NREL laboratory.

Sandia National Laboratory

Sandia National Laboratory is also known as the Distributed Energy Technology
Laboratory (DETL), and it was first established by DOE to study and demonstrate
PV technologies [32]. Now, it has been developed into a research and test center
for multiple DGs including PV, gas turbine, and wind turbine.

With control in the upper management level, the system can be configured as a
three-phase, 480-V microgrid system and operates on both grid-connected and
islanded modes. By monitoring the values of voltage and current on AC and DC
sides, researchers can evaluate the efficiency of energy utilization and the impacts
on microgrid operation due to changes in both power supply and load sides.

DUIT Microgrid

The Distributed Utility Integration Test (DUIT) is implemented under the coop-
eration of DOE, California Energy Commission (CEC), and Pacific Gas and
Electric Company (PG&E) [16, 24]. It is the first implementation of microgrid
project in the USA. The purpose of this project is to conduct studies on the impacts
of high penetration of DG. DUIT focuses on the distribution system reaction to
different types and amount of DGs. In addition, voltage and frequency regulation,
islanded operation, power quality monitoring and analysis, and microgrid pro-
tection, etc., are as well the research focuses of DUIT.

Oak Ridge National Laboratory

The CHP system of Oak Ridge National Laboratory is primarily focusing on the
fuel consumption and emission reduction issues [10], by monitoring and analyzing
real-time emission data and combustion tail gas.

6.2.3 Other Microgrid Projects and Future Plans in the USA

In addition to the projects promoted by CERTS and NREL, some companies and
organizations have participated in this field as well, such as the General Electric
(GE) Microgrid demonstration platform, Mad River Microgrid constructed by
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Northern Power Systems (NPS); NREL and Washington Electric Cooperative
(WEC), as well as the Palmdale Microgrid supported by Public Interest Energy
Research (PIER) of CEC.

There are also some microgrid projects still in the planning phase [18], most of
which are listed in Table 1.

The development of the US microgrid focuses on the plug-and-play (PNP)
ability of DGs. Energy storage devices and distributed sources are operated as a
unity and connected to the micro-system via power electronic interfaces. The
microgrid is then integrated to the power system through the public access point
and is not allowed to feed power back to the power system. There is no central
control unit in the micro-system, and the power is balanced by adopting local
voltage droop control strategies. Therefore, this particular type of microgrid is
superior in maintaining system reliability and flexibility. The stability issues, on
the other hand, are quite noteworthy [30].

6.3 Typical Microgrids in Japan

Due to the lack of natural resources such as oil, coal, and gas. Japan has paid great
attention to the development of new energy resource utilizations and is now in the
lead in the microgrid area. In Japan, New Energy and Industrial Technology
Department Organization (NEDO) was established to coordinate institutes,
enterprises, and national laboratories in new energy technology development and
demonstration test bed construction.

6.3.1 Demonstrative Project of Regional Power Grid
with Various New Energies

The Demonstrative Project of Regional Power Grid with Various New Energies
(2003–2007) is one of the most well-known plans since NEDO was first estab-
lished. The project is to build a regional power supply system, which contains
multiple DGs without affecting the power system. This plan includes three dem-
onstration projects [11, 23].

Archi Microgrid

Archi Microgrid uses fuel cell, gas turbine, and PV as its DGs. The microgrid
supplies 5 % of the electricity demand for 2005 World Expo. One of the typical
features of Archi Microgrid is that all DG sources are connected to AC buses
through power invertors, and using NaS batteries as energy storage, which is quite
effective in balancing power supply and demand. From December 2004 to
September 2005, during the demonstrative operation period, the gross generation
of the system was 3,716 MWh. The system was tested to operate in islanded mode
in September 2005. According to the experiment results, the system is able to
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operate in a stable way with the contribution from NaS batteries. After the World
Expo, the Archi Microgrid was then moved to Tokoname and reactivated in
August 2006.

Kyoto Microgrid

Kyoto Microgrid contains four 100-kW thermal generators, 250-kW fuel cells, and
100-kW lead–acid batteries. In addition, two sets of PV panels and 50-kW wind
turbines are installed in the remote area. System information such as operation
conditions and power quality is monitored and managed remotely via ISDN and
ADSL communication links.

Hachinohe Microgrid

Hachinohe Microgrid is supplied by a marsh-gas generator as DG, which feeds six
terminal users via a 5.4-km, 6.6-kV overhead line [15]. The power exchange is
constant, and reverse power flow is not allowed when connecting to the power
system. In islanded mode, the generator is operated to support the frequency of the
microgrid.

A central energy management system controls the microgrid via optical fibers
from following aspects:

1. weekly supply and demand schedule (maximize the economic benefits due to
environmental factors and fuel costs, etc.)

2. economic dispatch schedule every 3 min (adjust DG outputs based on the
difference of power supply and demand)

3. power flow control in second level (avoid the impacts of generation and load
fluctuations)

4. frequency regulation in 10-ms level (voltage and frequency regulation in
islanded mode)

Table 1 US microgrid plan

Name Purpose Components

City of Fort
Collins

Energy efficiency and control PV, gas turbine, and thermal energy storage

ATK launch DG autonomous control PV, wind turbine, and CAES
Chevron USA Energy storage and renewable

energy
Energy storage, PV, and fuel cell

Illinois institute Multiple power supply Gas turbine, PV, and energy storage
Allegheny power Super power system PV, gas turbine, and energy storage
Consolidated

Edison
Upper-level control and

management
Wind turbine, diesel generator, and fuel cell

San Diego G&E Coastal microgrid PV, energy storage, and demand-side
management

University of
Hawaii

Peak shifting Gas turbine, wind turbine, and demand-side
management

University of
Nevada

Energy efficiency and control PV, battery, and demand-side management
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6.3.2 Demonstrative Projects on New Power Network System

Demonstrative Projects on New Power Network System aim to promote new
power distribution network consisting of DGs, SVCs, and dynamic voltage reg-
ulators. One of its subprojects is the Akagi demonstration project, focusing on the
impacts of SVCs on the distribution network. Another subproject is the Sendai
Microgrid demonstration project, which focuses on power quality study.

6.3.3 Other Microgrid Projects in Japan

Apart from NEDO projects, some other organizations are also committed to the
research of microgrid and have established demonstration projects, such as the
Shimizu Microgrid and the Tokyo Gas Microgrid. In most of the Japanese microgrid
projects, DGs and energy storage devices are managed by an upper-level energy
management unit to maintain the transient power balance. DGs in these grids are not
necessarily required to have the ability of ‘plug and play,’ but the power should be
maintained constant at the connecting points, to be sure the microgrid will not
influence the power quality of power systems.

6.4 Microgrids in Developing Countries

Bulyansungwe Microgrid in Uganda is representative of microgrid technology
development in developing countries [2]. The system uses PV as major generation
resources. A set of 21.6-kW batteries and a diesel generator perform as emergency
power supply. It supplies electricity to two hotels, a school, and a monastery. The
success of Bulyansungwe Microgrid is of great significance for power system
development in African countries with rich solar radiation resources.

In addition, the overseas department of NEDO has also promoted a series of
microgrid projects in Cambodia, Mongolia, and Thailand.

Power industry in China has been greatly developed in recent years. The
Chinese government has taken more responsibilities of emission reduction in
international conventions. As one of the most effective approaches of DG utili-
zations, microgrid technology is now drawing more attention in China.

An integrated microgrid laboratory was established in Hefei University of
Technology, China [22]. DGs include PV panels, wind turbines, and fuel cells.
Batteries and superconductors are used as energy storage devices. This system is
controlled by combining a central management unit and base-level control modules.

In December 2007, a PV generation-based microgrid was established at
Hangzhou with the cooperation between Shimizu Institute of Technology, Japan,
and Hangzhou Dianzi University, China. This is the only microgrid with PV
generation proportion higher than 50 %, and it is now supplying electricity to two
buildings at the University campus.
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7 Conclusions

Smart grid technologies and emission reduction issues have been attracting more
attention than ever. On the other hand, renewable energy technology is improving
and developing rapidly. Both factors have greatly influenced the development of
power system operation and control. The fluctuation caused by high penetration of
DGs has become a big challenge to power system operators. In addition, the
demand for more economical and environmentally friendly power system has
exacerbated the problem. As one of the most effective solutions of renewable
energy utilizations and cost reductions, microgrid technologies have been signif-
icantly advanced since 1980s, especially in Europe, North America, and Japan.
Although there are differences in basic concepts and focuses, the purposes and
effects are basically the same. Based on the practical platform and demonstration
projects established in these regions and countries, microgrid technologies have
made many contributions to power system operation and control techniques to
handle the uncertainties and fluctuations of renewable energies and loads, as well
as the reliability and security issues. However, much remains to be studied in the
relevant fields, such as control strategies, standardization efforts, and financial
issues.

Microgrid technology will keep on evolving and contribute to the power
industry. It is a very important phase of power system transformation and smart
grid technology development. No matter what form it will take eventually, the
concepts and achievements in microgrid technologies will form the milestones on
the road to smart grid.
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Communication and Network Security
Requirements for Smart Grid

Victor O. K. Li

Abstract To relieve the problems of climate change due to global warming,
increased renewable energy generation based on wind and solar has been advo-
cated in the power grid. Due to the intermittent nature of such generation, and the
requirement of real-time power balance between generation and consumption,
increased renewable energy generation may cause instability in the power grid.
The smart grid is an attempt to deploy information and communication technol-
ogies (ICT) on the power grid to solve the instability problem due to renewable
energy sources. The smart grid also enables customer participation in such
applications as differential pricing and demand response and promises improved
grid operating efficiencies, self-healing capabilities, and resiliencies against cyber
attacks. In this chapter, we discuss the communication and network security
requirements for smart grid.

1 Introduction

Concerns with the problems of climate change due to global warming prompted
governments throughout the world to pursue policies aiming at the reduction of
greenhouse gases, mostly carbon dioxide. One important government policy to
achieve carbon reduction is to mandate increased renewable energy penetration in
electricity generation. However, such increases may adversely impact power
system operations. Due to the intermittent characteristics of renewable energy
sources such as wind and solar, the outputs of wind farm and solar generators are
difficult to forecast. Any change in wind conditions or a cloudy sky may result in
very large changes in power outputs. Since a power system requires real-time
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power balance between generation and consumption, increasing renewable energy
penetration may cause instability in the power grid. The smart grid is an attempt to
deploy information and communication technologies (ICT) on the electric grid to
solve the instability problem due to renewable energy sources.

Another application of the smart grid is to allow active customer participation.
This ranges from allowing customers to choose when to consume electricity (to
take advantage of differential pricing) to allowing customers with small-scale
renewable energy generators to sell electricity to the grid. To facilitate such par-
ticipation, real-time two-way communications and smart meters are required.

The smart grid also promises improved operating efficiencies, self-healing
capabilities, and resiliencies against cyber attacks.

To summarize, the objectives of the smart grid include (1) accommodating
different types of electricity generation, including renewable resources, and stor-
age options; (2) enabling active participation by consumers; (3) optimizing assets
and operating efficiency; (4) providing good power quality for electricity supply;
(5) providing self-healing capability from power disturbance events; (6) guaran-
teeing operating resiliency against physical and cyber attacks; and (7) enabling
new products, services, and markets [1].

The European Union launched the smart grid project in 2003 [2]. The US
Electric Power Research Institute started the IntelliGrid project (EPRI) [3]. The
US Department of Energy initiated a Grid 2030 project [4]. Under the Energy
Independence and Security Act of 2007, the US National Institute of Standards and
Technology (NIST) is tasked with coordinating the development of a framework
for information management to achieve interoperability of smart grid devices. The
NIST report (Phase I) provides a conceptual reference model for the smart grid [5].
There is an urgent need to establish protocols and standards for the smart grid.

One may claim that the electric power grid with modern energy management
system (EMS), consisting of large number of remote terminal units (RTU) sending
real-time data every 2 s from substations in the power grid to the computer control
center via the supervisory control and data acquisition (SCADA) system, and the
advanced application software processing the data in the control center to ensure
economic and reliable operation, is a smart grid already. For an introduction to
SCADA and EMS, interested readers are referred to Wu et al. [6]. However, the
computer and communication technologies employed by EMS and SCADA do not
represent state-of-the-art ICT technologies. Moreover, most power systems do not
support real-time monitoring and control in the lower-voltage distribution system
from substation down. In addition, phasor measurement unit (PMU) [7], which
provides global positioning system (GPS) time-stamped measurements in milli-
seconds, may be utilized to upgrade EMS to a smarter transmission grid. There-
fore, it is now possible to have a unified smart grid which covers all parts of the
power grid, including the centralized fossil-fuel generators, the distributed
renewable energy generators, the transmission and distribution networks, and the
smart meters and smart appliances at the consumer premises.
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2 Smart Grid Enabling Technologies

According to the US National Energy Technology Laboratory (NETL) [8], we
need the following technologies to deploy a smart grid: (1) sensing and mea-
surement, (2) advanced control methods, (3) advanced components, (4) Improved
interfaces and decision support (IIDS), and (5) integrated communications. These
are summarized as follows:

(1) Sensing and measurement: The goal includes enhancing power management
with frequent meter readings, preventing energy theft, enabling consumer
choices and demand response, and supporting new control strategies. Two
key sensor components will be deployed, including the PMU, and smart
meters under the advanced metering infrastructure (AMI). PMUs acquire
time-synchronized phasor measurement data for power system operations and
have been proved capable of significantly improving the performance of
power system monitoring, protection, and control. However, they are quite
expensive, and one key problem is to minimize the required number of
PMUs, while satisfying the requirement of wide-area monitoring with full
coverage. This optimal PMU placement (OPP) problem has attracted much
research, and integer linear programming approaches have been proposed.
However, due to their computational complexity, such approaches may not
scale and more recently, heuristic approaches, such as chemical reaction
optimization [9], have been used [10]. Another important sensing infra-
structure is the AMI, consisting of smart meters at consumer premises and the
two-way communication system which connects the smart meters to the
control centers of the service provider. AMI enables such applications as
differential pricing and demand response.

(2) Advanced control methods: Traditional power dispatch attempts to always
generate enough power to meet the demand. Due to start-up delays in tradi-
tional power plants, to guard against under-estimated demands, ‘‘spinning
reserves’’ are deployed, i.e., the generator is kept running, so it can be put
online at short notice. This does not help in our efforts to reduce carbon
dioxide emission. With smart grid, and with an improved estimate of the
system state due to advanced sensors such as PMUs, it is possible to have risk-
limiting dispatch [11], in which the probability of not meeting the operating
constraints is reduced to an acceptable level. Of course, the goal would be to
eliminate this risk by making use of energy storage devices and such tech-
niques as demand response. While battery storage is still relatively expensive,
there are many studies on utilizing the batteries of electric vehicles hooked up
to the grid to provide storage [12]. Demand response gives the utility company
the flexibility to reduce the load of selected users, at relatively short notice, in
return for reduced electricity rates.

(3) Advanced components: PMU is an important component of smart grid.
Another recently developed component is the electric spring [13]. This power
electronics device can be used to smooth the fluctuations in power generation
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due to solar and wind sources. They may be distributed over the power grid to
stabilize the system even when there is substantial wind and solar power
generation.

(4) IIDS: This includes the ‘‘ … essential technologies that must be implemented
if grid operators and managers are to have the tools and training they will
need to operate a modern grid. IIDS technologies will convert complex power
system data into information that can be understood by human operators at a
glance. Animation, color contouring, virtual reality, and other data display
techniques will prevent ‘data overload’ and help operators identify, analyze,
and act on emerging problems.’’ [8, Appendix B5].

(5) Integrated communications: This is the ‘‘… infrastructure for real-time
information and power exchange, allowing users to interact with various
intelligent electronic devices …’’ [8, Appendix B1]. Since a typical power
grid has an existing communication system, it is important for the new
communication infrastructure to be compatible with the existing system. It is
also important to consider security and privacy issues.

We note that to achieve the full functionalities of the smart grid enabling tech-
nologies, communication technology plays a fundamental role. Therefore, in the rest
of this chapter, we will focus on the communication technology of smart grid. We
shall first describe a communication-oriented smart grid framework, followed by
communication requirements, and finally, security and privacy requirements.

3 Communication-Oriented Smart Grid Framework

To better understand the communication requirements for smart grid, it is nec-
essary to develop a communication framework, on which all aspects of smart grid
communication can be analyzed. Most existing work on smart grid communica-
tions addressed the communication specifications, but they only focused on some
specific parts of the entire smart grid network. For example, Aggarwal et al. [14]
presented a communication framework for the distribution network, while [15]
focused on the home-area network. The US NIST proposed a framework for smart
grids [16]. As shown in Fig. 1, this framework consists of seven domains or
entities, namely markets, service providers, bulk generations, transmissions, dis-
tribution, operations, and customers. The role of each domain is summarized as
follows:

(1) Markets: This domain consists of electricity market participants and opera-
tors. The goal is to match the energy production with consumption efficiently,
through issuing real-time electricity pricing signals. This domain supports
energy bidding, distributed energy resource (DER) aggregation, and energy
retailing. In addition, ancillary operations, such as frequency regulation and
voltage support, are carried out based on information received from this
domain.
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(2) Operations: This domain consists of electricity service operators. The goal is
to ensure reliable and smooth power system operations. Various control and
monitoring applications, such as SCADA and EMS, have their control centers
in this domain. Moreover, many operational management applications,
including fault management, asset maintenance, and operation planning, can
be found here.

(3) Service providers: A service provider offers electricity services to customers.
This domain acts as an intermediary among operations, markets, and custom-
ers. It provides customer management, billing, and other emerging services.

(4) Bulk generation: This domain consists of the electricity generation plants.
Bulk generation is typically directly connected to transmission and interfaces
with operations, markets, and transmission to support generation control,
power flow measurement, plant protection, and other applications. One of the
most important functions of bulk generation is to control greenhouse gas
emissions, via increased renewable energy sources, and with the deployment
of advanced storage devices for smoothing out the imbalance between energy
generation and consumption.

(5) Transmission: This domain consists of transmission facilities, such as long-
distance overhead lines and transformers. It connects bulk generation and
distribution. The most important functions of this domain are transmission
stability maintenance and energy loss reduction. This is achieved via voltage
monitoring and control carried out at transmission substations. This domain
interfaces with markets to procure ancillary services such as frequency reg-
ulation services, and with operations for transmission scheduling.

(6) Distribution: This domain consists of distribution facilities, including distri-
bution transformers and underground cables. Distribution interfaces with
transmission, customers, markets, and operations. It works with operations to
provide real-time management of power flows, and with markets to provide
real-time generation and consumption data. It also supports asset and line
monitoring and control, distributed energy generation, and bi-directional
power flows.

Service 
Providers

Operations

Markets

CustomersDistributionTransmission
Bulk

Generation

Fig. 1 NIST seven-domain smart grid framework
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(7) Customers: A customer is an electricity end user, such as a household, a
commercial business, or an industrial factory. Since it is increasingly com-
mon to have distributed electricity generation and storage facilities, such
facilities are also included in this domain. This domain is electrically con-
nected to distribution. It is supported by AMI, which enables communications
with distribution, operations, markets, and service providers, facilitating such
applications as demand response, building/industrial automation, and the
ability by the end user to sell electricity back to the grid.

This high-level NIST framework is complete, but perhaps too complex for
those focusing on the underlying communication networks.

In Wen et al. [17], a new communication-oriented framework for smart grid is
introduced. This three-entity framework, shown in Fig. 2, is designed to be flexible
to accommodate potential new smart grid technologies. It consists of three entities,
namely operation network, business network, and consumer network. Operation
network manages electricity generation, transmission, and distribution and typi-
cally includes automation technologies related to the legacy SCADA systems,
wide-area measurement systems (WAMS), and large-scale EMS. Business net-
work is used by the electricity market participants, including the metering service
providers and government regulators, to coordinate the electricity market. Con-
sumer network handles the communication for the electricity end users. It includes
a home-area network as part of the AMI.

The design principles for this three-entity framework are summarized as
follows:

• Simplicity: This framework is designed with only three entities and three types
of inter-entity communications, for ease of analyses and further development.

• Completeness: Although simple, this framework represents a complete picture
of smart grid communications and is flexible to accommodate all existing and
future smart grid applications.

• Compatibility: The proposed framework is compatible with the seven-domain
NIST framework. The mapping is as follows. Operation network in the three-
entity framework includes the domains of operations, bulk generations, trans-
missions, and distribution in the NIST framework. Business network in the
three-entity framework contains the domains of markets and service providers
in the NIST framework. Consumer network in the three-entity framework
corresponds to the domain of customers. Due to this compatibility, one can
adopt this simple three-entity framework instead of the seven-domain NIST
framework to study communication issues defined under the NIST framework.

• Ease of deployment: Three levels of communication requirements have been
identified, and system components with the same level of communication
requirements are grouped into the same entity. Components in operation net-
work demand the most stringent requirements in terms of cyber security, data
availability, and quality of service (QoS). Those components in business net-
work have relatively less stringent requirements, and those components in
consumer network have the least stringent requirements. Thus, they are divided
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into three entities for ease of network deployment and inter-entity communi-
cation control.

• Ease of evolution: Operation network has been in existence for decades as the
core of power system automation, and huge investments have been made by
power companies. Due to such investments, future research and development
efforts in this area will likely focus on the evolution of the existing network, as
opposed to a fundamental change, to meet the requirements for smart grid.
Internet technologies have been proposed for supporting business network [18].
Research and development efforts will likely focus on designing new applica-
tions and electricity market regulation schemes, such as in Jin and Mechehoul
[18] and Rahimi and Ipakchi [16]. Consumer network is relatively new, and
research and development on smart metering, demand response, and DER
management will prove fruitful.

• Ease of collaboration: The future electricity system requires the expertise of
electrical engineers, ICT professionals, business experts, and government
officials. The communication-oriented framework must facilitate the collabo-
ration of these experts from various fields.

We shall now describe these three entities in detail.

3.1 Operation Network

Operation network is responsible for electricity generation, transmission, and
distribution, and for maintaining the stability and efficiency of the entire power
system. As shown in Fig. 3, it consists of eight major components, described as
follows:

• Business network gateway and consumer network gateway connect operation
network and business network, and operation network and consumer network,
respectively.

Operation Network

Consumer NetworkBusiness Network

Fig. 2 Three-entity
framework for smart grid
communication
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• Control centers gather and process grid operation data. Different control centers
communicate with each other to control the whole operation area via a dedicated,
secure, high-speed network, managing the various facilities in a smart grid.

• A monitoring and control database is used to store the historical data of the
system, including the status parameters of the grid during its operation, and
event logs for operators.

• A wide-area monitoring and control network (WAMCN) acquires data from the
remote stations or substations and issues control commands. These remote sta-
tions can communicate with each other to get a better picture of the system state.

• A generation station is a plant that generates electricity. Each generation station
deploys a gateway with a built-in protocol translator to connect the station
network to WAMCN.

• Transmission facilities include all the field devices remotely located from the
power stations and substations. Most of these devices are monitoring devices
(such as PMUs) and control devices (such as actuators). They communicate
with the control centers or nearby substations to provide status report of the
monitored facilities.

• A substation distributes electricity to the consumers. A gateway is deployed for
a substation to access WAMCN.

3.2 Business Network

The business network consists of the components of electricity market regulator,
smart meter service provider, demand responder, and electricity market partici-
pants. As shown in Fig. 4, they are connected via an IP-based virtual private

Consumer
Network 
GatewayIP- based Wide-Area Monitoring and Control Network (WAMCN)

Gateway

Substations

Local 
Database

Local Communication Network 
(LAN)

Gateway

Generation Stations

Sensors

Local Communication Network 
(LAN)

Local 
Database

Protocol 
Translator

Transmission
Facilities

High-Speed 
Network

Actuator

Remote 
Terminal

Station Central 
Controller

Ancillary 
Services

Renewable 
Regulator

Generation 
Controller

Physical Security 
Protector

Meters

Actuators

Micro-controllers

Sensors

Protocol 
Translator

Protocol 
Translator

Gateway

Ancillary 
Services

Substation 
Central Controller

Physical Security 
Protector

DER 
Aggregator

Load 
Metering

Meters

Actuators

Micro-controllers

Sensors

Business 
Network 
Gateway

Control Centers

CC #1

CC #2

CC #3

CC #4

Fig. 3 Operation network [17]

102 V. O. K. Li



network (VPN) and supported by a database manager that manages the electricity
market information. They are described as follows.

• An electricity market regulator refers to the government or quasi-government
organization which regulates the market.

• Smart meter service providers are the utilities that provide smart metering
services to the end users.

• A demand responder refers to an electricity utility that attempts to alter the
aggregate electricity consumption by the customers so as to match total con-
sumption with the total power generation. To achieve this, the utility may
provide incentives to the end users to either reduce consumption when the total
demand is high, via differential pricing, or to agree to switch off some appli-
ances on demand, via reduced utility rates.

• Electricity market participants are those that trade electricity.

3.3 Consumer Network

As shown in Fig. 5, consumer network is a local area network at a consumer
premises. It may be located in one residential unit, or may connect multiple units.
The major components are as follows:

• A smart controller coordinates the entire consumer network. It is responsible
for switching on or off loads automatically according to the current grid
operating status based on agreed contracts, analyzing smart meter data, and
managing the local energy storage.

O
p

er
at

io
n

 
N

et
w

o
rk

 
G

at
ew

ay

C
o

n
su

m
er

N
et

w
o

rk
 

G
at

ew
ay

IP-Based 
Network

Electricity Data 
Exchange

Smart Meter 
Data Handler

Database

Database 
Manager

Electricity 
Market 

Regulator

Electricity 
Market 

Participants

Smart Meter 
Service 
Provider

Demand 
Responder

Fig. 4 Business network [17]

Communication and Network Security Requirements for Smart Grid 103



• A smart meter, which connects to operation network and business network,
estimates the electricity usage schedule and sends it to operation network. It
also receives real-time electricity rates from business network.

• Home electronics or appliances.
• A local energy manager handles the energy generation and storage at the

consumer premises.

Communications among the three entities are required for an effective smart
grid.

The communication between operation network and business network requires
the highest level of reliability and security, as they form the backbone of the entire
smart grid network. The communication between operation network and consumer
network also requires high security, and since customer usage schedule will be
transmitted to operation network, customer privacy must be ensured. The com-
munication between business network and consumer network, on the other hand,
requires high data availability and high reliability, but relatively less stringent
security. As will be discussed later, there may be a trade-off between security and
QoS requirements.

4 Communication Requirements

It has been advocated [19] that an electricity communication superhighway is
required for supporting generation, transmission, substations, consumers, and
distribution and delivery controllers. One major challenge is the development of a
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communication infrastructure to support universal connectivity and system-wide
real-time monitoring. Multiple recipients must be able to receive up-to-date system
status information, with various latency and rate requirements. In particular, the
following communication requirements have been identified [17]:

(1) Capability to handle large volume of data: To enable real-time monitoring
and control, deployment of such equipment as PMUs is required. The time
resolution of PMU data is in milliseconds, and with a large number of PMUs
deployed, the amount of such sensor data will be huge. There will also be
large amount of data generated by the power generators, the consumers, and
the distribution system. Therefore, the total amount of data generated will be
many times the amount of data generated today. The brute force approach to
solving these data deluge problem is to install additional transport capacity,
probably at prohibitively high costs. But perhaps a more important question is
whether we can process and effectively utilize all the data generated. In Li
[20], three ways are proposed to handle the large volume of data. Firstly, data
redundancy can be reduced by exploiting the spatial and temporal correlation
of data. Secondly, adaptive messaging may be used. This calls for different
QoS and different levels of security protection for different types of data, i.e.,
there will be a trade-off between QoS and security protection. Finally, it is
desired to transform data to knowledge. After all, even if one can build a
communication infrastructure to transmit all data to the operator, he will not
be able to handle all of it. Instead, one may transform the deluge of data into
specific events, and only send information of the occurrence of certain events
to the operator. This will require domain-specific expertise and the devel-
opment of data-to-knowledge transformation techniques, perhaps based on
artificial intelligence.

(2) Extensive coverage: The network must cover the whole power system,
including power generation, distribution, and consumption at the customer
premises.

(3) QoS support: The system must be flexible to accommodate different reli-
ability, delay, and throughput constraints. As mentioned earlier, there may be
a trade-off between QoS and security requirements.

(4) Cyber security: The system must be secure from cyber attacks. This is such
an important requirement that we will devote the next section to it.

5 Security and Privacy Requirements

The power grid is perhaps the most important national infrastructure in many
countries. Secure and privacy-preserving communications are crucial to smart grid
operations. Cyber security experts observed that some types of smart grid sensors
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can be easily hacked [21]. In addition, worms can spread easily among smart grid
sensors [22]. Li et al. [23] has identified several potential attacks on smart grid:

(1) Distributed denial-of-service (DDoS) attack: In a DDoS attack, hacked sen-
sors, which may be geographically distributed, are instructed by the hacker to
simultaneously send a large volume of traffic to a victim sensor or to the
control center. The victim sensor or control center will be overwhelmed by
the huge volume of traffic, and normal data cannot be handled properly.
Therefore, it is necessary to develop methodologies to enable a sensor or
control center to differentiate between authentic and bogus traffic, and to
identify malfunctioning equipment.

(2) Simultaneous shutdown attack: An attacker can pretend to be a control center
and send fake control messages to command sensors and other system
devices to shut down, thus rendering the smart grid ineffective. Therefore,
one must ensure the confidentiality, integrity, and authenticity of control
messages.

(3) Fake demand for power: An attacker can intercept and alter the estimated
usage schedules from the smart meters to operation network, to dramatically
increase or decrease the demand for power. This may lead to power imbal-
ance in the system and cause power failures. Again, it is important to ensure
the confidentiality, integrity, and authenticity of the data transmitted.

Other major security and privacy problems have also been identified and
studied [24, 25]. For the communication between the control center and the smart
meter, it can be proved that the statistical analysis approach cannot protect the
system from false data injection attacks [26]. The statistical analysis approach will
not work anyway since it requires the system to handle a large volume of data in
real time, and the control center of the smart grid will not be able to give a timely
response. In addition, the smart meter has been identified as the point of weakness
of the AMI and of the smart grid communication system [27]. As the smart meter
is located at the customer premises, it is difficult for the control center to protect it
from potential attackers. Moreover, a smart meter is an inexpensive device and its
memory and processing power are too limited to run complex protective measures.
As a result, it is possible for attackers to hack its stored data [28] or even reverse
engineer and modify its logic [29]. Therefore, smart meters can be considered as
the most vulnerable components in smart grid. In Chim et al. [30], a three-layer
architecture, as shown in Fig. 6, is proposed to study the security and privacy
problems for the communication between the smart meter and the control center of
a smart grid.

At the top layer resides the control center of the power operator. At the middle
layer are the substations in the distribution network, and each substation is
responsible for the power supply of a service area. The smart meters, placed at the
customer premises, are located at the lowest layer. A smart meter communicates

106 V. O. K. Li



with the control center via the substation in its service area. The control center may
be a single server located inside the power plant or may be geographically
distributed.

Under this three-layer model, the following security and privacy requirements
have been identified:

(1) Message authentication: Each message sent by any smart meter should be
checked to confirm that it is valid.

(2) Identity privacy preservation: The real identity of the customer should be
confidential to everyone, including the power operator, to protect the privacy
of customers.

(3) Message confidentiality: The content of the message sent by any smart meter
to the control center should be unknown by any third party.

(4) Traceability: The total amount of power used by each customer in a certain
service period should be known by the power operator (i.e., the control
center), so a proper electricity bill can be prepared.

In Chim et al. [30], a privacy-preserving advance power request paradigm is
proposed for smart grid. Presently, there is no need for a customer to inform the
power utility how much electricity he/she will require. The power utility estimates
the electricity demand (the load) based on historical and other factors and gen-
erates enough electricity to satisfy the load. Spinning reserves may be required to
cover any shortfall due to load underestimation. Excess generation due to an
overestimation of the load and the spinning reserves lead to waste. Under this
proposed paradigm of advance power request, power is generated based on explicit
customer demands. A customer is required to submit daily electricity usage plans,
i.e., the required electricity required at hourly intervals throughout the day. These
requests can be sent with different advance notices, such as 1 day ahead or 1 week
ahead, but not in real time. This process may be automated by the smart meter,
which communicates with all household appliances and stores the usage profile of
the customer, and predicts the power usage for the day based on artificial intel-
ligence or other techniques. Upon receiving all the electricity usage plans from
all customers in its service area, the power operator schedules its power genera-
tion. A similar power request model was described in Li et al. [23]. Since the
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electricity usage plan includes the usage pattern of the customer, it is important to
keep it private. In addition, one must ensure a customer does not make excessive
power requests on purpose.

Following the three-layer model as shown in Fig. 6, and targeting the four
security and privacy requirements identified, a privacy-preserving advance power
request (PPAPR) scheme is proposed [31]. It consists of four modules, namely
system start-up, credential request, power usage plan submission, and reconcilia-
tion. They are described as follows:

(1) System start-up: In a public key infrastructure (e.g., RSA), each party is
assigned a public (known to everyone) and private (known only to itself) key
pair. A key is just a string of ‘‘0’’ and ‘‘1’’ bits. When A wants to send a
message to B, A encrypts the message using B’s public key. B then uses its
private key to decode the message. A also uses its private key to generate a
digital signature on the message, and B can use A’s public key to verify the
signature. In the proposed PPAPR scheme, during system start-up, the control
center assigns itself an RSA public and private key pair to sign credentials
and for customers to encrypt messages to it. Before a new smart meter is put
into service, it must be registered and assigned a unique identity.

(2) Credential request: At the beginning of each service period, say each month,
customers request a certain number of credentials (or tickets) from the control
center for the power usage for that service period. Customers are authenti-
cated using their real identities. Each customer (via his/her smart meter)
sends credential-signing requests to the control center. Each credential is of
the format \CID, DOI[, where CID is a unique credential identity of each
credential and DOI is the issue date that the credential. By presenting a
credential, a customer can request V units of power. In PPAPR, all creden-
tials are generated by customers. To make a credential anonymous, a cus-
tomer first blinds it using a blinding factor (i.e., mixes it with some random
components, so none can recognize its original content based on the blind
version) and sends it to the control center. The control center signs the
credential using its private key and sends it back to the customer. The cus-
tomer performs some computation to remove the blinding factor in order to
obtain the control center’s signature on the credential. To prevent a customer
from generating an invalid credential (e.g., CID already used or outdated
DOI), a customer has to generate n times more credentials using different
CIDs and blinding factors, where n is predetermined by the control center.
For each n credentials, the control center randomly challenges the customer
to open (n - 1) of them and verify the details in them. If the information in
all the opened credentials is valid, the control center signs the remaining one
using its private key. Otherwise, the control center does not sign the cre-
dential and returns an error message to the customer. The control center
computes and records the number of credentials Ntotal it has signed for that
customer. Recall that the control center’s public key is known by everyone,
while its private key is only known to itself. Thus, its signature can be
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verified by everyone, but can only be generated by it. Also note that although
all credentials are known by the customers during generation, it will not cause
any security problem because a credential is valid only if it contains the
control center’s signature.

(3) Power usage plan submission: The smart meter estimates and constructs a
power usage schedule and attaches enough credentials of power units to it.
The power usage schedule and credentials are encrypted using a randomly
generated session key, and the session key is encrypted using the control
center’s public key, and the whole encrypted block is transmitted to the
control center. Upon receiving the message, the control center obtains the
session key using its private key and obtains the power usage schedule as well
as the credentials using the decrypted session key. It then validates each
credential by checking against its own signature and ensuring DOI is not
outdated. It also records the credential identities CIDs into its local database
so that the same set of credential identities cannot be reused. The control
center then schedules appropriate control decisions to adjust the amount of
power generated.

(4) Reconciliation: At the end of each service period, reconciliation will be per-
formed and a bill will be generated. Customers need to be authenticated using
their real identities. The smart meter of a customer sends all the credentials
that it has not used to the control center. The control center then checks the
credentials, counts the unused credentials Nunused, computes the total used
credential Nused as Ntotal - Nunused, and charges the customer accordingly.

6 Conclusions

The smart grid is an attempt to utilize ICT on the power grid to solve the instability
problem due to renewable energy sources. The smart grid also enables customer
participation in such applications as differential pricing and demand response and
promises improved grid operating efficiencies, self-healing capabilities, and
resiliencies against cyber attacks. Deployment of smart grid requires technologies
on sensing and measurement, advanced control methods, advanced components,
improved interfaces and decision support, and integrated communications. To
achieve the full functionalities of such smart grid enabling technologies, com-
munication technology plays a fundamental role. In this chapter, we focus on the
communication technology of smart grid. We describe a communication-oriented
smart grid framework and identify the communication requirements, and the
security and privacy requirements.
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Smart Grids: The Regulatory Challenges

Daphne Mah, Kaboo Po-yi Leung and Peter Hills

Abstract Smart grids present major potential benefits in terms of economic,
environmental, and social considerations. The deployment of smart grids however
requires not only technological advancement but also the ability to overcome many
regulatory barriers. This chapter brings regulator perspectives—an area that is
under-explored—into the field of smart grid studies. We examine why regulators
should be concerned about smart grid developments, the nature of the regulatory
challenges they may face, and what they can do to address these challenges. We
have two major findings. Firstly, we demonstrate that smart grids present new
challenges to regulators. Regulators are faced with three major challenges: utility
disincentives, pricing inefficiencies, and cybersecurity and privacy. Market liber-
alisation, decoupling, dynamic pricing, and protocols and standards on cyberse-
curity are the major mechanisms that regulators can deploy to address these issues.
Secondly, our international case studies of countries and cities provide an overview
of a variety of actual regulatory initiatives in place. This overview shows how
economies have pioneered a variety of regulatory approaches that tend to be more
participatory to better respond to the more dynamic stakeholder landscape that is
emerging.

1 Introduction

Smart grids are a key to both demand-side (e.g. energy saving and energy
efficiency) and supply-side (e.g. renewable energy) management of energy sys-
tems. Many countries have elevated smart grid deployment to the status of major
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national economic and energy strategies. The Obama administration has posi-
tioned smart grid as a key component of the new energy model for America and
announced a national policy framework for smart grids in 2011 [4, 31]. South
Korea regards smart grid as a new growth engine for the country [69]. In China,
smart grids represent a major component of the current national energy plan [75].

The potential benefits of smart grids could be substantial. For example, it has
been estimated that an investment of US$338 billion to US$476 billion for a fully
functional smart grid could result in benefits up to US$2 trillion in the USA [28].
Another study has estimated that €67 billion for building and running peak
infrastructure could be avoided in the EU if dynamic pricing can be adopted [33].
The nation-wide smart grid demonstration project, Smart Grid, Smart City, in
Australia is estimated to generate AU$3.4 billion of direct financial savings, and a
total of AU$5 billion with reliability and environmental savings included [21].

However, to fully utilise the potential benefits that smart grids may offer, many
technological, operational, economical, institutional, and policy challenges have to
be overcome [108]. Among them, regulatory challenges are particularly significant
because the design and operation of smart grids are fundamentally different from
traditional power grids. Traditional systems are predominantly centralised, fossil
fuel based with the presence of monopoly market conditions. Important features of
smart grids—including the existence of a more decentralised power system, the
emergence of new market actors (such as independent power producers), more
dynamic two-way utility–consumer relationships and the use of massive amounts
of energy usage data [20, 82, 97]—present to regulators new challenges that may
include utility disincentives, monopoly power, information asymmetry, consumer
inertia, and breach of personal privacy.

To cope with these challenges, new regulatory initiatives in relation to smart
grid technologies are increasingly being developed and implemented in many
economies. Mandatory hourly pricing for large customers in New York [87],
electricity price control regulation and efficiency grants in the UK [5, 56], man-
datory smart meter roll-out and time-of-use pricing in Italy [66], and the smart
metering privacy rules in the Netherlands and California [8, 9, 18] are some
examples.

This chapter aims to identify and examine the key issues that may confront
regulators in relation to smart grid deployment, and how these challenges can be
addressed. We attempt to answer these specific questions: Why do regulators have
to be concerned about smart grid deployment? What are the gaps between existing
regulatory practices and the new regulatory requirements for smart grid deploy-
ment? How and to what extent can regulators address these gaps? What approa-
ches can regulators deploy? Are there any examples of good practice that we can
discern from international experience?

Our analysis is based on a review of published work from academic sources,
government documents, and reports. This chapter is organised into five sections.
Following the introduction, we examine why regulators should be concerned about
smart grid deployment. We then identify and discuss three major regulatory issues
that confront regulators and the approaches that can be deployed to address these
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issues. This is followed by an overview of international cases of countries and
cities that have pioneered a broad range of regulatory measures to overcome these
challenges. Three specific cases are highlighted to illustrate the features, outcomes,
and keys to success of these initiatives. We conclude by highlighting the policy
implications.

2 Why Should Regulators Be Concerned About Smart
Grid Deployment?

Electricity markets need regulators to oversee the effective functioning of the elec-
tricity sector through rule-setting, monitoring, and enforcement [10, 11, 22, 106].
Specifically, regulators have important roles to play in two main areas: market
structure and conduct. In terms of market structure, regulators can determine own-
ership, access to the market (who can enter and who should be restricted from
entering), and contractual relationships, market planning as well as the mechanisms
of allocation [1]. In terms of conduct, regulators are concerned about the production
of electricity. Regulation may influence the fuel mix, production technologies, the
environmental impacts of electricity generation, the security of supply, and tariffs
[1]. Examples of electricity market regulators include the Office of Gas and Elec-
tricity Markets (Ofgem) in the UK, the Federal Energy Regulatory Commission
(FERC) in the USA, and the State Electricity Regulatory Commission (SERC) in
China [84].

In recent decades, two trends have reshaped the roles of regulators in the elec-
tricity sector. The first is the global trend towards electricity market liberalisation.
Driven by the aspiration for efficiency, many developed and developing economies
have since the mid-1980s introduced electricity market liberation in various forms.
These measures include privatisation, the establishment of sector regulators, the
introduction of competition into generation, and the unbundling of generation,
transmission, distribution, and retail activities [56]. Regulatory functions since then
have progressively evolved beyond economic efficiency considerations to encom-
pass the development of market codes and standards, monitoring market behaviour
related to the abuse of market power and information asymmetries, and the facil-
itation of dispute resolution [11, 27, 56].

Another trend is related to the context of rising public awareness on climate
change impacts. This trend is noticeable particularly since the early 2000s. Reg-
ulations seem to be increasingly required to correct market failures in the energy
sector, most notably externalities of emissions [2, 100]. Regulators are therefore
expected to place more emphasis on the environmental performance of the regu-
lated utilities as well as their economic performance.

It is in these evolving contexts that smart grid deployment presents new chal-
lenges by introducing two major additional changes in electricity systems: changes
in hardware and software of power grids, and changes in the stakeholder landscape.
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In terms of hardware changes, centralised grid systems need to be upgraded to
accommodate the integration of more decentralised electricity generation systems
with intermittent renewables. Devices such as smart meters, which are capital
intensive with high investment uncertainty, are necessary to support the data
exchange between suppliers and end users [51]. In the USA, for example, about
US$338 to US$476 billion of investment is required for full smart grid imple-
mentation over the next 20 years [28]. Smart grid investment in Europe, China, and
South Korea is expected to reach €56.5 billion, €71billion, and €16.8 billion,
respectively, in the next decades [58]. Regulators therefore have an important role
to play in providing adequate incentives for smart grid investment and ensuring the
benefits of smart grid are adequately accounted for in economic terms [30, 98].

Apart from hardware, smart grids require new software—which include
dynamic pricing systems to incentivise consumers’ participation, more open
markets to allow new market players and competition, and a new, efficient and
reliable data management system that can manage the massive sets of energy
usage data [50, 70, 97]. All these changes require regulators to set up new market
rules and protocols to ensure resilience, fairness, security, and effectiveness of
modernised grids [23].

Another major change that can be brought about by smart grid deployment is a
change in the stakeholder landscape. Unlike the conventional top-down linear
systems in which established utilities possess dominating roles and consumers are
passive, smart grids provide opportunities to electricity consumers, new market
players (such as independent power producers) as well as established utilities to
take up new roles in energy management systems.

Smart grids allow electricity consumers to take a proactive role in managing
their electricity use. Consumers can be better informed and price responsive, and
can contribute to energy saving, energy efficiency, and peak load shifts through
responding to real-time electricity information linked with dynamic pricing systems
[68]. Consumers can also assume the role of ‘‘prosumers’’: consumers can produce
electricity and sell it to utilities through decentralised generation technologies such
as roof-top solar panels [44, 86]. Furthermore, consumers can become proactive in
choosing their electricity suppliers or which kind of electricity products (such as
green electricity) they wish to consume because suppliers and utilities are under
pressure to develop a larger variety of products and services. For example, the
electricity market reforms in Texas since 2002 allow residential consumers to
choose from about 200 retail offers provided by about 40 suppliers, and as a result
about 40 % of the consumers have switched away from their original providers
[62].

Apart from consumers, new players can enter the market not only in traditional
fields such as power generation (e.g. as independent power producers), but also in
new energy service and product areas such as energy audit and green power
marketing [70]. Existing power utilities may also take up new roles in smart grids.
Because of the perceived increase in market competition, these established utilities
are under greater pressure to diversify their business by expanding services in such
areas as renewable energy and energy efficiency.
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Smart grid deployment therefore gives rise to new two-way utility–consumer
relationships, the co-existence of existing players and new market entrants, and a
redistribution of benefits and costs among these diverse stakeholders in more
decentralised energy systems. Such changes need to be accompanied by regulatory
oversight in areas that range from consumer protection to grid access and to
market transparency. Because of the dynamic and complex nature of the new
stakeholder landscape, smart grids also require a more participatory approach to
energy decision-making in which new market players and consumers can assume a
more proactive role.

These changes give rise to a number of important questions: What are the gaps
between existing regulatory practices and the new regulatory requirements for
smart grid deployment? What should regulators be concerned about? What can be
done by regulators to address these issues? In the next section, we will discuss
three major issues confronting regulators and the possible regulatory approaches
that can be deployed to overcome these challenges. These issues are utility dis-
incentives, pricing inefficiencies, and cybersecurity and privacy.

3 Major Regulatory Issues on Smart Grids: Utility
Disincentives, Pricing Inefficiencies, and Cybersecurity
and Privacy

3.1 Regulatory Issue 1: Utility Disincentives

Many current regulatory regimes do not adequately address the issues of lock-
in situations, inertia, cost increases, and new risks that deter utilities from investing
in smart grid technologies [3, 53, 72]. Many require a link between a utility’s
revenue and the sales of electricity or capital investments, and have tended to
reinforce the lock-in effects of established energy technologies. Sunk investments
tend to make rapid diffusion of smart grids difficult to achieve [3, 46]. These
mechanisms have therefore created an incentive structure that encourages utilities
to supply fossil fuel-based power, but discourage them from investing in distrib-
uted generation such as renewable energy and demand-side management projects
[46].

Regulators can introduce changes in regulatory regimes to address these dis-
incentives. Such regime changes can be made either through introducing radical
electricity market reforms that overhaul the electricity sector or through more
moderate approaches such as introducing some programme-based changes, for
example decoupling mechanisms.

The important role that electricity market reforms or liberalisation can play to
facilitate technology innovations including smart grids and renewable energy has
been extensively documented (see, for example [48, 51, 62, 70]). Traditionally,
generation, transmission, and distribution of electricity have been carried out by
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vertically integrated monopolies [12]. Market reforms can foster energy innovation
through introducing structural changes that are associated with accessibility,
market rules, and incentive systems [62]. Liberalised markets tend to improve
market accessibility through lowering the barriers for new entrants [62]. Acces-
sibility is conducive to market competition to a large extent because competition
can drive innovation, and the consumer’s right to choose between suppliers can
pressure utility companies to develop new products and services. Accessibility can
therefore reduce lock-in effects. Liberalised markets also tend to provide fair
market rules and thus a level playing field for both existing and new market
players [62]. This is another way to induce competition-driven innovation [62]. In
addition, new incentive mechanisms, most notably decoupling, can be established
to ensure the extra costs incurred from smart grid deployment can be covered. This
can stimulate risk-adverse utilities to invest in asset innovation for smart grids
rather than expanding existing assets [62, 72, 73].

It is important to note that electricity market reforms have been introduced in
different forms that vary in scope and depth across countries [27]. Some countries
such as the UK and some states in the USA have introduced competition into all
the generation, transmission, distribution, and retail sectors of the power industry
that was once vertically integrated and nationalised (HK EAC, 2003). On the other
hand, countries such as China, Japan, and South Korea have introduced partial
liberalisation in which competition has been introduced but this has mainly limited
to the generation sector, and some state monopolies and distorted pricing systems
have remained [69, 71, 107].

As noted earlier, moderate regime changes rather than a complete overhaul of
electricity market structures can be considered as a pragmatic approach to facili-
tating smart grid deployment, and it is particularly so in economies where electricity
market reforms are partially implemented. Decoupling mechanisms are one of the
most widely discussed approaches that regulators can deploy as a first step in major
regime changes.

Decoupling is a regulatory approach that breaks or decouples the linkages
between electricity sales from revenues [46]. A regulator can introduce two major
forms of decoupling: cost-based and incentive-based. Cost-based decoupling
mechanisms such as direct-cost recovery and fixed-cost recovery are regulator-
approved mechanisms for recovering costs that usually include administrative
costs and transmission costs. These mechanisms can take the form of rate cases,
tariff surcharges, revenue caps, and price caps.

Incentive-based mechanisms such as performance incentive programmes, on
the other hand, provide financial rewards for utility companies according to their
achievements in energy efficiency programmes. For example, utility companies
may receive a percentage of the achieved savings, an adjusted rate of return for
achieving savings targets, or a penalty for failing to meet energy saving goals [54].
Table 1 highlights the features of the major types of decoupling mechanisms.
Table 2 provides some details of an example of performance incentive programme
in California.

120 D. Mah et al.



In consideration of the potential benefits that decoupling mechanisms can offer,
it is important to note that these mechanisms have not been widely implemented
worldwide. About 70 % of IEA member countries have not implemented any
decoupling regulations for energy utilities [52]. Some pioneer measures were
implemented by some countries such as the USA, the UK, and Germany. As of
July 2012, 46 out of 52 states in the USA have introduced direct-cost recovery
systems, 27 states with fixed-cost recovery, and 23 states offering performance
incentives, in which all measures were found to be contributing to decoupling [54].

3.2 Regulatory Issue 2: Pricing Inefficiencies

Electricity consumers and demand-side energy management are core elements of
smart grid deployment. A major challenge for regulators is therefore to create a
favourable environment that can incentivise consumer participation. Another
major regulatory issues associated with smart grid deployment is electricity
pricing. This has direct impacts on electricity consumption patterns of individuals,
including the total amount of consumption, when they consume, and what they
consume [102].

Table 1 Major types of decoupling mechanisms

Features Examples

Direct-cost recovery Recover administrative costs of
energy efficiency programmes
through rate cases, system
benefits charges, and tariff rider
or surcharges

Bill surcharge to recover
conservation and DSM
programme costs for utilities in
Florida [74]

Fixed-cost recovery Recover revenue loss from fixed
operating cost via lost revenue
adjustment and revenue
decoupling mechanisms

A lost revenue recovery mechanism
in Montana allows utilities to
factor their revenue loss from
DSM into monthly rates

Performance
incentive
programmes

Reward utilities for savings
achieved by energy efficiency
programmes through grants and
adjusted rate of return incentives

The shared savings mechanism in
California has four tiers of
earning rate according to the
level of savings achieved by
energy efficiency programmes
(see Table 2 for more details)

Source Institute for Electric Efficiency [54]

Table 2 Earning rate for energy efficiency risk-reward incentive mechanism in California

Savings goal achievement [100 % 85–100 % 65–85 % \65 %
Earning rate 12 % 9 % 0 % Penalty

Source Institute for Electric Efficiency [54] and NAPEE [74]
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In general, two aspects of inefficient pricing have created barriers to energy
innovations including smart grids, and these need to be more effectively regulated.
The first is that external costs of emissions are often not fully reflected in electricity
prices. A European study has estimated that if the environmental costs of fossil fuels
are accounted for, the external cost of fossil fuel-based electricity generation could
be nearly 27 times higher than that of renewables, with 5.8 c€/kWh for brown coal,
1.5 c€/kWh for natural gas, 0.09–0.12 c€/kWh for wind, and 0.21–0.41 c€/kWh for
solar PV [25].

Secondly, inefficiency in tariff systems may undervalue the benefits of demand
management practices and renewable energy in many ways. For instance, flat rates
generally assume consumers are highly price inelastic and provide no incentives to
peak-shaving consumption behaviour [36, 102]. Regressive rate systems tend to
discourage customers from saving energy because the more energy they consume,
the lower the energy rate per unit is [32]. Another example is that except in places
where net-metering is in place [26], households have no economic incentives to
produce renewable electricity and sell it to their suppliers even though such a
community-based option is technologically available.

Regulators can deploy a range of measures to overcome these pricing issues.
These include pricing emissions (e.g. congestion charges and carbon taxes),
reducing subsidies for fossil fuels, and net-metering with feed-in tariffs [64, 100].
In particular, regulators can introduce changes in tariff systems, most notably
through dynamic pricing, as an effective means to incentivise consumer engage-
ment in the areas of peak shaving, energy saving, and energy efficiency.

In contrast to flat rate systems, dynamic pricing is the charging of different
electricity rates at different times of the day and year to reflect the time-dependent
cost of supplying electricity [35]. Dynamic pricing differentiates energy prices
between peak and non-peak hours and therefore provides financial incentives for
customers to shift their consumption pattern and to conserve energy [10, 69].
Dynamic pricing can also facilitate a better match between marginal costs and
marginal demand and hence improve the efficiency of electricity systems [102].
There are a wide range of dynamic pricing modes and they include, ranging from
the least to most varying, block rates, seasonal rates, time-of-use rates, super peak
time-of-use rates, critical-peak pricing, variable peak pricing, and real-time pricing
[34]. The most widely discussed and adopted schemes are time-of-use rate (TOU),
real-time pricing (RTP), and critical-peak pricing (CPP) [49, 89].

Time-of-use rate can be established at least a day before and at even longer time
interval, charging higher rates for peak-hour use. In contrast, with real-time
pricing, consumers are provided with simultaneous pricing which is established
based on the demand and supply balance at that moment, similar in some respects
to those pricing systems in stock markets. A more sophisticated variation of real-
time pricing is two-part real-time pricing, in which real-time pricing only applies
to usage that deviates from a baseline level and therefore provides consumer
protection against price volatility. Critical-peak pricing is a combination of time-
of-use rates and real-time pricing in which a base rate is applied unless certain load
circumstance occurs to trigger peak load pricing. Peak time rebate (PTR) is a
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variation of critical-peak pricing that compensates peak-shaving consumers rather
than penalising peak-riding consumers [34].

In practice, dynamic pricing systems have recorded mixed results. While some
dynamic pricing pilots produced minimal responses [69], some have positive
outcomes. A study based on 18 dynamic pricing pilot programmes has found that
time-of-use and critical-peak pricing could lead to 5 and 20–30 % peak load
reductions, respectively [37]. A number of studies also show that the potential
energy savings from consumer feedback triggered by dynamic pricing or other
demand response measures ranges from 5 to 15 % [19, 38, 83]. Another study has
found that the dynamic pricing pilot programme in Ontario led to 11–25 % peak
reduction, 6 % consumption reduction, and CAN$4.17 savings in monthly elec-
tricity bills on average [47].

However, introducing dynamic pricing for smart grid deployment is often
politically sensitive as consumers are themselves highly sensitive to tariff changes
[68, 69]. In the USA, for example, although dynamic pricing has been contem-
plated for decades, there are only a few established systems. In many cases,
regulators have opted for voluntary programmes initiated by specific target groups
who are more receptive to such changes. One example of such a voluntary pro-
gramme on dynamic pricing is in Tennessee. In 2011, the Tennessee Valley
Authority approved a tariff structure to include options of time-of-use rate for
customers to encourage energy efficiency and peak demand reductions [26]. Other
states such as California have been making progress on enforcing dynamic pricing.
The California Public Utilities Commission (CPUC) requires Pacific Gas and
Electric Company (PG&E) to replace flat rate with mandatory peak day pricing for
large consumers by May 2010 and mandatory time-of-use tariff for small and
medium business and agricultural consumers by March 2012 [13, 17]. CPUC also
approved optional TOU and CPP for residential consumers and mandatory TOU
and default CPP for small commercial consumers by 2013 and 2014 for San Diego
Gas & Electric [16].

3.3 Regulatory Issue 3: Cybersecurity and Privacy

A defining feature of smart grids is the extensive use of information and com-
munication technology in modernising power systems. In smart grid systems,
massive sets of energy consumption data are generated, collected, aggregated, and
utilised for various purposes including billing, measuring power quality, updating
instant electricity prices as well as providing real-time feedback on household
energy consumption to incentivise energy efficient behaviour [40, 83]. These data
are provided by smart meters and control devices [83].

The transformation to automatic connection and control systems exposes the
grid to three types of risks: grid operation failures, data breaches, and cybercrimes.
Disruption of grid services can be caused by intrusions to the two-way commu-
nication system of smart grids, which may lead to temporary power outages or
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blackouts. Consumer privacy is another risk because massive sets of personal
information and energy usage data are exchanged through smart meters and net-
works. These data may expose personal details of consumer’s activities and
occupancy patterns [97]. Unauthorized disclosure of this information resulting
from for example cyberattacks may give rise to home security issues [19, 83, 97].
In addition, automatic metering provides a new gateway for cybercrimes. Hackers
could intrude into smart meter systems and alter metering data to reduce energy
use resulting in electricity theft [99]. There are also concerns about loss of control
over national grids under terrorist attack [29, 39, 83]. All these issues can impose
profound impacts on national security, public safety, privacy protection, and
cybersecurity.

It is important to note that cybersecurity and privacy is particularly a chal-
lenging issue to regulators because data management systems involve various
parties including electricity producers, distributors, smart technology developers,
and energy efficiency service providers and consumers. It is difficult for regulators
to ensure sufficient investment in security be incentivised where many actors have
a collective stake but diffused and unclearly defined responsibility in grid reli-
ability [83, 99].

Most of the existing safety standards have a narrow focus on the physical
component of the grids [15]. Regulators are therefore required to enhance standards
in the digital aspects of the grids. Regulators need to strengthen the regulatory
framework in relation to the ownership and sale of information [10]. Specifically,
regulators need to ensure the integrity of the data management system, preventing
cyberattacks, incentivise investment in cybersecurity as well as to enhance con-
sumers protection [83].

There are three measures that a regulator can deploy. These are privacy regu-
lation, facilitating public–private collaboration, and providing financial incentives
for cybersecurity innovation. Privacy regulations could be enforced by clearly
defining the roles and responsibilities of each party involved in data processing and
management [97]. Privacy regulations could prevent misuse of data. More
importantly, they can increase consumers’ confidence and acceptance of smart grid
deployment and this is especially important in a context in which public distrust of
governments and utilities is not uncommon in many countries and cities [68, 69].
For instance, California enforces energy data privacy rules as state legislation, and
is the pioneer in energy data privacy regulations and has inspired other states to
join the path [15].

Public–private collaboration can also help to ensure that policy measures
evolve along with the changing risks as well as the needs of diverse stakeholders.
Workshops and working group meetings are crucial to address new challenges and
solutions. For example, since 2006, the USA Department of Energy has been
working with different energy sector stakeholders on developing grid cybersecurity
and has implemented 65 initiatives to develop cybersecurity solutions [79]. The
private–public collaboration taskforce, the Energy Sector Control Systems
Working Group, collected inputs from various stakeholders such as government
leaders, asset owners and operators, chief information officers (CIOs), research and
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technical experts, security specialists, and vendors and generated two roadmaps to
address these issues [29]. Another example of stakeholder collaboration is the
Cyber Security Working Group (CSWG) under the USA National Institute of
Standards and Technology (NIST). The group consists of more than 650 stake-
holders worldwide including utilities, vendors, academia, regulators, and gov-
ernment [77]. This group aims to develop overall cybersecurity strategies for smart
grids, and sub-groups have been set up to focus on different topics such as
advanced metering infrastructure, privacy, and design principles [77].

Financial incentives for cybersecurity investment are crucial to motivate both
the utility companies and technology developers to move into this new area. For
instance, the USA Recovery Act delegated US$3.4 billion to 99 projects under the
Smart Grid Investment Grant Programme (SGIG), in which awardees are required
to prepare and implement cybersecurity plans specific to their projects [29]. The
programme also fosters a peer sharing of experience in implementing cyberse-
curity plans, persistent security risks, and information gaps through a two-day
workshop [24].

To sum up, utility disincentives, pricing inefficiencies, and cybersecurity and
privacy are the three major regulatory issues that regulators need to effectively
address to facilitate smart grid deployment. The lock-in effect and the coupling
between electricity sales and utility revenue have created utility disincentives to
smart grid investment. Regulators may introduce market liberalisation and
decoupling mechanisms to facilitate smart grid deployment through market
accessibility, fair market rules, and incentive systems. To overcome the issues
associated with pricing inefficiency, regulators may introduce tariff reforms, most
notably through different forms of dynamic pricing with a phase-in approach
moving from voluntary to mandatory. Regulators may address cybersecurity and
privacy issues through introducing regulations on privacy, enabling public–private
collaboration as well as providing financial incentives for cybersecurity invest-
ment. Table 3 below provides an overview of the major regulatory issues,
approaches and examples of specific regulatory measures.

Table 3 Summary of regulatory issues, approaches, and measures for smart grid development

Regulatory Issues Approaches Examples of Measures

Utility disincentives Decoupling Direct-cost recovery
Fixed-cost recovery
Performance incentives
Time-of-use

Pricing inefficiency Dynamic pricing Real-time pricing
Critical-peak pricing
Privacy regulation

Cybersecurity and privacy New protocols and standards Public–private collaboration
Financial incentives for

cybersecurity innovation
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4 Smart Grid Regulatory Approaches: An Overview
of International Experience

We now provide an overview of the diversity of regulatory approaches that have
been deployed in various places, examine the achievements of these approaches,
and then highlight the unresolved issues that confront regulators.

4.1 A Variety of Regulatory Approaches
and the Achievements

Our case examples summarised in Table 4 show that the USA and a number of
European countries, including the UK, Germany, Italy, France, and the Nether-
lands, have introduced a wide range of approaches to address the three major
regulatory issues. Decoupling, dynamic pricing, and cybersecurity and privacy
protocols and standards are the commonly adopted approaches.

Two observations can be drawn from these case examples. Firstly, countries
and cities have adopted a diversity of regulatory measures within each approach.
The case examples show that the UK, California, and Germany have adopted
different forms of decoupling mechanisms (e.g. price caps and revenue caps).
Similarly, our case examples that deployed dynamic pricing measures differed in
the forms of pricing systems (e.g. time-of-use and critical-peak pricing) as well as
the level of obligation (i.e. voluntary or mandatory basis). In relation to cyber-
security and privacy issues, privacy regulations in these case examples also differ
with some focusing on data disclosure and some on data aggregation.

Secondly, the implementation of these regulatory measures involved various
stakeholders. Regulators worked closely with utilities and consulted other stake-
holders on decoupling to develop effective incentive mechanisms through rate case
review, energy savings goal evaluation, and project grants assessment. Dynamic
pricing measures also involved consumer engagement through outreach and
education about new energy pricing systems and to ensure public acceptance.
Similarly, some cybersecurity measures were based on private–public or stake-
holder collaboration to develop strategies and plans.

Although a comprehensive analysis of these regulatory approaches is yet to be
available, these initiatives have recorded some achievements of facilitating smart
grid development. Decoupling, for instance, as a major regulatory measure to
address the issue of utility disincentives provides new incentives for some utilities
to divert investment into new areas. One of the achievements of decoupling is a
reduction in network and electricity costs through efficiency gains. The electricity
price cap (RPI-X) in the UK, for instance, has effectively promoted efficiency and
led to a 7.7 % decrease in operational costs for distribution network operators as
well as 50 and 41 % reduction in electricity distribution and transmission charges
for consumers, respectively, over a period of 11 years [5]. Decoupling measures
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also effectively altered utilities’ investment strategies on energy efficiency. One
example is that the gas conservation programme by Pacific Gas & Electric reduced
US$46 million of revenue from natural gas sales, which would not have been
implemented without a mandatory decoupling measure [91].

Dynamic pricing, on the other hand, as a key regulatory approach to engaging
consumers through the use of pricing signals, has recorded some successes in
terms of peak load shifts and consumption reductions. A review on dynamic
pricing pilot programmes found that time-of-use and critical-peak pricing with
automated responding technology installed could possibly reduce peak loads by 5
and 30 %, respectively [76]. The pilot programme in Ontario also demonstrated
6 % reduction in energy consumption and CAN$4.17 savings in monthly elec-
tricity cost [47].

Cybersecurity rules have been regarded as an important component of smart
grid deployment plans in many economics including the USA, EU, South Korea,
and China. However, the assessment of what privacy rules have accomplished is
not readily available due to the mostly preventative nature of the regulations [57].

Table 4 below provides an overview of international experience of imple-
menting the three regulatory approaches, followed by three case studies of each
approach to elaborate the key features, outcomes, and lessons learned (Boxes 1–3).

Box 1 Case—Decoupling Electricity in California
What happened
Triggered by the first energy crisis, decoupling mechanism was adopted in
California from 1982 to late 1990s, with high tail block rates, revenue
adjustment, and performance-based incentives [105]. After 1996, the regu-
latory strategy was shifted to relying on market force and competition for
energy efficiency by restructuring the market [105]. During the 2001 energy
crisis, the state re-introduced revenue decoupling mechanism, with an
explicit political priority on energy efficiency and energy saving goals
specific to each utility [14, 94].
Outcomes
Decoupling measures facilitated intensive development of energy efficiency
programmes, which led to about US$1.5 billion net benefits from pre-1998
energy savings [105]. The energy saving goals also appeared to succeed in
promoting energy efficiency—all three utilities exceeded their saving goals
in electricity use by 27–30 % and demand by 21–31 % [14].
Lessons learned
California’s experience shows that decoupling requires a mix of decoupling
mechanisms and compliance regulation, such as revenue adjustment and
energy saving goals, to provide incentives for energy efficiency on both
demand and supply side. Clear political commitment and priorities, explicit
targets as well as tailor-made energy saving goals specific to each utility, are
the keys to succeed of these decoupling mechanisms.
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Box 2 Case—Dynamic Pricing Pilot in Ontario
What happened
The Ontario Energy Board Smart Price Pilot (OSPP) started in August 2006
with 373 Hydro Ottawa consumers for one and a half years, aiming to
explore implications of province-wide smart meter roll-out and mandatory
time-of-use tariff [47]. This pilot programme tested three types of pricing—
the time-of-use, time-of-use with critical-peak price, and time-of-use with
critical-peak rebate, in which the two critical-peak time-of-use rates charge
3¢ more for on-peak use with an addition of CAD 30¢/kWh charge for peak-
hour or rebate for avoided peak-hour use on critical-peak days [47].
Outcomes
Time-of-use with critical-peak price appears to have the most robust impacts
on peak shaving—about 11 % demand reduction on average and 25 %
during critical-peak hours [47]. All three pricing types led to lower total
energy use (6 % on average) [47]. Taking both load shifting and conser-
vation effects into account, over 93 % of OSPP participants paid CAD$4.17
less on their electricity bills per month—35 % savings from load shifting
and 65 % from conservation [47]. Most of the participants (78 %) were
satisfied with the TOU pricing [47].
Lessons learned
OSPP provides insights into effectiveness of different time-of-use pricing
options and programme implementation approach. A comprehensive set of
consumer engagement tools, such as automated peak notification, and edu-
cation package and flyers, is essential to the responsive consumer behaviour
to dynamic pricing. Dynamic pricing with penalty on on-peak use appears to
be more effective in peak shaving and conservation [36, 76].

Box 3 Case—Cybersecurity and Data Privacy in California
What happened
Several legislative bills, namely SB 17, SB 1476, and SB 674, contribute to
the cybersecurity regulation in California. Utilities are required by California
Public Utility Commission to address cybersecurity in their smart grid
deployment plans (SGDPs) and are prohibited to disclose energy data
without prior consent from customers [7–9].
Outcomes
These regulations facilitate over US$19 million utility investment in cy-
bersecurity [85, 93, 96]. Measures are implemented in the following
approaches [55, 85, 92, 95]:
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• Network upgrade: threat-detective and threat-adaptive control systems,
pilot projects

• Private–public collaboration: professional societies and working groups
• Standard and policy: network standards (NIST, NERC), internal security

governance policy
• Privacy frameworks: privacy protocols (i.e. fair information practice

principles and privacy by design), privacy impact assessments
• Risk management: cyberincident response team and plan
• Internal measures: awareness training, Chief Customer Privacy Officer

and team

Lessons learned
California establishes a pioneer case of how regulatory changes can facilitate
security and privacy protection measures by utilities via compliance-based
reporting and privacy rules. The annual updates of SGDPs provide insights
into regulatory improvement and can better respond to the evolving nature of
cyber-risks. Defining roles and authorisation limitation of utilities in data
disclosure enhance consumers’ privacy protection. However, there is a lack
of local information sharing, cyberincident reporting, and independent
auditing of implemented measures.

4.2 Unresolved Issues

Although these regulatory approaches have recorded some achievements, there are
still a number of unresolved issues remaining. The major challenge of decoupling
is to optimise the regulatory regime with the least cost [91]. It is a particular area
of concern because financial incentives such as grants that are required for
implementing decoupling often involve a large amount of public expenditure. For
instance, California has received US$314.5 million from the American Recovery
and Reinvestment Act (ARRA) for efficiency grants, state energy programmes on
training and financing, and energy assurance planning [6]. Sufficient funding is
essential to decouple with financing incentives, and the challenge is therefore to
ensure active involvement of the government or the development of viable busi-
ness models for financing. Another unresolved issue of decoupling is concerned
with the trade-offs between the implementation of unbundling to guarantee fair
access conditions and the additional burden put on small new entrants in terms of
costs and complexity of system integration [12].

In relation to dynamic pricing, the effectiveness of this regulatory measure is
closely tied to the demand responses of consumers. However, if prices are
excessively volatile or manipulated by utilities through exerting market power,
residential consumers may become particularly vulnerable [10]. How to ensure
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consumers will benefit from dynamic pricing would be an area of major concern to
regulators. Furthermore, the political and economic feasibility of introducing
dynamic pricing may be highly uncertain and vary across different regulatory
regimes as showed in some studies [69]. Consumer response to price signals is
often deterred by the lack of awareness, knowledge, and ability to respond. For
instance, in the case of New York, minimal differences between market prices and
dynamic prices do not pay for customer’s cost of responding to price signals, such
as time spent on monitoring hourly prices and changes in consumption behaviour.
Underutilisation of real-time pricing software and lack of knowledge of load
reduction strategies also contribute to the insignificant peak-shaving effort of the
programmes [59–61, 78, 80, 90].

In addressing the issues of cybersecurity and privacy, regulators are concerned
with the evolving nature of cyber-risks, and the trade-off between acceptable risk
and costs [15]. What complicates the matter is that utility companies are often not
motivated to invest in cybersecurity, especially in relation to data privacy. One of
the reasons is that even if cybersecurity is associated with high impacts, it has a
low probability of occurrence but high implementation cost [15]. The limited
market for smart grid security technology also leads to the lack of incentives for
technology developers to provide responsive technical support and innovation
while smart security technology is still in its early development stage.

5 Conclusions

To fully capitalise on the potential benefits of smart grid deployment, it requires
not only technological advancement but also a good understanding of the regu-
latory barriers. This chapter has contributed to the literature on smart grid by
bringing the regulator perspectives—an area that is under-explored [102]—into the
field of smart grid studies. We examine why regulators should be concerned about
smart grid developments, the nature of the regulatory challenges, and what they
can do to address these challenges.

We have two major findings. Firstly, we demonstrate that smart grids present
new challenges to regulators. We found that regulators have important roles to
play in establishing rules and mechanisms to address these regulatory challenges
and facilitate smart grid deployment. Specifically, regulators can regulate invest-
ment incentives, consumer incentives, and the use of data through introducing
market liberalisation, dynamic pricing, and protocols and standards on cyberse-
curity and privacy issues.

Secondly, our international case studies of countries and cities provide an over-
view of a variety of actual regulatory initiatives in place. This overview showed how
these economies pioneered a variety of regulatory approaches that include different
forms of decoupling, dynamic pricing and ways to address cybersecurity and data
privacy issues. It is important to note that while these regulatory initiatives have
secured some achievements, the unresolved issues are substantial. The trade-offs
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between the potential benefits of market liberalisation and the new burden put on
both existing and new market players, the difficulties in predicting consumer
responses to dynamic pricing, and the evolving nature of cyber-risks are some
examples of the major issues confronting regulators when attempting to regulate
smart grid deployment.

Our findings have some important policy implications. Firstly, rather than
relying on a single solution, in practice regulators need to use a combination of
regulatory measures to enhance regulatory effectiveness. For instance, various
means of decoupling measures including direct-cost recovery, fixed-cost recovery,
and performance incentives programmes may reduce the financial barriers for
utility companies to invest in energy efficiency efforts. But these incentives may
still not be adequate. Mandatory requirements for energy efficiency such as energy
efficiency resource standards (EERS)—which are energy efficiency targets for
utility companies—could be the ultimate driver to enhance the utilities’ willing-
ness to promote energy efficiency [88, 94]. The combination of legal requirements
and incentive mechanisms may enhance regulatory effectiveness.

Secondly, regulators need to adopt a more engaging approach to effectively
involve stakeholders when formulating regulatory solutions. Smart grid deploy-
ment presents challenge to the traditional technocratic way of energy decision-
making. For instance, in relation to cybersecurity, the nature of potential risks,
forms of attacks, and potential consequences are evolving [15]. A static set of rules
will not be able to respond to such challenges. Regulators therefore need to engage
more widely to formulate more proactive and adaptive measures. Furthermore, as
shown in the case study of Ontario’s dynamic pricing scheme (Box 2), consumer
engagement through effective automated peak notification and education tools is
essential to the smooth implementation of dynamic pricing.

Thirdly, regulating smart grid deployment requires an intelligent match of the
choices of regulatory approaches and regulatory capacities. Worldwide, countries
and cities adopt different regulatory approaches, a reflection of differing institutional
endowments and regulatory capacities [42, 56]. It is a challenge to a regulator to
learn how to make use of possible regulatory tools to effectively respond to the local
context, and the opportunities and constraints for introducing regulatory changes.

Our analysis has however some limitations. Our overview of regulatory
approaches in practice (Table 4) does not constitute a representative sample of the
regulatory initiatives in this field. It is at best a brief analysis. Future research may
generate fruitful findings through a thorough assessment of the extent to which
regulatory measures have been implemented in the countries of reference. Fur-
thermore, regulatory alignment between the regulatory tools and a regulator’s
abilities is a major research area that is under-explored [42]. A comparative study
from this perspective may generate useful findings that can contribute to the
literature on regulatory governance.
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i-Energy: Smart Demand-Side Energy
Management

Takashi Matsuyama

Abstract Much of the discussion concerning smart grids focuses on the potential
benefits of technological advances to power suppliers. However, there are many
possible advantages that may benefit consumers as electricity grids exploit more of
the opportunities provided by the cyber network society and emerge as a form of
supporting social infrastructure. A critical element in the development of advanced
consumer-friendly grids is the notion of an integrated system for energy man-
agement from the consumer’s viewpoint. Here, we present such a concept—i-
Energy—for smart demand-side energy management. The concept embodies four
main elements: Smart Tap Network, Energy on Demand Protocol, Power Flow
Coloring, and Smart Community. The key features of each are explained, and the
characteristics and effectiveness of the required supporting technologies as dem-
onstrated by ongoing research are presented. The importance of bringing together
key stakeholders to achieve effective collaboration to implement the i-Energy
concept is also emphasized.

1 Introduction

This chapter first introduces the concept of Cyber-Physical Integration Systems to
develop social infrastructures in the twenty-first century such as smart electric
power network systems. Then, we propose the concept of i-Energy for smart
demand-side energy management. This differs from the Smart Grid. The former
aims at energy management from the consumer’s viewpoint while the latter from
the supplier’s viewpoint. The latter half of the chapter presents four steps in the
realization of the i-Energy concept: (1) Smart Tap Network for monitoring detailed
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power consumption patterns of individual appliances and dynamic activities of
people in homes, offices, and factories; (2) Energy on Demand Protocol to realize
the priority-based best effort power supply mechanism as well as the automatic
ceiling mechanism of power consumption in both watts (W) and watt hours (Wh);
(3) Power Flow Coloring to allow versatile power flow controls depending on
types and costs of power sources; and (4) Smart Community for bidirectional
energy trading among households, offices, and factories in a local community. The
technologies to embody each of these four ideas are presented with research
achievements so far obtained.

2 Integrating the Physical Real World and the Cyber
Network Society

Until the twentieth century, our society was structured in such a way that most
social and personal activities took place in what we could call the physical real
world. For example, appliances, furniture, housing space designs, building archi-
tectures, traffic systems, and even sporting environments are designed based on
physical laws. The last decade of the twentieth century saw the cyber network
society emerge, thanks to the advancement of information and communication
technologies (ICT). And now, our social and personal activities are conducted in
both the physical real world and the cyber network society.

To design twenty-first-century social infrastructures, therefore, it is crucial to
study how we can integrate seamlessly the physical real world and the cyber
network society (Fig. 1). One idea to realize this cyber-physical integration is to
link and merge dynamical flows in the physical real world and the cyber network
society; the former are characterized by the flows of goods, people, and energy and
the latter by the flow of information.

We believe that the cyber-physical integration will be significant, not only for
creating infrastructures for twenty-first-century society, but also in a more academic
sense as well. In other words, the discovery of natural laws in the physical real world
and the creation of basic theories which have allowed us to harness those laws for
technologies have been extremely successful. Such theories include physical models
represented by differential equations like the Newton and Maxwell equations. On the
other hand, the foundations supporting the cyber network society can be seen in the
computational theory of the Turing machine and Shannon’s communication theory,
on the basis of which many different kinds of ICT systems have been developed and
are supporting our everyday activities. So the question is: What is the relationship
between physical models on the one hand and computational and information
models on the other? Is a theoretical model which could unify them possible? We
believe that only after such a unified theoretical foundation has been established,
will the way forward toward the cyber-physical integration be shown, leading to the
creation of a sound twenty-first-century society. (Our research group is currently
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involved in research on a hybrid dynamical system [1] as one attempt to set out a
unified theory.)

Today, our social and personal activities are being supported by cyber-physical
integration systems. The most striking example is e-money: the digitization of
currency and securities. Value flows in the physical real world in the form of
physical things such as precious metals, currencies, and securities, but in the cyber
network society, value flows in the form of digital numbers and characters whose
values are guaranteed by personal authentication and information security; these
functions are critical mechanisms giving economical meaning to the flow of
information in the cyber network society.

The second example is the realization of so-called ubiquitous society. By
attaching bar codes, IC tags, and RF tags as well as microprocessors to objects in
the physical real world and recording and managing the positions, types, and
processing histories of these objects as information in the cyber network society, it
becomes possible to associate flows of goods, traffic, and people with flows of
digital data. These ID-ing methods together with location-sensing methods based
on GPS and other localization/recognition devices (e.g., car license plate readers)
have realized food product tracing systems, electronic highway toll collection
systems, car navigation systems, cell phones, and the like. More recently, this
trend has spread from objects to people as well, with experiments being performed

Cyber Network Society

Physical Real World

Physical Laws
(obey)

Rules, Standards
(comply)

Physical Model

Computation Model

Cyber-Physical Integration

Fig. 1 Cyber-physical integration
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to monitor the health and behavior of individuals with wristwatch-like devices that
record biological states and physical activities.

Thus, the cyber-physical integration has created various infrastructures for the
twenty-first-century society. In other words, while many people may be satisfied
with currently available ICT services such as smartphones that make things more
convenient and amusing, we should continue to develop new ICT to create a new
social infrastructure through the cyber-physical integration. So then, we must ask
‘‘What is the next stage of the cyber-physical integration?’’

3 Integrating Information and Electric Power Networks

Early computer and telecommunication systems were organized as star-shaped
networks, with a single large computer or line switching machine in the center and
terminals radiating outward from it. With the emergence of workstations and
personal computers, however, information networks became more distributed,
bidirectional, and personalized, resulting in the creation of the Internet. We should
notice that this revolutionary change has been realized not only by advances in
ICT (in the physical real world) but also by changes and reforms of societal rules
such as the privatization of national telephone departments and the deregulation of
telecommunication services (in the cyber network society).

When we envision the future of electric power networks (a major social
infrastructure system in the physical real world) from this point of view, their
current star-shaped networks, in which energy flows from centralized power plants
to factories, offices, and households, can be expected to rapidly undergo the same
process of becoming distributed, bidirectional, and personalized, thanks to phys-
ical-real-world technological advances in distributed power sources such as wind
power plants, photovoltaics, fuel cells, and storage batteries, as well as comple-
mentary cyber network society policies designed to stop global warming and
incubate new energy services.

Then, the critical question is how we can embody such revolutionary changes in
the electric power network. A naïve idea would be to integrate the information and
electric power networks by employing ICT to monitor and control electric power
flows (Fig. 2). Such a slogan, however, is not enough to develop a new social
energy infrastructure. Instead, we should learn from history: As is well known,
packet data transmission and the IP protocol are the essential driving forces to
implement the Internet. Hence, we should develop innovative technologies to
implement distributed, bidirectional, and personalized electric power networks.

Accordingly, for about ten years, we have put forward the idea of i-Energy to
devise innovative technologies, which will be described later in this chapter, and
we believe they will grow as driving forces to implement the integration of the
information and electric power networks like the packet data transmission and the
IP protocol in the Internet.
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3.1 i-Energy Versus Smart Grid

The idea of using ICT to improve electric power network management is similar to
the Smart Grid. However, our idea of i-Energy differs largely from the smart grid;
the former is for the demand (i.e., consumer)-side energy management while the
latter for the supplier (i.e., producer)-side one (Fig. 2).

Figure 3 illustrates the scheme of demand response and dynamic pricing, which
are the major functionalities supported by current smart grid systems. One of the
most important roles of power suppliers is to balance the power generation with
the power consumption. If the power generation capability were much larger than
the expected maximum power consumption, the balance control would not be so
difficult. In reality, however, the power generation capability is limited due to the
cost of having excessive power plants, the reduction of greenhouse gas emissions,
and the political policy to stop and/or limit nuclear power plants. The aim of smart
grid systems is to make the balance even with the limited power generation
capability, that is, to suppress the power consumption by asking consumers to
reduce their power consumption according to power supplier’s requests. In short,
the scheme of current smart grid systems is designed from the power supplier’s
viewpoint: A supplier asks consumers to help the power balancing control by the
supplier.
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i-Energy systems, on the other hand, manage appliances and distributed power
generation/storage devices in consumer’s living spaces: households, offices, fac-
tories, and local communities. Thus, consumers manage all power consumption,
generation, and storage by themselves to realize the power balance control as well
as the reduction in the energy costs and the greenhouse gas emissions. That is, i-
Energy systems enable consumers to become prosumers, i.e., live as both con-
sumers and producers. Note that the population of prosumers has been rapidly
growing in this century; supported by feed-in tariff systems, a large number of
households have introduced photovoltaics to produce and sell electric power as
well as to consume it.

The reasons why we focus on the demand-side energy management are as
follows:

1. R&D balancing between power supply and demand-sides: Since electric power
networks function well only when the power generation and consumption are
balanced, supplier-oriented smart grid systems are not enough and consumer-
oriented systems should be developed at the same time.

2. Cooperation with existing social infrastructures: Since modern countries, cities,
and towns have accumulated large-scale complicated electric power networks
and huge social and personal activities are conducted everyday on such
infrastructures, it would not be reasonable to propose their drastic change
whatever merits innovative technologies could bring. In other words, we will
be able to implement innovative technologies rather easily into households,
offices, factories, and communities if we can prove their merits.
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Fig. 3 Scheme of the demand response and the dynamic pricing
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3. Bottom-up creation of clean-slate social infrastructures: In developing coun-
tries, on the other hand, many people, perhaps more than half of the human
population, live without stable or sufficient electric power network services.
Even if their sizes are small, compact demand-side energy management sys-
tems can support such people and improve their lives at a reasonable cost,
which would be far less expensive than implementing national-wide electric
networks as in developed countries.

4 Technologies to Implement the i-Energy Concept

We have been developing technologies to implement the i-Energy concept and
conducting real-life experiments to evaluate their utility for 10 years. The fol-
lowing are the four steps in our R&D road map:

Step (1) Smart Tap Network for visualizing power consumption patterns of
individual appliances and monitoring human activities based on
observed data

Step (2) Energy on Demand Protocol to realize the priority-based best effort
power supply mechanism and the automatic ceiling mechanism of
power consumption in both watts (W) and watt hours (Wh)

Step (3) Power Flow Coloring to allow versatile power flow controls depending
on types and costs of power sources

Step (4) Smart Community for bidirectional energy trading among households,
offices, and factories in a local community.

In what follows, overviews of our technologies and experimental results are pre-
sented. As for technical details, please refer to the references and the demo videos
on the Web.

4.1 Smart Tap Network

The first step to implement the i-Energy concept is to develop a smart tap network:
attach Smart Taps, which consist of voltage and current sensors, a power con-
troller, a wireless (i.e., Zigbee) communication module, and a microprocessor to
individual electric devices inside households, offices, and factories to create a
sensor network that monitors detailed power consumption patterns of individual
devices (Fig. 4).

We developed the following application systems by implementing smart tap
networks in an ordinary apartment room, an independent house, an office room in
our university, and an actual small factory, respectively:
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1. Real-Time Visualization of Power Consumption Patterns: Fig. 5 illustrates a
TV screen displaying power consumptions of all appliances in the apartment
room. Since the data are renewed every 0.5 s, we can monitor which appliances
are operating in which modes. With this function, energy-saving awareness can
be raised to switch off and/or reduce power of useless appliances. Such power
control can be conducted just by clicking appliance icons on the screen by a TV
game machine or a smartphone; power control commands are issued to the
smart taps attached to the selected appliances. Real-life experiments at the
smart apartment room showed that at best, about 20 % power reduction in Wh
a day can be attained with this real-time visualization and control system.

2. The smart tap we developed is designed to measure the voltage and current at
20 kHz sampling rate, which enables us to identify types of appliances by
analyzing the current waveform over one AC cycle (see Fig. 6). We developed
a novel method of appliance identification, by which 16 different types of home
appliances can be identified with 99 % accuracy [2]. This means that an
appliance can be identified simply by plugging it into a socket. Our recent study
showed that aging phenomena and malfunctions of appliances can be detected
by analyzing current waveforms, which is useful for early detection of prob-
lems with devices, thereby contributing to a safe and secure life.

3. The power control of some appliances is done manually by a person, while for
others, it is done automatically. If we can recognize which power control events
are by a person, we can estimate his/her location since the location of each smart
tap is known a priori. In fact, the newest version of the smart tap is implemented

Human activity 
monitoring without 

invading privacy

Consulting on
safe and eco life

Smart Tap:
Power Sensing
Power Control

Refrigerator power consumption  

Microwave oven power consumption

There may be 
a short circuit 
at the kitchen.

Someone is 
coming down.

Someone is in the yards!

The power 
consumption is 

close to the limit?

Too long at the bath!.
Are you OK?

Database of Power 
Consumption 

Patterns

Fig. 4 Smart tap network
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in a wall socket. We developed a human activity monitoring system in the smart
apartment room, which estimates the motion trajectory of a person based on
manual power control events. The system can be used, for example, for children
living away to monitor the degree of activities of their old parents without
directly intruding into their privacy. Moreover, patterns of manual operations of

Fig. 5 Real-time visualization of individual appliance power consumption: Every 0.5 s, the
consumed power is displayed on top of each appliance icon. By clicking an appliance icon, we
can monitor its power consumption profile as well as control its supplied power. The overall
power consumption pattern in the apartment room can be monitored to analyze which appliances
consume how many watts

Note PC

Fluorescent light lamp Liquid crystal display

Fan 1

Fan 2

Voltage Current

Cathode-ray tube TV

Fig. 6 Voltage and current waveforms of appliances. While the former is maintained constant,
the latter varies a lot from appliance to appliance
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appliances vary a lot person by person. Figure 7 shows power consumption
patterns of a hair drier by different persons. By learning such appliance usage
patterns, it is possible to estimate who is using an appliance.

The demo video showing fundamental functions of the smart tap and the real-
time power consumption monitoring system with the appliance recognition and the
malfunction detection is available at http://www.youtube.com/watch?v=
QRQ72xtzDHE.

4.2 Energy on Demand Protocol for Intelligent Power
Management

While raising awareness about energy saving by visualization systems like the one
described above does lead to a reduction in wasted energy, the effectiveness of such
manual power control methods is nevertheless limited and moreover hard to maintain
for a long time; people are busy and prone to get lazy. Accordingly, the second step
of the i-Energy concept explores an automatic power control mechanism.

The i-Energy concept is best characterized by a novel automatic power control
method named Energy on Demand (EoD) that supplies electric power based on
power demand messages issued from appliances [3]. Its basic protocol is as fol-
lows (Fig. 8):

1. When an appliance is switched on or changes its operation modes, a power
demand message describing the required power and its priority, which we call
Quality of Energy (QoEn), is issued from the appliance to the power manager.

Fig. 7 Usage patterns of a hair drier
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Note that for simple appliances such as heaters and fans, smart taps attached to
them detect switching events and issue messages, while so-called smart
appliances, which can directly communicate with the power manager via a
network, can issue messages by themselves as well as monitor and control
consuming power according to requests from the power manager. Note also
that the power manager may be installed inside a house or a cloud energy
service provider may support its functions.

2. The manager mediates such power demands from appliances taking into account
available energy sources and appliance priorities as well as human activity
patterns, which have been learned using the sensor network described above.
This mediation is conducted based on the best effort policy; some demands with
low priorities may not be satisfied. For example, garden lamps might not be
supplied power or 75 W might only be supplied in response to a 100 W demand.

3. Power is supplied to the appliance only after a power supply permission
message is received by the smart tap attached, which in turn controls the power
as specified in the permission message.

To attain substantial power savings by the priority-based best effort power
supply mechanism described above, ceiling values in both W and Wh for the
power demand mediation are specified by a human power manager. The red lines
in the right graphs in Fig. 8 illustrate such ceiling value profiles. At the power
demand mediation process in the second point of the basic protocol given above,
the power manager supplies power only when the ceiling constraints are satisfied.
That is, if the acceptance of a new power demand leads to the violation of the

1) Power demand 
message with PRIORITY

3) message for power 
allocation/reduction/rejection

2) Power demand 
mediation

While the requested 
power was 100W,

75W can be used under 
the current overall 

power usage.

Wh

Maximum accumulated power

t

W

Maximum Power limit

Ceiling of the accumulated power

Ceiling of the instantaneous power

Must not exceed
in  a specified period

Must not exceed 
at anytime

Smart tap

Guaranteed Reduction of Power Consumption!

Power manager

Fig. 8 Scheme of the energy on demand
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ceiling constraints, the manager selects the appliance with the least priority and
asks it to reduce or cut off the power so that appliances with higher priorities can
be supplied power. In other words, appliance operations with low priorities may be
interrupted when a new demand with a higher priority is issued. Consequently, the
EoD system can guarantee the user-specified reduction rate of power consumption
in both W and Wh.

As described above, the power saving rate is specified by a user and its
attainment is 100 % guaranteed by the EoD system. So the power saving rate is not
a goal to achieve or a performance evaluation measure of the EoD system. Instead,
the performance of the EoD system should be measured by how well the user’s
quality of life (QoL) is maintained. To this end, the priority specification of each
appliance is crucial.

In the EoD system, the priority changes dynamically depending on appliance
characteristics and human activity patterns in individual households, offices, and
factories. For example, Fig. 9 illustrates the dynamic priority profile of an air
conditioner. Even if switched ON, its operation can be delayed (time-shiftable
characteristic). Moreover, the amount of power supply can be changed (power
controllability) and the power supply can be suspended during its operation
(temporary interruptible characteristic). The priority increases during delay and
suspension periods to start/resume operation when the priority becomes high
enough. On the other hand, the priority decreases after sufficient operation,
because the air temperature is maintained for a while even if an air conditioner
stops. This dynamic priority modification mechanism allows the EoD system to
make full use of appliance utility even under the power ceiling control. Currently,
we are studying modeling and learning methods of human activity patterns from
power consumption data measured by the smart tap network, which will enable the
EoD system to adjust the appliance priority based on human activities.

Figures 10 and 11 show the experimental results of one-day real-life activities
by a university student at the smart apartment room, where the EoD system with

t
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Priority during operation

Priority during
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Maximally 
suspendable time

Time of suspension Time of resumption

Priority during
suspended operation

Time of switch on

0

1

trequest trun tresumetsuspend

τ

Fig. 9 Dynamic property of the priority of an air conditioner
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smart taps and smart appliances is implemented. Figure 10 illustrates the instan-
taneous power consumption profile and Fig. 11 the accumulated one. The blue
lines in the figures indicate the power consumption data without the EoD system,
the red the power consumption plans to comply with the ceilings (30 % reduction
of the one-day accumulated power and 1,200 W as the maximum instantaneous
power), and the green the actual power consumption data with the EoD system.
Note that while the constant value, i.e., 1,200 W, was specified as the instanta-
neous power consumption ceiling in Fig. 10, an arbitrary shaped ceiling profile can
be set by a user taking into account daily activities and dynamic pricing data. We
conducted a series of weekly real-life experiments at the smart apartment room to
evaluate QoL by setting the ceiling of W as 1500 W and the accumulated power
reduction rate a day as 10, 30 and 50 %, respectively. The subjective evaluation
proved that QoL was not damaged significantly even with 50 % power saving.
Currently, we are developing a quantitative QoL evaluation measure, whose
validity will be tested with a variety of lifestyles as well as living environments.

In most smart grid projects, demand response and/or dynamic pricing mecha-
nisms have been introduced to reduce the peak power demand. As is well known,
however, the actual power reduction is uncertain and fluctuates from time to time.
Moreover, the power reduction cannot be attained in real time. With the EoD
system, on the other hand, the instantaneous power consumption can be auto-
matically reduced in real time by setting the ceiling value for W. That is, when
utility companies are allowed to set and modify ceiling values based on contracts
with consumers, EoD systems work as real-time automatic demand response
systems.

Power consumption
without EoD

Power consumption
plan

Power consumption
With EoD

Ceiling of W

Fig. 10 Instantaneous power consumption profiles of one-day real-life experiment at the smart
apartment room (see text)
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The demo video of the EoD system at the smart apartment room is available at
http://youtube/rTgxpD7mAwU. We believe that the EoD can be a driving force to
introduce revolutionary changes in our energy infrastructures just as the packet
data transmission and the IP protocol have done in communication infrastructures.

4.3 EoD-based Battery Design and Management and Power
Flow Coloring

The third step of the i-Energy concept realization is the management of multiple
power sources: power generators and storage batteries. Toward this end, we first
developed the EoD-based battery design and management system [4]. The system
consists of two processes: One is the battery design and management plan genera-
tion and the other the real-time battery management (i.e., charge/discharge control).

4.3.1 Battery Design and Management Plan Generation

Figure 12 illustrates the basic idea of our EoD-based battery design and man-
agement plan generation. Given an expected power consumption profile without
the EoD system (DðtÞ; the dotted line in the upper graph of Fig. 12) as well as the
ceiling specifications in W and Wh, the EoD system first makes a power usage
plan satisfying the ceilings, which is denoted as PDPLANðtÞ and illustrated by the
solid line in the upper graph of Fig. 12 (see also the blue and red lines in Fig. 10).

Power consumption
without EoD

Power consumption
plan

Power consumption
With EoD

Ceiling of Wh

Fig. 11 Accumulated power consumption profiles of one-day real-life experiment at the smart
apartment room (see text)
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The gap between these profiles, DSðtÞ ¼ DðtÞ � PDPLANðtÞ, implies the degree of
user’s dissatisfaction; while a user wants to use appliances, some of such demands
are not satisfied due to the power ceilings.

Our aim of employing a storage battery is to reduce this degree of dissatis-
faction. That is, the battery design and management plan generation process
conducts the minimization of the totally accumulated degree of dissatisfaction by
using a battery, which gives us a new power usage plan PLAN� with much less
user dissatisfaction while complying with the ceilings, the optimal battery char-
acteristics, and its optimal charge/discharge plan:

PLAN� ¼ arg min
PLAN

DSðPLANÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

T

t¼0

ðDðtÞ � PDPLANðtÞÞ2
v

u

u

t :

The basic idea to conduct the optimization to derive PLAN� is to charge when
DSðtÞ is small and discharge when DSðtÞ is large while keeping the balance
between charged and discharged powers as well as considering charge/discharge
losses. Note that constraints on the battery capacity or charging/discharging
capabilities need not be specified in this optimization process; they will be derived
from the optimization process as described below. Note also that the ceiling of
Wh, which was set for the EoD system, is preserved. That is, while the total

W

Charged PowerCharged Power

Preserve the total power consumptionWh

Charge

charge

Discharge Maximum Power limit

Power
Consumption 
Plan for EoD

t

Degree of
Dissatisfaction

Maximum Storage Capacity

Maximum Charge Power

Maximum Discharge Power

Accumulated Power

t

Expected Power
Consumption Profile

Fig. 12 Optimal charge/discharge planning and battery design to minimize the degree of
dissatisfaction
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consumed power is reduced to comply with the pre-specified ceiling of Wh, the
degree of dissatisfaction can be reduced with the battery management. The bottom
graph in Fig. 12 illustrates the profiles of the accumulated power to be supplied
(consumed) from the utility line and the accumulated charged power in the battery.

This optimization process gives us

1. the optimal power usage plan, PLAN�, with much less user dissatisfaction than
that by the original EoD system and

2. the optimal charge/discharge plan of the battery (the bottom graph in Fig. 12),
which then gives us the following design specifications of the battery:

(a) the required battery capacity = the peak value of the accumulated
charged power in the battery,

(b) the required charging capability = the maximum positive gradient of the
accumulated charged power in the battery, and

(c) the required discharging capability = the maximum negative gradient of
the accumulated charged power in the battery.

Figure 13 shows the experimental results using one-day real-life data at the
smart apartment room, which demonstrate that a very small battery with only
420 Wh capacity is enough for the EoD system to attain a 30 % reduction in Wh
and 1,000 W ceiling. Note that the total power consumption a day without the EoD
system in this experiment is about 12 KWh, which is the standard in Japanese
households. Figure 14 illustrates how DSðPLAN�Þ changes by reducing the ceiling
of W, which proved that the degree of dissatisfaction stays constant even if the
ceiling is reduced by more than 50 % from that without the EoD system. It should
be noted that this significant peak-cut gives large energy cost savings for those
consumers whose energy pricing plans include peak demand charging (W) as well
as accumulated power consumption charging (Wh).

4.3.2 Real-Time Battery Management

To realize the real-time battery management, i.e., the dynamic charging and dis-
charging control, the EoD system described above, which only mediates power
consumption demands from appliances, should be augmented so that it can
mediate power supplies from multiple power sources. We first introduced the load
factor profile to characterize the availability of a power source (Fig. 15):

(a) The profile takes a monotonically increasing curve ranging from 0 to 1.
(b) The horizontal location of the profile is specified and dynamically shifted left

and right depending on the planned power supply at t of the power source,
which is depicted by the vertical blue dotted line in Fig. 15. In the case of a
battery, when its planned power supply is charging, its profile is shifted left
into the negative power supply area for the battery to operate like a power-
consuming appliance, while in discharging, the profile is shifted right in the
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positive power supply area for the battery to work as an ordinary power
supply.

(c) The gradient of the profile is changed depending on the available accumu-
lated power to be consumed by the end of the planed period, e.g., a day or a
week. That is, if more power than planned has been consumed by t, the
gradient gets steeper, while if less power has been consumed, the gradient
gets gentler.

We developed the real-time power mediation algorithm among both power sources
and appliances using appliance priority values and power source load factors:
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1. Given the currently supplying power denoted by the vertical red line in Fig. 15,
the intersecting point with the load factor profile specifies the current load
factor of the power source.

2. Intuitively, a power demand request from an appliance whose priority value is
larger than the current load factor will be accepted for the power source to
supply power, while that with a smaller priority value will be rejected.

3. When multiple power sources can supply power in response to a new power
demand request from an appliance, the power source with the least current load
factor is selected to supply power to that appliance.
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Fig. 14 Relation between the degree of dissatisfaction and the maximum power ceiling
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As for technical details of the real-time battery management system imple-
mented based on this power mediation algorithm, see [4].

Figure 16 shows the experimental results using one-day real-life data at the
smart apartment room, where the power supply plans with and without a battery
(the red lines in Fig. 16) were generated from the same daily power consumption
dataset at that room and a power demand profile of a new different day (the blue
lines in Fig. 16 representing the same data) was used to evaluate the performance.
We can observe the effectiveness of the battery management system:

(a) In the power supply plan for the EoD system with a battery, more power than
the ceiling, 1,000 W, can be supplied to reduce the degree of dissatisfaction.

(b) The green lines in Fig. 16 illustrate the real-time power supply profiles
through the power mediations by the EoD systems with and without a battery.
The real-time load factor- and priority-based battery management system can
dynamically mediate power sources as well as power consumption demands
to comply with the power demand (the blue lines in Fig. 16) as faithfully as
possible reducing the degree of dissatisfaction:

1. With a battery, the system can supply enough power even if power
demands are issued earlier than planned (e.g., get up earlier than usual).

2. With a battery, power demands larger than the plan as well as the ceiling
of W can be satisfied (e.g., multiple appliances happen to be used
simultaneously).
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In short, even with a small-size battery, the augmented EoD system can
improve QoL while complying with the ceiling constraints for power saving. Note
that the real-time load factor- and priority-based battery management system can
be used for managing a variety of power sources by designing their load factor
profiles based on their power generation characteristics. Currently, we are
implementing the EoD-based battery management system in an independent smart
house to evaluate its effectiveness in the real lives of a variety of families as well as
designing load factor profiles for photovoltaics and fuel cells.

4.3.3 Power Flow Coloring

Our idea to further augment the management of power generators and storage
batteries described above is illustrated in Fig. 17, where what we call power
routers are attached to individual power sources in addition to smart taps attached
to appliances. Both types of power control devices are connected through wired
and/or wireless networks to form a cooperative distributed power network. A novel
power control mechanism named the power flow coloring enables us to design
versatile power flow patterns between power sources and appliances. That is, we
can ‘‘color’’ power flows depending on their sources and apply different controls
based on the colors. For example, watch a TV with the utility supplying power, use
an air conditioner with photovoltaic power, make coffee using power stored in a
battery, and mix 60 % photovoltaic power and 40 % battery power to operate a
heater. As the ubiquitous society described in Sect. 2 has done, this ID-ing of
electric power will change our lifestyles as well as open exploration into new
energy services and businesses which will drastically reduce energy costs and CO2

emission in our society.
While power flow coloring is physically impossible, it can be realized by

making full use of the concept of virtualization, which has been employed widely
in computer systems and the Internet to enrich computational functionalities and
communication services even with limited physical resources. Currently, we are
developing power routers which can control powers cooperatively with each other
as well as with smart taps. We believe that with power routers, the real-time load
factor-based power source mediation method developed for the EoD-based battery
management can be augmented to realize the cooperative control of multiple
power sources. To realize the power flow coloring as illustrated in Fig. 17, a power
demand message from an appliance should include the specification of the
amounts of power to be supplied from individual power sources as well as the
power demand priority. The power manager mediates such demands to determine
how much power should be supplied from which power sources and issues power
control messages to power routers and smart taps. The demo video of an early
version of the power flow coloring with smart taps alone is available at http://
www.youtube.com/watch?v=v41NZOmimQc.
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4.4 Smart Community for Bidirectional Energy Trading
Market

While the CO2 reduction effect by a single household might not be that significant,
greater reductions are possible if the in-house EoD system described so far is
expanded to a local community. This is the fourth step of the i-Energy concept
realization. When a group of in-house EoD systems are linked with each other to
form a smart community system, a new energy trading market will be created,
where colored powers including positive powers from different power sources,
negative powers (i.e., power saving), and available battery capacities (i.e., storable
powers for later use) will be exchanged bidirectionally among individual house-
holds (Fig. 18). Note that whereas such bidirectional power exchanges over utility
power lines are not allowed in many countries like Japan, we can implement them
without any problems inside condominium buildings and local areas with private
power lines.

A smart community is not a just physical power network that delivers and
receives energy, but also a cyber economic network that allows participants to
trade energy, thereby making it possible to offer each household large incentives to
save power and cut CO2 emissions. For example, a household may largely lower
the energy ceiling setup of its in-house EoD system, even if that may introduce the
degradation of QoL (e.g., slightly colder in winter or slightly hotter in summer) to
get the economic benefit of selling leftover energy and/or megawatts (i.e., guar-
anteed power reduction can be regarded as an item with economic value to be
traded). Such economic incentives will make large energy savings and CO2

reduction possible to a technically difficult level. It is exactly the goal of our i-
Energy project, in that it will create a new social infrastructure and a new way of
living. Currently, we are developing a power trading system among in-house EoD

Power Routers

Smart Tap

Fig. 17 Power flow coloring
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systems, where mechanisms to guarantee the stability of the physical power net-
work as well as to allow us to implement versatile energy services are being
studied.

5 Concluding Remarks

As noted at the beginning of this chapter, while cyber-physical integration plays a
crucial role to design new social infrastructures in the twenty-first century, a
unified theory has to be created to seamlessly bridge computation and information
models and physical models. Moreover, to change social infrastructures dramati-
cally, systematic efforts in business as well as in R&D must be made to bring
together activities in many fields. To implement the i-Energy concept, for exam-
ple, collaboration among a variety of industrial fields such as home appliances,
storage batteries, electric cars, housing, ICT systems, and utilities should be
established. To this end, we have set up the i-Energy Working Group (http://www.
i-energy.jp) which coordinates activities among industry, academia, and govern-
ment. The smart apartment room and smart house systems described in this chapter
have been developed by collaboration among Working Group members, and we
welcome any parties who can share their interest with us.

Battery

battery batterybattery

Community
Energy

Manager

Micro 
GridIn-house

EoD system

Fig. 18 Smart community for bidirectional energy trading
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Switching Perspectives: Creating New
Business Models for a Changing World
of Energy

Michael Valocchi, John Juliano and Allan Schurr

Abstract Traditional electric utility business models are becoming rapidly
outdated. Policy changes, new energy technologies and more demanding consumers
are driving the need to move away from purely operation-oriented approaches to
more consumer-driven models. With these new business imperatives and a resulting
need to focus on industry-level business model innovation, we explore how new
models could evolve, and their benefits to consumers, utilities and other stake-
holders. We also discuss the challenges ahead and the capabilities required for
realizing this transformation.

1 Introduction

A century ago, the first great business model innovation in the electric power
industry was set in motion with the move from small local plants delivering power
over short distances to central generating plants delivering power great distances
over high-voltage wires. This innovation was followed by a long period dominated
by a ‘‘grow-and-build’’ philosophy that drove the development of near-universal
access to electric power in much of the world through the mid-twentieth century.
This philosophy reached its practical limit during the latter part of the century, due
to factors such as plateaued economies of scale and practical optimum sizes of
generating units,—but since then, there has been little evolution of business
models from that of the ‘‘grow-and-build’’ years.
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Long-standing electric utility business models are rapidly becoming outdated in
light of new technologies, policy changes and more demanding consumers. In the
first part of the twenty first century, sustainable growth and efficiency have become
imperatives newly demanded of the industry. Roles along the value chain are
shifting, with traditional buyers gaining a foothold as value providers. These
dramatic shifts all involve technological changes—changes that most energy
providers understand. However, these shifts also require leaps into business model
transformation that are new to most. To succeed in this new environment, industry
model innovators will redefine traditional business models, as well as the infra-
structure, rules and standards to facilitate the transition from traditional energy
generation and delivery to more complex business models which incorporate
emerging products and services enabled by new technologies. Important decisions
on how best to make these moves—and the resulting rise to prominence of
companies that successfully do so—will occur over the next decade. Under-
standing the evolving industry dynamics and how they drive transitions to new
business models are clearly important from the business perspective. However,
policy-makers who share with energy providers the common goal of transitioning
to smarter grids must also understand these to and shape an environment that
supports such development.

In this chapter, we first will present an overview of the ways in which the
industry value chain is shifting in response to policy-, technology- and consumer-
driven forces. We then will explore the new business model—industry model
innovation (IMI) and focus on its structure, opportunities that IMI is poised to
unlock for electric providers and strategies to realize the transition to this new
business model in preparation for smart grids. This chapter will be concluded with
policy recommendations for an efficient transition toward the new business model
for smart grids.

2 Business Model Transitions and Drivers

With today’s capital- and carbon-constrained environment, the imperatives of the
industry have evolved from those relevant to ‘‘grow-and-build’’ economies, pas-
sive end users and one-way delivery of power toward those rooted in sustainable
growth and efficiency, as illustrated in Fig. 1. Table 1 highlights the key differ-
ences between these two imperatives.

The main cause of such transition is the relentless pressure the industry faces to
reassess its business models to accommodate transformations occurring in several
key areas:

• Government policy shifts: Efficiency, conservation and renewable generation
are receiving tremendous attention from governments attempting to meet goals
related to climate change, energy security, and economic and job growth. At
the same time, most industry revenue models are still based on a careful
balance of the fixed nature of capital expenditures and variable cost recovery.
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The more successful these policies are in slowing growth in overall con-
sumption from centrally generated sources, the stronger the need will be for
new pricing models that can balance electric power companies’ desires to
support public policy objectives with revenue requirements to maintain service
and reliability levels.

• Changing consumer demands1: As demonstrated in our previous reports
‘‘Plugging in the consumer: Innovating utility business models for the future,’’
‘‘Lighting the way: Understanding the smart energy consumer’’ and ‘‘Knowledge
is Power: Driving smarter energy usage through consumer education,’’ customers
are now demanding more from their providers than merely reliable power at
reasonable rates. Our global utility consumer surveys show consumers want more

Fig. 1 A comparison of the traditional and emerging electricity value chains

Table 1 Difference between ‘‘grow-and-build’’ and ‘‘sustainable growth and efficiency’’ imperatives

‘‘Grow-and-build’’ Sustainable growth and efficiency

Cost of Inputs Low Volatile
Infrastructure growth Relatively unconstrained Constrained by environment and

public policy
Impacts of technology

improvements on
cost efficiency

Reduce generation cost Little impact on generation costs

Generation basis Large, centrally located units Small-to-mid-size distributed units
with storage

Perspective on resource
acquisition

Assumed inexhaustible and
benign resources

Assumed finite and harmful
resources

1 ‘‘Consumers’’ is used to refer specifically to residential and small commercial customers;
‘‘customers’’ is a more general term including large commercial and industrial users.
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control over their expenditures and environmental impact and more information
about their energy usage—both in content and frequency [10-12].

• The emergence of new technologies: The introduction of smart grid and other
distributed energy technologies will add complexity to the network, moving
power and information in multiple directions and enabling a host of new
participants and business models. Distributed energy resources such as cus-
tomer-owned renewable generation, plug-in electric vehicles and energy stor-
age will extend the value chain to include assets operated closer to the end user.
The end users themselves, who may be capable of providing some combination
of demand response, power or energy storage to the system, will also be an
active and empowered integral part of the new value chain (see Fig. 1). The
new participants and business models derived from this new value chain will
provide strong competition for existing revenue streams.

This recharacterization of the industry value chain will dramatically reshape the
value proposition among energy, service and product providers, as well as cus-
tomers of these enterprises and the value model of the industry as a whole (Fig. 2).
A value model is the combination of value provided to customers and the reci-
procal value received from customers in return [8]. In the case of the electric
power industry, the traditional value model involves consumers receiving reliable
and universal power at reasonable rates, for which they offer providers reciprocal
value in the form of intermittent (usually monthly) revenue. In response to the

Fig. 2 Traditional industry value model
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changes in policy, customer demand and technologies, the emerging value model
is more complex because customers have more to offer in return to power pro-
viders and other participants than just payment for energy consumed (see Fig. 3).

Some of these new elements of reciprocal value are primarily operational in
nature; demand response, load profile flexibility, and distributed power and storage
(where customers have these on their premises) allow for optimization of system
performance and asset utilization. Others, such as information on energy con-
sumption patterns, other consumer demographic and behavioral information, and

Fig. 3 Emerging industry value model
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access to personal connections/networks for social content delivery are the foun-
dation for new revenue sources for companies able to effectively leverage the
information.

Not only are there many more types of reciprocal value, but also the very nature
of the value has changed from an intermittent source of reciprocal value to a
continuous flow. As the number and frequency of reciprocal value exchanges
grow, the complexity of the ecosystem increases and the total amount of value in
the system available for capture by ecosystem participants increases dramatically.

The flow and volume of information itself, along with new services it enables,
are strong contributors to this continuous flow of new value. At present, there is
little financial or operational value to the data generated by consumers (essentially
total usage on a monthly basis) because it is too limited in scope and frequency of
delivery to be of value to parties other than the electric provider’s own billing and
operations departments. However, the quantity, frequency and quality of data
generated by consumers—and its usefulness to energy providers and third parties
alike—are set to grow exponentially as smart grid infrastructure is deployed.
Devices and software that capture, analyze and present this information to con-
sumers and energy providers are already proliferating, and services that make use
of this data are rapidly emerging.

3 Methodology and Framework

Using an extensive literature review, as well as our previous industry surveys and
consulting experiences, we evaluated the decisions facing electric power compa-
nies as they address the business model-related challenges and opportunities
before them. As the basis for this analysis, we chose a framework based on IBM
Institute for Business Value research summarized in the report, ‘‘Paths to success:
Three ways to innovate your business model’’ [6]. This report presented an
analysis of 35 best practices, in which fifteen of them were from the Business
Week list of leading business model innovators, including Apple, IKEA, South-
west Airlines and others [1]. The remaining 20 cases are selected based on a
company’s reputation for leadership in business model innovation according to
analyst reports, interviews with experts in diverse industries and a broad literature
review. The cases represent nine industries from different regions and with diverse
types of business model innovation. Each of the cases was assigned with values of
high, medium or low indicating the level to which business model innovation of
specific types (industry, enterprise, and revenue) were leveraged. By taking into
account financial performance and various factors, such as industry types, period
of innovation, age of company and size of company by number of employees,
revenues and assets, the keys to success in business model innovation were
identified from these cases.

As a result of this work, we identified three main types of business model
innovation strategies:
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• Industry model innovation: Innovating the industry value chain by moving into
new industries, redefining existing industries to serve new markets or creating
entirely new industries

• Enterprise model innovation: Innovating around the structure of the enterprise
and the role it plays in new or existing value chains, with focus on those areas
of the business where it has an advantage and delivers value

• Revenue model innovation: Innovating how revenue is generated through
offering reconfiguration (product/service/value mix) and pricing models [6].

4 Industry Model Innovation: Elements, Opportunities
and Challenges

In our earlier publications ‘‘Plugging in the consumer,’’ ‘‘Lighting the way’’ and
‘‘Knowledge is Power,’’ we envisioned a future for energy providers driven by
technology evolution and increasing consumer control. Analyzing the impact of
different levels of progression in these two areas suggests four states through
which the industry will migrate [10-12]:

• Passive Persistence: Traditional utility market structures still dominate, and
consumers either accept or prefer the historical supplier-user relationship.

• Operations Transformation: Some combination of network and communica-
tions technology evolves to enable shared responsibility, but consumers either
cannot or elect not to exert much control.

• Constrained Choice: Consumers take decisive steps toward more control but
are limited to certain levers (technologies, usage decisions or choices in pro-
viders) by regulatory and/or technological constraints.

• Participatory Network: A wide variety of network and communications tech-
nologies enables shared responsibilities and benefits [10, 11].

Because of the high likelihood of increasing demand for control and information
by customers and continual technological improvement and deployment, these two
reports emphasized our belief that the end state for the industry is likely to be a
Participatory Network [10, 11].

In the last few years, the pace of progress toward this new model has increased.
Government mandates to upgrade and incentives to invest in the existing twenti-
eth-century infrastructure have helped push aside some of the most critical barriers
for moving toward a Participatory Network—particularly in places like the United
States and China where direct government investment is being made. In addition,
national and global efforts to standardize technological and communications
specifications by organizations such as the International Electrotechnical Com-
mission (IEC) and the U.S National Institute for Standards and Technology (NIST)
help remove another barrier to progress. These developments—among others—
have strengthened our conviction that some form of a Participatory Network is a
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logical destination in the next decade. The most likely path is through IMI that
results in extraordinary change to the platforms on which electric providers
operate.

The term platform, as used here, refers to a common architecture (essentially, a
design for products, services and infrastructure facilitating users’ interactions) and
set of rules (protocols, rights and pricing terms) that provide a standard foundation
governing transactions among two or more parties [2]. In general, platforms
provide a means for providers and buyers of products and services to interact and
create value that could not be created otherwise. The platform lowers the costs of
providing services by offering some level of standardization for transactions and
reducing duplication.

In this sense, the electricity network was one of the earliest technology plat-
forms. It provided a means for power generators to move their output to buyers, a
means for buyers to accept delivery of the output, and a standardized technological
specification (e.g., the 120 V/60 Hz and 230 V/50 Hz standards for electric power
in the Americas and Europe, respectively) around which thousands of applications
(for heating, cooling, lighting, mechanical power and so on) would be built over
the years.

Many types of platforms exist in consumer and business information technol-
ogy (IT), exemplified by the broader Internet platform and today’s popular social
networking sites. The use of platforms is sporadically seen in the telecommuni-
cations sector (e.g., the NTT DOCOMO i-mode platform) as well [4]. In each case,
there are diverse participants and a common set of business processes that enable
competition and new value creation.

4.1 Single-Sided Versus Multisided Platforms

Many platforms are single-sided platforms, with a seller at one end and a buyer at
the other and, often, intermediaries (distributors) between them that transfer the
product from buyer to seller without changing it substantively [4]. The electric
power network has historically operated as a single-sided platform. Until the
advent of wholesale generators, the business operated as the simplest possible form
of a platform—the manufacturer (generating utilities), by virtue of owning the
entire value chain from the point of input of fuel to the point of entry into the user’s
premises, sold directly to the customer with no intermediaries; in fact, some
utilities also controlled the fuel production itself. The emergence of independent
generators and pure energy retailers moved the power transmission and distribu-
tion network closer to a position where it did act in an intermediary fashion,
transporting power from wholesalers for purchase and use by end users.

As new value is generated in the network through expansion of the value and
reciprocal value exchanged, industry model innovators will develop new busi-
nesses that more closely resemble multisided platforms. In a multisided platform,
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there may be multiple types of buyers and/or sellers—in fact, a single party can be
both a buyer and a seller.

A shopping mall is an example of a multisided platform: manufacturers,
retailers and shoppers all benefit from having a single location where they can
meet and transact business. Malls provide common facilities, like restrooms and
parking, which help lower costs to stores that otherwise would have to individually
provide them. Since these economies help reduce costs to retailers, prices can be
lower, benefiting shoppers [4]. A wider variety of stores and services brings more
shoppers; more shoppers bring higher sales volumes for manufacturers and lower
costs for retailers (and, in theory, also lower prices for shoppers). Thus, some
element of network economy is bundled into the shopping mall value proposition.
The platform owner (the mall operator) extracts some of this value in the form of
rents to store owners and, in some cases, service fees to shoppers. (There are also
organizations not directly involved in the mall transactions—credit card issuers,
for example—that benefits and take revenue from the transactions.) But without all
of the parties being involved, none would get any of the benefits.

Other examples of multisided platforms include newspapers (with readers
serving as one side and advertisers another) and health maintenance organizations
(with patients being one side and doctors and pharmaceutical companies serving as
other sides). Yet another example is video games (with players being one side and
developers, publishers, content providers, licensors, tools and middleware pro-
viders making up the other sides).

In coming years, a smart grid with energy and information flowing in multiple
directions will provide support for interactions among all ecosystem participants,
facilitating the development of electric power industry multisided platforms. These
platforms will link energy suppliers, service providers, device manufacturers,
application developers and end users (residential/industrial/commercial). Each
group of participants needs access to a platform to reach the other groups, but a
platform does not substitute itself for any particular participant.

Multisided businesses provide benefits to the interacting groups—while prof-
iting from the transactions—by increasing and capturing indirect network exter-
nalities (INEs). Figure 4 shows how a multistep process stimulates these INEs in a
two-sided market. In the first step, growth in the number of potential customers on
side one for complementary products and services on side two occurs. This leads
to an increase in the quantity and diversity of complements made available by side
two. Next, because side one users are favorably inclined to a wider variety of
products and services on the other side, they are more likely to join the platform.
This makes it even more attractive for side two to develop new complements, and
the cycle sustains itself [3].

This can be (and has been) a successful and profitable way to innovate industry
models, allowing for additional value creation and profits throughout the value
chain. However, as the builders of broadband infrastructure in the United States
learned in the late 1990s and throughout this past decade, the entities that construct
and maintain multisided platforms are not necessarily the ones that will reap all of
the profits generated by such a model. For example, companies such as Amazon,
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Skype and YouTube benefited strongly from others’ investments in broadband
network infrastructure without taking part in the capital outlay for that
infrastructure.

Because of their enormous investments in smart grid and other improvements,
today’s electric companies will, in a somewhat analogous fashion, be responsible
for putting in place most of the infrastructure required for new industry partici-
pants to emerge. At the same time, it is likely that new electricity-related business
models that leverage the smart grid infrastructure will be launched by entities that
did not make direct investments in it. While it is healthy for the industry as a whole
to encourage innovation in new products and services, incumbent electricity
companies must be well prepared for this. Mapping out business models that take
advantage of the new network-enabled capabilities will allow electric companies
to reap as much of the ecosystems’ new value as their ambitions permit.

4.2 Platform Development in the Electric Power Industry

Up until now, the electric power industry has not had much reason to create
multisided platforms because product delivery has been a purely physical process;
both energy and information flow have been unidirectional; and the typical end
consumer had little desire to communicate with providers other than through

Fig. 4 Indirect network externalities in a two-sided market
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service provision, billing and problem resolution. All of this is changing. We
expect a number of platforms will develop within the electricity ecosystem in the
near future (see Fig. 5).

One-way value, information and money could be exchanged on these platforms
is via an energy marketing portal, on which customers can shop for the best deals
on power or for power that meets specific personal requirements (see Fig. 6). The
platform owner creates value by providing the end user with access to various
applications (for energy shopping, energy management, etc.) in return for passive
usage and preference data, which the customer has approved for use for these
purposes. This is delivered back to the platform owner through the applications for
aggregation and presentation for the other side of the platform, the energy retailer.

The retailer has access, through the platform provider, to a suite of applications
to gain access to and evaluate the customer data. This information is valuable to
the energy retailers, and they are willing to pay the platform owner for access to it
to build marketing programs for products and services aimed at likely customers.
Informed by the platform owner and the retailer side applications, retailers com-
municate their best offers to the buyers seeking deals or new programs. Ultimately,
the retailer gets return for their investment in the platform—paying the platform
owner for access and information—in the form of increased revenues from con-
sumers who value the programs and services they offer.

A slightly more complex example involves an information aggregator (see
Fig. 7). An information aggregator builds a relationship with end users by selling
them (possibly at a subsidized price) energy usage display/management devices
that are preloaded with useful applications, all of which are purchased from third-
party developers. They thus serve as the link between device manufacturers and
end users and between application developers and end users.

Fig. 5 Examples of potential multisided platforms in electricity
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Fig. 6 Platform example: energy marketing portal

Fig. 7 Platform example: information aggregator
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With appropriate permissions from consumers, the platform owner can also
collect information about the end users’ energy usage patterns, build profiles and
market those profiles to energy and nonenergy (e.g., appliance) retailers. As with
the energy marketing portal, the retailers are willing to pay for this information
because of the benefits they accrue from it. The end users’ profiles also include
information on demand response they are willing to provide; this can be exchanged
with the energy retailers for payment as the need for such response arises. Thus,
cash can flow in both directions between retailers and end users, with the trans-
actions in both directions facilitated by the platform owner.

Note that in these two examples, the platform owner is a company purely
focused on the operation of the platform and the collection and exchange of data.
Except for the end user, any one of the parties in the ecosystem can also serve as
the platform owner—visually, this can be seen as ‘‘collapsing’’ the value exchange
in the diagram for that party into the platform owner role in the center. For
example, a device manufacturer could set up a multisided platform and take on
responsibility as platform owner—including all interactions with application
providers, end users and energy retailers.

4.3 The Platform Staging Challenge

A critical challenge can be encountered early in the development of new platforms
when prospective users on each side are reluctant to actively participate until there
are sufficient users on the other side. Often, the platform provider must ‘‘stage’’ the
platform in advance, either heavily subsidizing one side to get it on board in
sufficient numbers to attract the other side or by bringing on attractive or highly
visible transaction partners to affiliate exclusively with the platform. When it
works, profits can be enormous. When it does not, failures can be magnified by this
investment. Also, in most instances where a platform can profitably exist, the
combination of strong network effects and high barriers to entry means there is
room for only a few platform owners (and, in some cases, only one).

Incumbent energy providers have an advantage in this market staging, as they
already have a relationship with a critical mass of customers. Those customers
could serve as one side of the platform in sufficient numbers to attract attention
from application, service and device providers. This strategy is both less costly to
develop and entails less risk than the approach a company starting from scratch
must employ. Success is dependent on potential participants in the new network
who are already customers of the platform owner on one side. The value of the
products and services they already purchase is not dependent on the presence of a
second side—this is certainly the case with electric power [3].

In this scenario, the platform owner facilitates transactions between the existing
customer base and at least one new side of the platform, adding new functions,
services or capabilities to its offering to the former to encourage transactions
between the two. Google, for example, initially launched as a vendor of Web
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search services (Google.com and others via license). In its first 2 years, Google’s
only source of revenue was from search engine license fees. However, after
amassing a critical base of end users, it was in a position to offer paid-listing
advertisements to these customers and transform into one of the most profitable
multisided platforms that has emerged [3].

5 Capabilities Required for a Successful Transition

Companies that envision being platform owners will need to have key compe-
tencies in marketing, sales and customer relationship management. That fact,
combined with the ready-made set of platform participants already present in the
form of existing electricity customers, puts retail electric providers (or integrated
utilities’ retail operations) in a good position to take on the challenge of platform
ownership. However, there are other requirements that are not necessarily in-house
skills.

Software-based platform owners, like information aggregators and energy
shopping portal operators, will need to master systems architecture and application
interface development and support—or find a partner that can offer these services
seamlessly to platform users. This assumes that the platform owner will cede the
job of developing applications themselves to third parties interacting with the
platform. If the platform owner instead plans to internalize application develop-
ment as well, that adds another level of IT complexity (application development
and support and IT infrastructure development and support). In either case, the
company will need to ensure that its approach gives it a strong enough set of
capabilities in these areas to successfully compete against rival platforms.

Service-based platform owners—such as energy management specialists—will
have other challenges. These firms will have to transition at least that part of the
organization to function more as a professional services firm than a traditional
energy supply and delivery company, with requisite skills in solution creation and
maintenance, knowledge and intellectual property management, research and
development, and contract management. This will require a major cultural shift for
a traditional utility, as the focus of management will be human and intellectual
capital rather than physical assets and processes.

Companies willing to tackle IMI and sit at the nexus of new complex rela-
tionships among business partners and customers will be well positioned to create
and capture new demand for emerging products and services. Strong growth in
revenues and profits—albeit accompanied by some risks—is achievable in mul-
tisided business models because of the embedded network economies of scale (i.e.,
margins increase with network size). While several types of activities can serve as
the basis for a multisided platform (as exemplified in Fig. 5), there are some
common questions that potential industry model innovators need to address before
making major investments.
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How many platforms can effectively serve a single purpose? Where strong
network economies of scale are in place and the cost of participating in multiple
platforms is high for at least one participant, the likelihood is higher that markets
will be served by a single platform. If this appears to be the case, a strategic
decision about whether to fight for sole platform ownership or to pool resources in
a platform shared with others must be addressed early and in depth. While
‘‘winner-take-all’’ economics make sole ownership of a platform attractive in
theory, the reality is that only a company with extensive resources (especially for
marketing) and strong existing relationships with a large number of potential users
on at least one side will be positioned to succeed [2].

What are the incentives and costs for platform participants? Appropriate
pricing, support and incentives for participants are critical success elements for
any platform. A key question is whether any particular side requires subsidization
and, if so, which one. Based on the history of past platforms from a variety of
industries, the most price and/or quality sensitive participants and those with high
visibility or attractiveness appear to be the strongest candidates for subsidization
[4]. A firm able to leverage existing relationships as a vendor to one side may not
have to provide strong subsidies. As for pricing, network economies of scale mean
that underpricing platform participation will lead to suboptimal platform profit-
ability; overpricing participation for any one participant will choke off growth and
leave room for competitors to gain a stronger foothold in the marketplace.

What is the critical mass needed for success? Companies thinking of tran-
sitioning to a multisided platform model must be confident that the business model
embraced is easily scalable [2]. Potential platform owners hoping to successfully
leverage a vendor relationship to get a leg up on competitors should critically
examine whether their current customer base is sizable enough to ensure this
advantage can provide a meaningful head start and whether other territories can be
easily integrated into the same side of the platform.

When should the move toward a platform-centered business model be
made? In many platform battles (especially the ones that began in the dot-com
era), gaining first-mover advantages was viewed as the most critical element of a
business strategy. However, history has shown that later movers may actually
benefit from standing back from the first wave. Google was neither a first mover in
Web search nor paid-listing models, but it was able to leverage lessons learned
from earlier proponents of each to improve on their efforts [2].

When and how should the move toward a platform-centered business
model be communicated? Appropriately timing and managing the announcement
of a business model shift is critical. Poorly handled or delayed announcements of
major changes run the risk of surprising and angering investors, regulators and
employees. This is particularly true for companies that have been operating a
certain way for a very long period of time, as is the case with many traditional
vertically integrated utilities. Conversely, communicating intentions too early may
elicit strong competitive responses or lead to unrealistic expectations about future
prospects for the business (and possible volatile stock price behavior for publicly
traded companies) [3].
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What cultural changes are required to successfully transition to a plat-
form-centered business model? Leaders of electric power companies already
understand the need for new workforce skills as the transition to a digital, infor-
mation-driven industry environment takes place. However, companies transition-
ing to a multisided model should also prepare for cultural changes [3]. As
discussed in the previous section, this includes some shifts in focus from physical
assets and processes to human and intellectual capital. Additionally, companies
might have to rethink their approach to customers, as explained by Amazon CEO
Jeff Bezos:

One of the things we had to learn through zShops [which host small merchants] and
auctions was that we needed to think of ourselves as serving two different sets of cus-
tomers. We pride ourselves on being customer-centric, but for years, ‘customers’ meant
‘buyers.’ As we began to operate auctions and zShops, we realized that these third-party
sellers were equally important customers. And, it took a little while for the organization to
learn what their needs were and how we could best meet them [3].

6 New Policy Approaches to Stimulate Platform
Development[5]

While energy providers can and should move forward as answers to the questions
above are developed, there are unresolved policy and regulatory issues that often
hinder grid modernization, consumer choice and industry business model inno-
vation. While the policy framework for the industry differs in substance and
strength across the globe (and even across regions within a country, as in the
United States of America), two areas stand out in their relation to acceleration of
business model renewal in the industry.

How to reform the cost of service regulatory model: The current model
favors investment in traditional grid assets like power plants, substations and
‘‘stringing more copper.’’ These kinds of investments are still needed, but are
likely to be insufficient to meet the system challenges of the future. This type of
model has also over the years largely excluded energy providers from pursuing
investments in unregulated businesses, which is clearly counter to the sort of
growth-focused platform development outlined earlier in this chapter.

A strong alternative model that is more conducive to the future directions of the
industry can be found in performance-based regulation, in which the regulator sets
out specific metrics for energy providers and judges the prudence of investments
based on success in achieving these metrics. A revenue premium is established to
motivate overachievement toward these goals, while penalties are assigned for
underperformance. The most effective performance-based regimes reform tradi-
tional regulatory models with an eye toward fostering disruptive change in busi-
ness models by incorporating the following features:
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• A realistic investment cycle, such as the eight-year price control period in the
United Kingdom’s RIIO performance-based regulation scheme [9]

• A clearly understood and measurable system of outputs for the utility for
planning and investment, including but not limited to customer satisfaction,
availability, reliability, environmental impact

• Strong financial incentives that drive both profitability and utility performance,
such as annual revenue adjustments linked directly to outputs and basis point
penalties for not meeting minimum regulatory outcomes; flexibility to provide
customer choice for new regulated and unregulated products and services,
using short-run marginal cost-based transfer pricing, is an important financial-
related enablement mechanism

Balancing data privacy protection and market innovation: Appropriately
designed industry practices and regulatory guidance can help the energy ecosystem
protect sensitive information. On the other hand, enacting rules that make data
access too difficult or too costly will effectively limit consumer choice and inhibit
progress in delivering efficiency and conservation benefits, consumer choice, and
desirable new products and services. Strongly expressed consumer concerns in
recent smart meter rollouts [11, 12] (which our consumer surveys foresaw) make
attention to privacy imperative, but an approach that also balances the needs of a
new industry ecosystem can be achieved by:

• Making regulations flexible enough to accommodate fast-changing technolo-
gies and consumer preferences

• Making it easy for consumers to express their preferences
• Considering standard best practices from other industries regarding consumer

privacy
• Considering a ‘‘Privacy by Design’’ framework at the operational level [7]

While some form of regulation is likely to persist in many parts of the world,
failure by these regulators and policy leaders to allow energy providers the flex-
ibility to develop unregulated businesses be active participants in the new plat-
forms that will develop will put the regulated entities themselves in peril of being
made obsolete by the new entrants gaining market share through these ecosystems.

7 Conclusion

The business models that brought the electric utility industry success in the middle
of the twentieth century are overdue for revisiting. Much of the basis for their
foundation—one-way flow of power and information, declining costs associated
with increased usage, undifferentiated and passive consumers, unlimited access to
inexpensive carbon fuels for generation and regulatory protection from threats to
the core businesses—has already shifted or will do so in the next decade.
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For those well positioned to be industry model innovators, the ‘‘grow-and-
build’’ years are, in a sense, back—but with a different emphasis. What is being
‘‘built’’ are sophisticated new business platforms to support information exchange,
consumer participation and new services. As with the generating units of the post-
World War II era, these platforms can increase in profitability as usage increases.
‘‘Use more—we will keep building’’ will return as a marketing message to con-
sumers—but this time around, the emphasis will be on information and services
rather than energy.
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Abstract Smart grids have attracted significant attention lately, and one can even
speak of hype. However, much of the attention is paid to the distribution side and
consumer interaction. Nevertheless, also at the transmission-level important
improvements can be achieved through farsighted and careful intelligent grid
design and implementation. This chapter describes and proposes a realistic
research agenda in which smart transmission grid (STG) research may operate,
with focus on operational planning and operations of the pan-European electricity
grid. Firstly, a research outlook seen from current European policy is laid out to
redefine the most consequential research directions liked to the needs of trans-
mission systems from real time up to planning. Secondly, operations (real time to
hours) of the transmission system are discussed, and monitoring and control
technologies that can be achieved through the application of synchronized phasor
measurement technology are highlighted as a means toward a STG. Next, chal-
lenges related to planning (hours to years) are discussed keeping in mind the need
of flexibility, coordination, and new methods for assessing system security. Going
beyond the purely academic point of view, this chapter specifically aims to bring a
realistic approach toward research for electric power transmission to be able to
transform into a STG.
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1 Introduction

Smart grids have attracted significant attention lately, even so that one can speak
of a hype. Smart grids can be seen as energy systems that enable optimal operation
of the energy system through improved measurements and better control, and this
while taking into account all stakeholders involved. The raising interest in ‘‘smart
grids’’ has prompted an ever-increasing wave of discussion regarding a more
disruptive introduction of information and communication technologies (ICT) to
increase efficiency in electricity delivery and power network management. How-
ever, much of the attention is paid to the distribution side and the consumer
interaction [6, 26]. In particular in Europe, the STG has remained in the back-
ground, often using the argument that ‘‘the transmission system is already smart.’’

Synchronized phasor measurement units (PMU) are a notable exception to this.
Together with their supporting ICT infrastructures, PMU data applications form an
important of many smart grid implementation plans. Nevertheless, the penetration
of this technology in the European power system is lagging the development in the
USA [5]. However, at the transmission level, there are also other important
improvements that can be achieved through farsighted and intelligent grid design
and implementation. These improvements are indispensable to operate future
electric power systems. This future system will be challenged by unpredicted
uncertainties brought upon by a higher penetration of renewable and variable
energy sources, limited investments in transmission assets, and an ever higher
demand for a more secure supply of electric energy at the lowest possible cost.

Many of these improvements are not ready to be immediately implemented in
the current system. There is a specific need for research on some key aspects of the
smart transmission system which are deemed essential for the full development
and utilization of the future grid. The demonstration of research in real applica-
tions is essential in order to get the results validated and the innovations be used in
the field. However, a significant portion of the ongoing research seems to be out of
touch with reality. This problem arises from the fact that many theoretical
approaches are not benchmarked in a lifelike simulation environment using real-
istic test systems, approaches that do not sufficiently take into account current
installations, communication protocols, practices, and operation. Also the non-
technical and organizational (or regulatory) background is not sufficiently taken
into account. In a nutshell, ‘‘artificial’’ research environments, while useful for
discussing theoretical concepts, limit practical implementations and may be unfit
to cater to measurements, data, and organizational aspects arising in the real power
network. It becomes climacteric to realize that several limitations and boundaries
conditions exist and must be taken into account in order to avoid oversimplified or
overly optimistic solutions that are not applicable in reality.

In this chapter, the desired framework in which STG research must operate is
described, and some policy incentives are outlined. For this, the focus is on the
transmission system itself, and more specifically its operational planning and
operations. Section 2 lays out the research outlook as seen from current European
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policy, hence helping redefine the most consequential research directions. A STG
framework from real-time operations up to planning is developed. Section 3 fo-
cusses on the operations (real time to hours) of the transmission system. We
discuss several considerations that need to be considered so that monitoring and
control of smart transmission grids (STGs) can be practically achieved through
synchrophasor measurement technology (SMT). In Sect. 4, we discuss a number
of challenges that are related to system planning (hours to years). The changes that
are needed because of the rapid increase of generation from variable and less
controllable energy sources are discussed. Increased flexibility, coordination, and a
new way of looking at system security are discussed.

Within this chapter, it is not the authors’ intention to give a comprehensive
overview of all the outstanding issues and their binding research, but rather to
cherry-pick some key challenges and potential pitfalls within smart transmission
system research and development.

2 Smart Transmission Research Defined

2.1 A European Perspective on Research Needs

A definition of smart grids is given by the SmartGrids European Technology
Platform [48]:

A Smart Grid is an electricity network that can intelligently integrate the actions of all
users connected to it – generators, consumers and those that do both – in order to effi-
ciently deliver sustainable, economic and secure electricity supplies.

The same organization identifies key research areas in its strategic research agenda
for 2035 [49], where the main transmission challenges are listed as follows:

New technologies: that improve flexibility and storage and allow long-distance
energy transmission. The development of these new technologies will include
upgrades in terms of materials, component reliability, and automatic controls.
Improved ICT technologies: to enhance monitoring, control, and modeling of the
grid.
Smooth transition path: through investments at the current stage that are not
compatible with developments of the future system.
Legal framework and market structures: to enable the different stakeholders to
optimize the use of the energy system in the most optimal, ‘‘smart’’ manner
including correct allocation of costs and benefits among stakeholders.
Socioeconomic incentives: to allow the necessary infrastructure investments those
are required to be performed.

The European Commission communicated in its ‘‘Blueprint for an integrated
European energy network’’ [16] that it is necessary to have ‘‘rapid investments’’ in
order to ensure ‘‘(1) a competitive retail market, (2) a well-functioning energy

Smart Transmission Grids Vision for Europe 187



services market which gives real choices for energy savings and efficiency, (3) the
integration of renewable and distributed generation, and (4) to accommodate new
types of demand, such as from electric vehicles.’’ Next to these technical incen-
tives, there is also a need for an update of the legal framework and to adapt
legislations taking into account smart grids and smart meters [3, 51]. A higher
transparency within the smart grids and an information platform is needed [16].
Much of this vision is also shared by the European Regulators Group of Electricity
and Gas (ERGEG) position paper on smart grids [8, 47]. The regulating authorities
are the responsible to provide the correct framework in which the different
stakeholders can develop and use the smart grid. Performance indicators are seen
as an important aspect in order to the development of a correct framework. Fur-
thermore, a further harmonization of regulation and a regulatory framework which
is consistent on a longer-time basis is an absolute requirement for the successful
development of efficient smart (transmission) grids.

The European Electric Grids Initiative (EEGI) has indicated in its roadmap for
RD&D 2010–2018 [17] a number challenges for the upcoming years. The docu-
ment identifies 3 main action areas for the development of the future grid: (1) the
integration of new generation and consumption models, (2) a coordinated planning
and operation of the pan-European grid, (3) new market models to maximize
European welfare. The smart grids field is subdivided in different functional levels
(see Fig. 1). Within the STG level, the EEGI indicates four main research
domains: the pan-European grid architecture, power technologies, network man-
agement and control, and market rules. For each of these four areas, specific

Fig. 1 Functional levels of the smart grid according to European Electricity Grid Initiative [17]
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RD&D activities are proposed. Observe in Fig. 1 the smart transmission network
for the increased coordination between system operators (both TSO and DSO).

Numerous other definitions exist, which can be technology oriented, more
functional or based on the benefits of the smart grid. It is important to note that in
general, smart grids also have a specific regional connotation. While in Europe
smart grids are often praised for their ability to provide a transition to a more
sustainable energy system with more renewable energy sources and lower energy
prices, the emphasis in the USA is more placed on reliability and system auto-
mation, and in countries such as India and China, the smart grid is seen as an
enabler to manage the rapid growth of new generation, often located far from the
load centers (Fig. 2).

Enable active
customer

participation

Accommodate
all  generation
and  storage

Enable new
products,
services

and markets

Provide
enhanced

power quality

Operate
resiliently

against  attack
and  natural

disasters

Anticipate
and  respond

to system
disturbances

Optimize  assets
and operate
efficiently

Enable
fundamental
changes  in

transport  and
buildings

Fig. 2 The different characteristics associated with smart grids. Smart grids can address a
number of issues, usually multiple ones at the same time. Based on Department of Energy (DOE)
[10]
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2.2 A Transmission System Perspective and Research
Framework

From the discussion above, it is relevant to ask what is the impact in maintaining
the ‘‘status quo’’ in the activities that a transmission system operator? That is,
maintaining the assumption that ‘‘the transmission system is already smart.’’ The
recently completed ENTSO-E Research & Development Roadmap 2013–2022
[19] and Implementation Plan [18] make it clear that there needs to be a long-term
perspective to face the challenges that the European system will meet while
adopting the vision of the R&D plan relating to security of supply, adequacy, and
energy sustainability. These challenges are coupled with the European climate
energy objectives defined in the European Union’s ‘‘20-20-20’’ targets and the
European Commission’s Roadmap 2050. This section provides a framework for
identifying key areas that can help in focusing research activities to support the
vision of the ENTSO-E R&D Roadmap and Implementation Plan.

As illustrated in Fig. 3, the current grid operation and planning approach and
related technologies may not be suited to meet long-term goals, although, they
might suffice today’s needs. Starting from a timescale perspective, today’s tech-
nical solutions have to aid in maintaining grid stability from the millisecond to the
seconds basis, allow for adequate balancing in the minutes to hours time frame,
and guarantee reliability in both operational as well as long-term planning.
However, technical and non-technical constraints brought about by uncertainties in
production and demand, physical and cyber-vulnerabilities, as well as market
forces, regulation, and legislation and can pose unforeseen difficulties to both the
philosophy and technical solutions available for a transmission system operator to
guarantee security of supply and reliability facilitating a well-functioning elec-
tricity market.

Current solutions in the form of methodologies, software tools, and different
technologies cannot take into consideration all of the new constraints posed above
without substantial harmonization. A negative impact therefore will translate in
reduced grid stability, security of supply, inadequacy in power supply and insuf-
ficient grid developments to meet with new constraints. Such negative impacts are
mapped together with their corresponding timescales in Fig. 4, as it can be
observed, these negative impacts are product of today’s solutions not being able to
meet different constraints.

For a transmission system to be able to meet the constraints listed above, as
illustrated in Fig. 3, smart grid solutions need to be developed. This would imply
the transition into smart operation and smart operation philosophies and technol-
ogies which can enable the adoption of new methodologies for analysis, modular
and extensible software for design and optimization, and high-voltage and high-
power technologies that can help meeting these new constraints. Such solutions
and technologies are identified in Fig. 5 for each timescale, together with a
mapping of different technical and non-technical constraints under which they will
operate. Starting from the fastest timescale, we identify what are the different
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‘‘actions’’ that a TSO must be able to take; this actions in turn will need not only
power transmission technologies, but also software environments allowing for the
implementation of new methodologies providing a possible change in paradigm in
the operation and planning of the grid.

The result of the adoption of these new solutions need to provide improve grid
stability and security of supply, flexible and tight balancing, and adequate usage of

Time Scales
Miliseconds–Seconds–Minutes–Hours–Days–Years Decades

Technical and No  nTechnical Constraints
Technical: Uncertainties in production and demand,vulnerabilities

Non  Technical: Market Forces,Regulation & Legislation

(Negative) Impact
Reduced grid stability,Reduced security of

supply,Inadequacy in power supply,
Insufficient grid development to cope  with

new constraints.

Current Solutions
The methods, SW tools, and technology

currently available cannot take into
consideration all new constraints!

Smart Grid Solutions: Smart
Operation and Smart Planning

New methods,tools,and technology to
meet,optimize and help meeting new

constraints!

Positive Impact
Improved grid stability and security of

supply . Flexible  and tight balancing, and
adequate green resources!

Fig. 3 Need for smart transmission grid solutions: from real-time operations to planning
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Non-Technical External Constraints

Technical External Constraints

Fig. 4 Technical and non-technical constraints impacts on power system operation and planning
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energy sources. This will in turn facilitate the functioning of the integrated
European electricity market and, furthermore, help in attaining the ambitious EU
20-20-20 goals.

A framework that allows the interaction of different solutions is conceptually
illustrated in Fig. 6. One could envisage such framework as a massive distributed
computer system, interacting between different software (SW) and hardware (HW)
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Control and Protective 
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Coordinated Operator 
Assited Control and 
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Grid Development Gaps 

requiring Coordinated Grid
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Fig. 5 Smart operation and smart planning solutions for transmission networks
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Fig. 6 Smart operation and smart planning research and implementation framework
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solutions which allow the implementation of technologies, methods, and tools that
address particular technical and non-technical constraints at every timescale. Such
software system is of course futuristic and perhaps not possible to achieve, but the
architecture in Fig. 6 provides for a framework that helps identifying what is
needed and how each of the solutions will interact to support different roles at the
transmission system level. Hence, this framework can be used for identifying
research areas that need to be addressed toward the development of STGs.

There are key benefits for a transmission system operator to be derived from
adopting such a research framework, it will allow TSOs to identify and support
work toward the integration of different grid technologies and users, e.g. renewable
energy sources and new demand (electric vehicles). Smart operation and smart
planning solutions will help in exploiting these technologies by the following:

• Achieving green goals by enabling the capability of the grid for renewable
energy sources integration

• Ensure market competitiveness by making possible affordable electricity
pricing with high-quality standards

• Increase grid stability while maintaining flexibility in system operation
• Guarantee security of supply under increase reliability compatible with societal

needs

In the next sections, we review research challenges on some of the identified
areas in Fig. 6, focusing primarily in the necessary technological building blocks
and applications that can aid in improving grid stability, security, and control and
that facilitate better resource adequacy while being compatible with regulatory
constraints and organizational philosophies.

3 Smart Operation: Enhanced Monitoring and Control
of Transmission Grids

Smart operation and smart planning solutions such as those envisioned in Fig. 6 to
cope with the technical and non-technical constraints shown in Fig. 5 will require
improved awareness of the current system state, and the possibility to act using
that additional information. One of the cornerstones of that heightened ability lies
in the exploitation of synchronized phasor measurement technology and a sup-
porting IT and communications infrastructure. In this section, we highlight the
state of the art, roadblocks, and potential showstoppers that smart operation will
face and outline a direction for the development of methods and tools that can have
actual applicability for enhancing grid stability, security, and control.
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3.1 Synchronized Phasor Measurement Technologies
as Building Blocks for Smart Operation Tools

3.1.1 State of the Art in Grid Monitoring and Control

The current approach for power system operations at the transmission level is to
perform most of the monitoring and control actions within an energy management
system (EMS), which makes use of a supervisory control and data acquisition
(SCADA) system as illustrated in Fig. 7. The SCADA system supplies non-syn-
chronous time-skewed measurements every few seconds to a state estimator (SE),
which are obtained through round-robin polling. The SE uses these measurements
along with the topology determined by a topology processor to provide an
approximation of the ‘‘state’’ of the system in its current operation condition. Note
that the ‘‘state’’ of the system consists of an estimate of the voltage magnitude and
angle, transformer taps, and other quantities related to the SE model utilized. This
estimated state is used for initializing several applications such as contingency
analysis, optimal power flow, and other applications such as static security anal-
ysis, and for the initialization used in dynamic security assessment. Observe that
due to the slow rate of acquisition of the SCADA system and the dependency of
these operation tools on the starting point from the SE, applications are executed
with a time lag as compared with the current operating condition of the power grid.

There are many solutions available and currently used by transmission system
companies and system operators. Although these systems are mature and
dependable, it has not been until recently that wide-area features have been added
to these systems. Wide-area PMU-based features are not broadly adopted and have
a reduced number of available phasor data applications, such as to support con-
ventional state estimators as illustrated in Fig. 7. Observe that in this case, the
PMU data are merely used to provide additional measurements into the state
estimation process; however, the SE does not take the advantage of the time-
synchronized measurements from the PMU and simply treats the data as an
additional measurement source as done with conventional remote terminal unit
(RTU) measurements.

In addition, the existing systems were not developed to withstand the strain of
managing the data volumes from the streaming of synchronized phasor mea-
surements in an efficient manner [45]. Despite these limitations, there are initia-
tives in North America which have created specialized systems exploiting phasor
measurements with the aim of enabling new applications of PMU data and
increasing the utilization of synchrophasors in operations [44]. New applications
must take full advantage of not only the higher sampling rate from PMUs, but also
from their time synchronization features and additional information provided by
them. To take full advantage of PMU measurements, adequate software systems to
support operation applications must be developed with a philosophy of modularity,
scalability, connectivity, interoperability, and redundancy, for which current
software systems to support PMU applications are not designed.
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3.1.2 Synchronized Phasor Measurement Technology

The new enabling technologies of so-called wide-area monitoring systems are
PMUs as the measurement device of choice, and their supporting infrastructure
which is formed by communication networks and computer systems capable of
handling PMU data and other information [usually called phasor data concentra-
tors (PDCs)]. The set of PMUs and their enabling information and communication
infrastructures is termed SMT [7].

Figure 8 shows a typical layout of the communication between PMUs and
PDCs. The PMUs are the actual measurement units dispersed throughout the
power grid, at substations, major interconnection points, and main generator sites.
The PDCs then receive the signals from several PMUs and/or PDCs, aligning the
measurements and output a stream having the aggregate of these measurements.
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PDCs may also include historians archive data for detailed analysis and off-line
applications. PMUs can also include other critical state such as breaker position
(digital I/O, speed messages, etc.) to record alongside the phasor measurement into
the historian or for real-time applications.

PMUs and PDCs can typically produce multiple streams, which among other
things are used to feed redundant control centers over redundant communication
infrastructure. These streams can also contain subset of available data, such that
lower rate streams might be used for some applications while historians and
dynamics analysis tools may receive the full rate.

PDCs are typically located in a substation or at a transmission operator center in
order to aggregate the traffic from several PMUs within that substation or opera-
tion region. These PDCs can forward concentrated output streams of either all or
selected measurements to an upper layer. This will continue in hierarchical
fashion, and at the end of the aggregation tree sits a PDC often nick-named
‘‘SuperPDC’’ which essentially has all the streams of PMU data available for the
operational center analysis.

The challenges faces by this hierarchical model have been realized and
NASPINet offers an alternative model for data transfer [38]. The adoption of the
NASPINet model in North America has not yet been fully realized, and it is not
clear whether this model will be adopted elsewhere in the near future [4]. It is,
however, known that each of the TSOs realizes their networking according to
similar principles to those of NASPInet, with typically a redundant control oper-
ation center and network infrastructure.

With the rising number of synchrophasor installations around the world [46], a
window of opportunity opens for stakeholders in the transmission system to
exploit the time-stamped measurement data and higher resolution provided by
PMUs. However, the number of applications available to transmission operators
for exploiting these measurements seems to be insufficient to justify investments in
SMT. New applications that support the smart operation of the power system
would justify these investments and therefore need to be developed.

3.2 Technological Challenges

3.2.1 Need for Continued Standardization

The IEEE Power System Relaying Committee (PSRC) defined the standard for
synchronized phasor measurements in substations in the IEEE Standard for Syn-
chrophasors for Power Systems, i.e. IEEE STD C37.118-2005 [30]. This standard
addresses the definition of a synchronized phasor, time synchronization, applica-
tion of time tags, methods to verify measurement compliance with the standard,
and message formats for communication with a phasor data concentrator.

A comprehensive set of tests and calibration methods were conducted on a
number of PMUs to assess all aspects of their measurement performance before
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being deployed in transmission, such as those reported in Moraes et al. [37].
However, in 2009, the IEEE started a joint project with IEC to harmonize real-time
communications in the IEEE STD C37.118-2005 with the IEC 61850 communi-
cation standard to introduce measurement accuracy under steady-state conditions
as well as interference rejection.

As a result, the original IEEE STD C37.118-2005 has been improved and split
into two standards, one for measurements (the C37.118.1-2011 [31]) and another
one for communication (the C37.118.2-2011 [32]). On the other hand, for the
operation of a Phasor Measurement Unit (PMU) to be qualified, the units’ per-
formance should comply with the accuracy requirement stated in the C37.118.1-
2011. Hence, IEEE PSRC provides guidelines for synchronization, calibration,
testing, and installation of PMU in the IEEE PC37.242-2012 [28]. This guide also
covers the associated interface requirements for communications testing to connect
PMUs to other devices including phasor data concentrator (PDC) as given in the
C37.118.2-2011. In addition, the performance and functional requirements of
typical PDCs or PDC systems such as synchrophasor data processing, real-time
access, and historical data access must be verified to conform to the suggested
guide named IEEE PC37.244 [29]. This guide also described PDCs test setups and
some user applications.

Despite this recent large effort on standardization, most of the currently
available PMUs are not meeting the complete specification of the current standard
C37.118.1-2011. This is due to a lack of specific application requirements that
have to be met by the instruments. Further, the recent standards on PDCs open now
the door for a further discussion on how PDCs should provide standard output to
support PMU applications so that they are independent from particular software
systems and manufacturers. The standardization work is certainly progressing at a
reasonable pace; however, attention must be paid into guaranteeing modularity and
interoperability of different software systems that will be supported by PDCs for
implementing advanced phasor applications.

3.2.2 Big Data Management

There are several reasons for the lack of SMT-based applications and their limited
adoption. These reasons emerge from the two different development approaches
currently used: application development using real PMU data and the simulation
approach. From a researcher’s stand point, obtaining real PMU data from trans-
mission companies involves signing non-disclosure agreements which delays the
start of research efforts, and more importantly, they may impose restrictions on the
intellectual property of the derived works [41]. Foremost, when developing PMU-
based applications, the PMU data itself are not sufficient: knowledge about the
transmission system model parameters during the archived data time frame and
other data (such as bus-bar level breaker status) are crucial for some applications
[33] and may not be easy to obtain or interpret. Despite that the COMTRADE
format has been selected for PMU data sharing in North America [1], due to
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regulations for postmortem forensic analysis [40], these data format may not be the
most convenient for application development and straightforward data analysis.1

Many applications require large records of phasor measurements (from 1 day to
even weeks of archived data [59], and this from multiple PMU). Data availability
and correct sharing mechanisms are not only an issue for academic researchers, but
may also become important for application developers looking to extract features
of data from massive data sets [52]. The industrial development and adoption of
these applications can be further delayed if adequate software systems to manage
these data sets are not available.

3.2.3 ICT Aspects

Many academics have proposed applications of PMU data based solely on simu-
lations using software commonly used in the power industry (which are mostly
positive sequence-based (or phasor) simulations). While this approach is suited for
some fundamental research, it might not be appropriate for actual implementation.
This is because this approach does not take into account many of the challenges
and characteristics of PMUs and the ICT systems. As a result, unreasonable
assumptions of what the capabilities of these enabling technologies are made,
often through an insufficient of the underlying technology limitations [58],
although some of them have been acknowledged [35].

Current approaches for simulating the use of remote data for control purposes
are considerably easier than the actual implementation, where appropriate data
filtering, transmission to a PDC, processing, and transmission to the (remote)
controller are needed. This requires several different stages where practical issues
and possible delays occur. Without full consideration of these practical issues, it
may not be advisable to install these applications at a control center without going
through a thorough testing process. This highlights the need of both more realistic
simulation approaches as those used by other communities [13, 42] and the pos-
sible uses of co-simulation of cyber-physical networks [50].

Beyond aspects of data transmission, time synchronization over wide geo-
graphical regions will continue to pose several challenges. An example of one of
such practical issues is illustrated in Fig. 9, where the voltage phasor angle from
PMUs installed at three different substations in the Mexican power system is
shown. This figure shows the effect of GPS signal loss of in the THP-LBR and
LBR-THP voltage angles. The trace of the LBR-GUAT angle shows no issues with
the GPS signal. Such issues with PMU measurements, and other similar ones [58],
need to be taken into account while researching new time and data transfer
architectures that can be adequately employed by industry. This example illustrates

1 Somehow, the power industry continues to overlook how other fields of research have dealt
with massive amounts of data and have developed formats that allow to work and exchange
numerical and graphical data efficiently [22].
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the need for GPS time-independent timing and data transfer, for which technolo-
gies developed in other fields such as digital television could be applied [25].

3.2.4 The Requirements Dilemma

With the considerations made above, we realize that there is a dilemma on
determining the appropriate ICT design specifications for each particular ‘‘appli-
cation.’’ The dilemma arises because not all the future applications enabling these
STGs according to these principles have been developed. In order to be developed
correctly, they need ‘‘an’’ ICT infrastructure, which in turn needs application
specifications for its design. A new approach for R&D is necessary to flexibly
evaluate different ICT paradigms at the same time that the power system operation
and control strategies are being developed. Two approaches might be suitable for
tackling this dilemma: the proper use of holistic simulation environments [13, 42]
and co-simulation [50], and the availability of experimental facilities for testing
and validation [57].

3.3 Smart Operation: A Way Forward and Future Grid
Monitoring and Control Solutions

3.3.1 Holistic Architectural Analysis

An STG is more than a grid that takes benefit of PMUs and requires ICT for this
purpose. At a minimum, a STG should make use of these data in order to exploit
all the available ‘‘observability’’ and ‘‘controllability’’ in a power system through

Fig. 9 Effect of GPS signal loss in PMU data
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closed-loop feedback control and to coordinate system control with protection. As
such it can behave as a ‘‘self-healing’’ system, or at least utilizing the system more
securely through increased awareness. To this extent, all measurement devices
should be capable of producing synchronized and high-resolution time-stamped
data that capture the dynamic behavior of the power system and can provide
system observability. Controllability can be effectively provided by all those
devices that can be in closed-loop control including conventional generation,
flexible AC transmission systems (FACTS), high-voltage direct current (HVDC),
and tap-changing and phase-shifting transformers.

To accomplish these ambitions, STGs should contain more than the high-res-
olution measurements provided by PMUs. In Fig. 10, a conceptual diagram of a
‘‘centralized model’’ for a STG is shown. In such STG, synchronized measure-
ments are obtained at transmission substations through time-synchronized mea-
surements not only from PMUs but also from other envisioned highly accurate
measurement systems retrieving data from controllable devices and protective
device ‘‘information sets’’ (i.e., all available information from within a protective
relay). This plethora of data is sent through communication networks, received,
and concentrated at a decision and control support system that determines
appropriate preventive, corrective, and protective measures. This support system is
the cornerstone for enabling STGs using synchrophasor data, and it is here where
the newly developed analysis techniques will produce ‘‘smarter’’ decisions
allowing the power system to operate more securely, efficiently, and reliably. The
decisions determined by this support system will then support operators at control
centers to take ‘‘smarter operator control actions’’ or even device ‘‘smart-automatic
control/protective actions.’’ These actions are translated into feedback signals that
are sent through communication networks to exploit the controllability and pro-
tection resources of the power system.

Note that although the diagram shown in Fig. 10 is a centralized model, there
can be other more decentralized models for STGs. A ‘‘decentralized model’’ of a
STG would divide the system into ‘‘focal area’’ systems with different operational
functions (some of them might not include a focal area control center for example,
implying that only other functions are taken there and thus a lower amount of data
with perhaps lower quality of service (QoS) is needed) and a ‘‘wide-area’’ system.
The data delivery is done through a publisher–subscriber model, such as Grid-Stat
[21], instead of a traditional star communication with round-robin polling model
used in traditional EMS/SCADA systems, whose limitations have been acknowl-
edged in Bose [5]. Feasible approaches considered in Bose [2], Gjermundrod et al.
[5], and Bakken et al. [21] have great potential and should be further investigated.

However, as mentioned before, the whole architecture of the system faces a
dilemma as it will be determined by the requirements from different applications
using PMU data, which in turn need the ICT infrastructure to be developed—in
other words, how and for what purpose the measurement and other data be used
will determine the most cost efficient system architecture. Yet, ‘‘an’’ architecture is
needed to obtain data to develop the applications. To find the appropriate
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architecture that fits the needs of future power systems, appropriate experimental
platforms for research are needed [54, 57], as well as the use of holistic simulation
environments [13, 42] and co-simulation [50].

3.3.2 GPS-Independent Time and Data Transfer

Phasor measurements create real-time traffic, and this traffic needs to be trans-
ported over some network infrastructure. The real-time traffic has some timing
issues of its own, and this suggests that low loss may be good.

Packet network analysis shows a variety of issues, in which real-time properties
such as loss and delay becomes affected by interaction between other traffics. It is
also shown that these behaviors have a high degree of unpredictability in them.
The microscopic details of protocol interactions are many, but under the
assumption that information gets transferred (or can be interpolated), the
remaining macroscopic effect for the system is the average delay. The interaction
between many other traffic streams can cause this average (over the control-loop
bandwidth/time constant) to change over time.

Means to reduce jitter and to reduce loss will increase delay and still do not
provide predictable results.

Delay and delay stability are major issues in ensuring control-loop stability and
meaningful reaction time to achieve the control goal. Power grid controls, such as
damping controls (e.g., PSS and POD), could potentially be tuned to compensate
for delay, but large variations of delay over time would require self-tuning, which
would add to the system complexity. An alternative approach is to reduce the
control-loop bandwidth, which makes it too slow to react to actual problems in the
power grid.

The involved signals have real-time properties; this means that low delay and
low jitter are required. Loss and high jitter will require additional delays to the
signals, and this is clearly not a good property for the overall system behavior.

In order to meet the requirements, an alternative network solution is proposed,
where technology developed for the real-time networks of radio and TV broadcast
networks can be utilized. Such network has similar requirements on low latency to
handle long-distance live broadcast (interviews, sport events, etc.). The network
solution offers stable latency requirements to handle the low jitter tolerance of
broadcasting and production equipment. It has the low loss requirement typical of
live transmission, as there is no time to do re-transmit of information.

There are similarities between the power grid needs and the properties provided
by such communication network solutions [14, 25]. Among the similarities lies a
high QoS need for the real-time streams, bounds on propagation delay, low jitter,
low loss, and high reliability. It distinguishes itself by providing significantly
higher real-time properties compared to typical IP SLAs and even MEF 2.0
requirements.

Another aspect is the need for precision timing, which may be available in the
communication network solution [25, 39]. The detailed requirement varies from
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network to network, but lies in general in the region of ±1–4 ls from the reference
time, over a 10-hop network. Comparing this to the PMU need of ±26 ls [32], we
see that this solution can support the PMU needs.

A detailed analysis and other communication network challenges for syn-
chrophasor-based wide-area applications are presented in [9].

3.3.3 Software Development for Real-Time PMU Applications

Today, researchers need to devote large efforts developing mechanisms that allow
them to use PMU measurements, e.g. PMU data extraction for off-line applications
and real-time data mediation for online applications. These tasks are especially
difficult in the case where PMU equipment and PDCs are provided by different
vendors.

Figure 11a shows the main difficulties in today’s monolithic vendor-specific
PMU application software development environments. As it can be observed, once
the infrastructure is put in place with PMUs installed and networked through a
communication network, all real-time data arrives to a PDC. At this stage, all of
the data are locked into a vendor-specific software system which may or may not
provide its users with the necessary tools to implement applications. If these tools
are available, they are heavily reliant on the software libraries provided by the
vendor and offer limited integration options. On the other hand, historical data that
can be used for off-line analysis and applications (e.g., data mining) are also
locked into a proprietary time series database system specific to the software
system. As a result, the user has few possibilities in implementing new applica-
tions without relying on the software system provider. This limits the possibilities
of exploration and interfacing with external tools and software systems. Hence, it
is realized that once the data arrive at the PDC, and concentration and alignment
functions have been carried out, the PDC could be interfaced with standard pro-
tocols to a flexible development environment.

In order to develop applications for monitoring and control based on syn-
chrophasor measurements, it is important to have real-time access to the individual
quantities (phasor/analog/digital) of each PMU, which are wrapped inside the real-
time PDC stream. The IEEE C37.118.2 standard has provided the specification for
the creation of ‘‘concentrated output streams’’ from a PDC, with PMU data coming
out aligned and concentrated into a single stream routed to another larger PDC
(i.e., the SuperPDC). Although this facility was meant to be able to concentrate
and align the PMU data from different PDCs, it offers the possibility to decouple
the development of applications from the PDC.

The use of concentrated output streams provides a mechanism for standardized
real-time data sharing that can be used to interface with alternative software
systems from that of the PDC provider. Thus, instead of building monolithic
software architectures and systems, it possible to develop a modular approach to
software development by exploiting synchrophasor standards for real-time data
communication. As such, applications can be deployed in different clients and
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meeting different application requirements. This is not yet possible with today’s
software solutions available in the market.

To exploit this possibility, a software development toolkit was developed by
Statnett SF (the Norwegian Transmission System Operator) [56].

The main components of the SDK along with the possible interfaces to multiple
PDCs or PMUs are illustrated in Fig. 11b. The aim of the SDK facilitates research,
fast prototyping, and testing of real-time synchrophasor applications. The SDK
enables the usage of high-level programming languages such as LabVIEW,
regardless of the equipment used and its manufacturer, thus providing platform
independence for research and development. This property enables users to be
more focused on developing synchrophasor applications and not on platform-
specific implementation issues. The SDK is capable of connecting to an arbitrary
number of PMUs or PDCs compliant with the IEEE C37.118.2-2011 protocol.

The SDK provides a real-time data mediator that reads and stores real-time data
in a configurable buffer (RTDM in Fig. 11b). The RTDM is built on a client server
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Fig. 11 Statnett’s synchrophasor software development kit (SDK) for modular, real-time, PMU
application development. a Limitations in monolithic software environments for developing
PMU applications. b Statnett’s synchrophasor SDK for modular PMU application development.
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architecture allowing the connection of multiple clients providing data in the IEEE
C37.118.2-2011 protocol, and enabling the access of these data by methods. The
RTDM is compatible with several operating systems, and in the Microsoft Win-
dows operating system, the RTDM is compiled in a dynamic link library which is
accessed by a client. Further details on the RTDM will be available in a future
publication.

The clients can access the data and other information from the PDC using a
library of methods. Currently, as shown in Fig. 11b, the content of the buffer is
accessible in the LabVIEW environment through different functions in a library
named PMU Recorder Light (PRL), which provides a standard LabVIEW function
control (VI). These libraries are illustrated in Fig. 11c, showing the GUI for data
access, the configuration for connection to output streams, and one of the Lab-
VIEW blocks providing access to real-time data. The LabVIEW platform is
selected because it provides easy integration with different hardware equipment as
well as intuitive graphical programming language (G language) which supports
integration with MATLAB, C++, and other programming languages.

The PRL has two major components:

• Data collector: This component reads the data from the PDC/PMU and stores
them in configurable buffers.

• Data extractor: This is a collection of functions (VIs) that allows the user to
access the buffers and queues in the PRL. It reads the data from the buffers and
provides the user with control over the data streams in a form suitable for
further processing (i.e., as a signal data type in LabVIEW).

Such modular approach for accessing real-time streams provides large advantages
for prototyping PMU applications and application deployment possibilities. We
illustrate this for the case of real-time display of PMU data, other real-time
applications developed can be found in Vanfretti et al. [57]. With current mono-
lithic approaches, the display of PMU data is confined to the control center and
tied to the PDC system receiving the data. In contrast, the SDK offers multiple
deployment possibilities. Figure 12 presents two of them: integrated computer/
server environments in Fig. 12a which can be deployed in multiple computers, and
the deployment of PMU applications in mobile devices. In the first case, the SDK
along with a custom application for visualization is deployed in a single or mul-
tiple computers/servers, allowing multiple users to visualize the data.

In the second case, the SDK is deployed together with a custom application
offering a publishing mechanism to feed the visualization application in a mobile
device. Figure 13 shows the applications running on Apple’s iPhone smartphone
and the iPad tablet.

Smart Operation Tools: Monitoring and Control Applications

Statnett’s Synchrophasor SDK illustrates how the development of measurement-
based real-time PMU applications can be deployed in different environments. This
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flexibility would allow to achieve smart operation applications software systems as
envisioned in Fig. 10. This system should be able to holistically exploit both
measurement-based as well as model-based applications as illustrated in Fig. 14.

Such architecture should take advantage of tools such as Statnett’s SDK for
deploying real-time data applications for measurement-based monitoring and
stability assessment, near real-time, and real-time control actions through operator-
driven control and automatic control loops. Although there are no flexible solu-
tions to integrate model-based applications, the architecture should support model-
based stability assessment tools and allow for the interaction between measure-
ment-based and model-based tools. One example is the provision of a model
calibration application that uses real-time measurements to calibrate the dynamic
power system model which is used in both stability calculations derived from
models as well as in real-time control applications.

The emergence of smart operation applications will depend on a software
architecture that provides these features and allows for a flexible deployment of
the different components needed in disparate software and hardware architectures.
To achieve this, such architecture should be modular, extensible and be able to re-
use components in different targets for deployment. Statnett’s SDK is a step for-
ward in this direction; however, much work is needed to transition from today’s
monolithic and vendor-specific software systems, to a modular and flexible soft-
ware system to support power system smart operation.
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4 Operational Planning of the Smart Transmission Grid

4.1 Organization of the Energy Supply Chain in Europe

In earlier days, before the mid-1990s, the operation of the electric power system in
Europe was rather straightforward, with vertically integrated companies that
owned and controlled the entire value chain. As a result, the entire decision-taking
process was largely done within in a single company and this for the different time
frames. At that time, the security of the energy supply at an acceptable cost was the
main objective.

Through the process of liberalization, the European energy system became
regulated and unbundled, with separated generation, transmission, distribution,
and retail. A regulator sets the rules of the grid operation. In view of the smart grid,
the regulator plays a vital player as he forms the main influence on grid rules and
tariffs and has a strong voice in the investment process. In a sense, the regulator
even defines the different players. Within a smart grid, all stakeholders are able to
optimally perform their tasks, taking into account the limitations associated with
stakeholder interaction. Interaction between stakeholders happens between similar
stakeholders (e.g., between TSOs in different countries) or between different ones
such as generators and the TSO. The required interactions (and communication)
has significantly increased, for instance related to the use of ancillary services.

When looking at the interconnected European power system and its stake-
holders, a complex patchwork of different entities with different tasks, objectives,
and non-overlapping geographical areas can be seen. The non-harmonized regu-
latory framework adds to the complexity and is a serious constraint to the
development of a true smart grid at an international level. Ongoing efforts of the
EU (through the Third Energy Package [15]) are a first step toward a more har-
monized energy policy. The Third Energy Package caused the creation of ENTSO-
E, the association of transmission system operators in Europe, and ACER, the
agency for the cooperation of energy regulators. The actions of these organizations
aim to manage the international interactions between guidelines and to harmonize
the framework throughout the European power system. When considering this
international power system as the setting for the STG, it is essential to recognize
the importance of the complex interaction between the different regulatory
frameworks and the roles of the stakeholders.

4.2 System Working up to Its Limits

In the pre-liberalization era, the generators and grid were part of the same com-
pany that owned, maintained, and operated the grid. The grid owner had the means
to make the necessary investment decisions based on a coordinated plan-
ning (generation investments coordinated with necessary grid reinforcements).
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These generation investments were mostly large, traditional generating units
following the principle of economy of scale. If possible, the generation was
planned located close to the load centers.

The system operator could control all aspects of the power system: generation
for unit re-dispatch and managing the grid and its elements (line opening, capacitor
switching, etc.) to control the system flows and avoid line overloads.

After being unbundled, the TSO still makes the investment decisions and
manages the power system. However, he experiences several limitations in this
respect. Generation investments are no longer coordinated with grid expansion, or
rather, they are performed by independent organizations. The result is the shift of
generators closer to the source of energy, e.g. the harbor as a location for coal-fired
power plants.

The newly installed generation capacity is often also of a different type than it
was before. Generation units from variable power energy sources are more com-
monplace due to the strive for more renewable energy generation and the emer-
gence of other small-scale generation such as CHP (combined heat and power).
These devices are not only not predictable to a large extent, but also uncontrollable
by the operator. A more unpredictable power injection pattern will cause a higher
uncertainty of the energy flows in the system. The increased market working has
also led to a higher volatility of the energy flows. At the same time, there has been
a lack of investments in the transmission system. The effects are seen most
prominently when looking at the interconnections between zones. Additionally,
the permitting process for generation is often considerably shorter than that of
transmission, mainly due to projects that are postponed due to opposition from
public, ecologists, etc.

The variable power injections in the system cause fluctuating flows on the AC
grid. The system operator can still control the grid to manage these flows, but
redispatching generation has more difficult and costly. As a result of the increase in
variable energy flows, the limited grid investments, and the reduced control
options for the system operator, the grid is being operated at a higher uncertainty
[43]. This means that it in some cases is operated closer to its limits, with
potentially serious consequences for grid security, while on other cases the system
might not have been used up to its potential, with a negative influence on the social
welfare. In order to manage the system under these circumstances, three main
innovations are needed. The grid operations need to become more flexible,
increased coordination is required, specifically between different zones, and the
manner in which the security is dealt with needs to be redefined.

4.3 Flexible use of the Power System

Simply put, the transmission of electrical power encompasses two fundamental
aspects: on the one hand, the balance between generation and load needs to be
maintained, while on the other hand, the system has to remain within the security
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limits. For both aspects, the requirements with respect to flexibility have
significantly increased due to higher uncertainties and fewer control means [60].

4.3.1 Flexibility of Generation and Load

Maintaining the balance between generation and load is one of the classical
problems within electrical power engineering, specifically because storage of bulk
quantities of electrical energy in a cost-effective manner is difficult. However, a
number of aspects have changed in the modern power system, both on the gen-
eration and the load side.

First of all, a larger proportion of energy is delivered by sources with a fluc-
tuating output. Furthermore, these fluctuations occur at a higher frequency than
those originating from classical generators resulting in faster control requirements
and extensive balancing services. A second effect is that a significant part of the
generation is either not flexible (e.g., most nuclear power plants) or not centrally
controllable (most renewable energy generation). As a result, little the remaining
‘‘flexible’’ generation is responsible to take care of all the fluctuations, which can
have an influence on the economics of those generators. In some cases, the non-
flexible generation might even surpass the load, e.g. at moments of low load and
high-renewable infeed. At such moments, there is no or insufficient downward
regulating capacity [12]. A third change is the increased use of power electronic
converters as an interface between the generation and the grid. These converters
normally decouple the generation, and with that also the inertia, from the grid. As
a result, the system inertia decreases which causes an inherently different dynamic
behavior of the grid and higher-frequency deviations in case of a disturbance.

Also the load perspective has changed considerably. On the one hand, there is
renewed attention for demand response or demand-side management. The poten-
tial of aggregating smaller loads on the distribution side and to use them to manage
the frequency is expected to bring a considerable contribution to the balancing
needs. Similar as for the generation, also loads are increasingly connected to the
mains supply using power electronic converters. The effect of reduced load inertia
is however smaller than that of the generation. Also the ongoing developments of
storage devices make that electrical energy storage can become a more prominent
option, next to the already existing pumped storage facilities. Whether storage will
be used in a distributed manner or centralized, and whether the main application
will lie in short-term or longer-term balancing is yet to be seen. In any case,
storage can offer services within the larger system, but it is not a separate service in
itself.

The main hurdles for the development lie in the correct integration of the different
levels of flexibility among stakeholders, and this in the different operational time
frames. This includes the integration of such services into the market and providing
all stakeholders the right (price based) incentives. Without these incentives, the
necessary investments will not happen. Another field of research is making use of the
control capability of power electronic converters to provide ancillary services such
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as inertia to the energy system. Traditional power engineering approaches to dealing
with load and generation might change dramatically where one see the change from
the original generation which follows load, toward load flattening and eventually the
combination of generation, load, and storage following the profile of renewable
generation that operates at a very low marginal cost.

4.3.2 Extended Grid Use through the Dynamic Use of Existing Assets

Grid operators in the pre-liberalized energy system had quasi-full control of the
system, including generation redispatch (which came at a cost which was social-
ized among users). This is no longer the case in the unbundled system. As a
response to the lack of control means available to the system operator and to
increase transmission capacity, new ways of providing flexible grid operations are
sought for. In this subsection, the approach to manage the flexibility of the grid
during operational planning is performed in the NetFlex demo, part of the EU FP7
project Twenties.2

A first option is the installation of power flow controlling devices (PFCs) to
manage the power flowing through the grid in a more dynamic manner. These
devices can be used to redistribute the flows from the heavily loaded lines to the
less congested lines. The PFC can be used to free capacity on the market (D-2) and
plan the system in such a manner that it can be operated securely (D-1) and be used
as a means to solve problems intraday (either as preventive or corrective action).
Results from the NetFlex demo have shown that the use of PFCs effectively
reduces the flow on transmission lines with an insufficient margin and therefore
reduce the need for redispatch [24]. It was also shown that through adequate
scheduling (D-1) additional margin could be created to manage also uncertain
generation patterns. It was also shown that the system itself was capable of
‘‘absorbing’’ significantly more wind energy without hitting the security con-
straints. Figure 15 shows the system capabilities in the month of January 2013
with uncoordinated operation (purple) and coordination of PSTs in the CWE
region against the expected (P50) and high wind (P90), sorted from highest to
lowest infeed [23, 24].

A second option is to make better use of existing infrastructure. One example of
such techniques is the use of dynamic line rating (DLR). This technology takes
into account the actual limit of transmission lines, which is strongly dependent on
wind speeds, rather than the conservative seasonal limits. Also within the NetFlex
Demo of the Twenties project, it was found that the actual rating of the trans-
mission line is 95–99 % of the time, the gain in capacity beyond the seasonal
rating is higher than 10 % and in 90–95 % of the time, the gain is higher than
20 %. It was found that using adequate forecasting tools, the predictions of the line
capacity can be used to include them in operational planning. On a two-day and

2 Twenties project: http://www.twenties-project.eu.
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day-ahead basis, the gain in capacity over the seasonal rating is higher than 5 %
and in over 50 % of the time, the gain is higher than 10 %.

Both the use of PFC and DLR allow the operator to make a better use of the
system by working closer to the system thermal limits. However, the remaining
security margin becomes lower. Furthermore, by pushing the system to work
closer to its limits, other security boundaries might be hit. As such, it is important
to improve the monitoring of the system dynamic behavior. Within the Twenties
project, a damping prediction monitor was developed, monitoring whether the
dynamic limits were not reached while the thermal limits of the system were
pushed.

4.4 Coordination in the Power System

As the operation of the power system has become more inter-zonal, with higher
and more variable power flows through the system, more coordination is needed.
In particular, because zones that are not directly taking part in energy transactions,
are also affected by decisions made outside their zone. Currently, TSOs in Europe
do coordinate the operation of the power system. There is an exchange in system
data and operational information:

• Grid status (important scheduled outages)
• Day-ahead congestion forecasts are made
• Expected available transmission capacities are calculated
• Emergencies with possible effects beyond the local zone are communicated

However, the exchange happens on a very basic level. First of all, not all grid
information is exchanged. One uses a ‘‘need to know’’ principle. An example is the

Fig. 15 Increase in system capabilities through the use of power flow controlling devices in the
month of January 2013 for the CWE region [24]
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load/generation data for the day-ahead congestion forecasts which are not shared
independently, but rather as an aggregated quantity. Also information on the exact
settings and status of devices (such as protection devices) is not always clearly
communicated. One of the hurdles of this system is the exchange of data. Steady-
state data are exchanged, but in a format which is generally not the one used for
the internal studies where different tools are used, possibly in-house developed,
with specific features.

Dynamic grid data are only rarely exchanged, and for this the data format is
even more problematic as the different dynamic models used might differ signif-
icantly. Currently, no common data format exists, although that there are efforts in
developing such a standard model (see CIM [34] and ODM [44]). However,
significant improvements are needed in order to make them practical to use when
many custom models are needed.

Not only the data sets that are used are different, also the tools and method-
ologies that are used differ among system operators. A good example is the N - 1
rule, which is one of the fundamental security rules in the power system and well
known to power system engineers. However, when going in detail, it is clear that
both the interpretations of ‘‘N’’ and ‘‘-1’’ differ between organizations. Even
within one TSO, the concept of N - 1 usually differs between the grid planning
and the grid operation department.

Nevertheless, this system of ‘‘need to know’’ communication works reasonably
well, with only a limited amount of grave events occurring due to mis-operation
(e.g., Italy blackout, August 2003; Germany-UCTE incident, November 2006).
Yet, potential problems remain the following:

• Unidentified loop flows occur
• The uncertainty in the system remains high
• The ‘‘limited amount’’ of grave events mentioned before could have been

avoided
• Problems might be solvable on a local level at a high cost, but could have been

solved at low expenses elsewhere
• There is no system-wide perspective

The existing coordination in the transmission system is currently sufficient to keep
the lights on, but more is needed in order to make optimal use of the available
resources. The current framework does not allow an integrated operation of the
power system. Considering advanced operating principles without taking the
current background of cooperation into account will lead to unrealistic results.

4.4.1 Example: Coordination of PFC

A significant number of PFCs such as phase-shifting transformers (PST) or HVDC
lines are installed between different zones. Although PFC exhibits a strong
influence on the flows through neighboring systems, these PFCs are not operated in
a coordinated way. As such, negative interactions between PFCs, both during
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steady-state operation and through dynamic interactions may occur. This problem
is especially important when the controllable devices are operated by different
system operators. Therefore, it is of substantial importance to deal with this issue
when designing the controllers and during power system operation [53, 55].

Most PFCs are currently operated toward a certain objective which suits a single
party. Coordination regarding PFC control is often limited to predefined rules and
requires slow (often via telephone) interactions between the different participants.
Coordination is limited for more than technical reasons: as the PFC is approved,
installed, and paid by a local entity, this entity will use that asset to its optimum,
without considering the ‘‘bigger picture.’’ Using the devices to actively create
capacity which can be used in the market environment is not possible in the reg-
ulatory framework. However, on the long run, it seems to be inevitable that con-
trolling flows in the system will be come an ancillary service, which comes at a cost.

While there is significant potential in coordination of power flow coordinating
devices, this potential is largely untapped at this moment. However, it is important
to recognize the limitations in the system rather than searching for novel controller
techniques that find no practical implementation.

4.5 Secure Operation of the Pan-European Power System

4.5.1 A New Reliability Concept is Needed

Modern society is critically dependent on a reliable electricity supply to cover basic
needs such as food and water supply, residential heating, and ICT services. In the near
future, electric mobility, distributed generation, distributed electricity storage, and
other new uses will increase this dependency. Failing to provide a reliable electricity
supply has far-reaching consequences for people, society, and the economy.

A power system’s vulnerability is composed of its susceptibility and coping
capacity [11, 20, 27]. A power system is susceptible to a threat if the realized
threat leads to an unwanted event in the power system. The coping capacity
describes the ability of the operator and the power system itself to cope with an
unwanted event, limit negative effects, and restore the power system’s function to
a normal state. Thus, a power system is vulnerable if:

• at its intended function, it is susceptible to fail or operate with a significant loss
of capacity,

• the power system is unable to cope with unwanted events and unable to quickly
recover to normal function and full capacity.

The reliability of a power system is a combination of its vulnerability to external
threats that can lead to failure modes and the implied consequences of such failure
modes for the end-users (generators, consumers, and various facilitators, such as
traders and suppliers). As such, reliability management is composed of two main
subtasks: (1) reliability assessment and (2) reliability control. The overall objective
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is to ensure an adequate level of reliability while minimizing capital and operating
expenditures. In reality, the reliability management is broken down into three main
time domains in which the reliability management is performed, namely system
development, asset management, and system operation, corresponding, respec-
tively, to decision-making horizons of long term (years to decades), mid term
(weeks to months/a few years), and short term (minutes to days). The N - 1
criterion was designed to set the reliability management target within the different
activities and within the different control zones of interconnected power systems at
transmission level. This criterion prescribes that the system should be able to
withstand at all times the loss of any one of its main elements (lines, transformers,
generators, etc.) without significant degradation of service quality. The two main
intrinsic limitations of the N - 1 criterion are as follows:

• Strictly applied, it is an approach which does not take the cost of outages into
account. This results in overinvestments in some instances and underinvest-
ments in others, and hence a non-optimal social welfare.

• The N - 1 criterion is a ‘‘binary’’ criterion. The system is secure, or it is not.

With the rising uncertainty in electric power systems due to the introduction of
renewables and the reduced observability and controllability which are a direct
consequence of the liberalization of the energy market, this causes the N - 1
criterion to be increasingly difficult to use. The system needs to be overdesigned or
underused to unacceptable levels, while the methodology does not allow to take
adequate measures into account which rely on intelligent operation of the system
using operator intervention or system flexibility. This also influences social wel-
fare in a negative manner. These limitations are well known since the inception of
the N - 1 criterion. Thus, for several decades, researchers and engineers have
investigated alternative formulations to measure and enhance power system reli-
ability. These are most notably probabilistic approaches which explicitly take into
account both the probabilities of the external threats and the actual socioeconomic
impact of service interruptions, to more systematically balance between the dif-
ferent decisions to be taken from the long term to the short term. Nevertheless, the
N - 1 criterion is still massively used today, and this because the method was easy
to understand, transparent, straightforward to implement while the new proposed
methods are computational heavy, the electric power system was initially over-
designed, different implementations of the N - 1 criterion were used in practice,
and most importantly, the method resulted in an acceptable level of reliability for
the power system. This situation, however, is rapidly changing: The operating
environment of the electric power system is gradually becoming less predictable.
The low social acceptance of overhead power lines leads to system operation
closer to its limits and to using more complex and, sometimes, more expensive
solutions (e.g., underground cables, HVDC links, new conductors, FACTS).
Technology has progressed very significantly, offering new opportunities to
evaluate and control electric power system reliability. At the same time, the lib-
eralization of the energy market and the consequent unbundling of the energy
system have resulted in a multi-stakeholder business, where delivering the energy
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with the right quality and at the correct cost is increasingly important. System
operators regularly need to take decisions which influence multiple facets of the
energy supply at the same time. For instance, freeing more capacity to the market
might have a negative effect on the system reliability: which level of transmission
capacity is appropriate, and this two days ahead, day ahead or intraday? Investing
in a new transmission line can be done using HVDC, AC cable, or AC overhead
line. Each of them has different failure rates, repair times, electrical characteristics
and consequently influences the system behavior in a different manner. Decisions
taken in one decision time frame (long term, mid term, or short term) will influ-
ence those in the others: investments versus maintenance and making transmission
capacity available to the market day ahead versus redispatch in real time if needed.
It is not clear how to compare these different reliability related decisions: what is
the correct metric and how to evaluate it.

Such a new reliability criterion will require a system infrastructure that tran-
scends the current one, with higher information requirements, not only technical
data such as generation and load data or component failure data, but also weather
forecast data and societal data. Furthermore, the new methodologies will also
require tools which up to now are not available to the community.

4.5.2 Power System Calculation Tools and Methodologies
for the Pan-European Power System

The European power system is the largest system engineered by men. At this
moment, no adequate tools exist to adequately model and compute the entire
system in a detailed and time-efficient manner, or that make fully use of the
available new technologies to make full use of them. New tools must be developed
to enable the system operators to model and correctly control the pan-European
network in the different time frames: from the millisecond range up to the oper-
ational planning range (days).

5 Conclusion

The challenges faced by the electric power industry are overwhelming, and it is clear
from the discussions in this paper that a ‘‘reality check’’ on current research practices
is necessary; particularly if future power systems are going to hinge on the design of
technologies and procedures emerging from the smart grid ‘‘hype.’’ To this extent, if
smart grids at the transmission level are to become a reality, there needs to be an
alignment in the current research practices. This alignment should consider the
climacteric boundary interactions between policies, the regulatory background,
technology maturity and, socially responsible and farsighted investment. Although
we have not covered all possible aspects, we have highlighted the key challenges and
potential pitfalls in the field of STGs research.
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The different time frames in which the transmission system is managed are
pivotal in the appreciation of smart grids. ‘‘Smarter’’ grids require adjustments in
the operations and the operational planning phase. At the operational side, an
increased use of advanced metering infrastructure, for instance from PMU,
expected to bring considerable advantages to the power system. Nevertheless,
challenges such as standardization, big data management, and ICT requirements
remain. If these challenges can be met, the measurement data can be applied to
improve system operations, for instance through the provision of improved control
and protection functions. The use of new ICT technologies and especially the
possibility of visualization allow the operators to become better aware of the
system state take the appropriate actions.

From the operational planning perspective, system operators are setting the first
steps toward a more dynamic grid operation, but additional research is needed.
More specifically on the actual use of flexibility in the power system, including the
stakeholder interactions and the coordination at the international level. However,
the main challenge may lie in development of new reliability concepts which can
be implemented in realistic power systems and that provide a maximum social
welfare to the users, and for which adequate tools are still under development.
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Abstract This work discusses historical and technical events in USA and Europe
over the last few years that are aimed at modernizing the electric power grid. The
US federal government has ratified the ‘‘Smart Grid Initiative’’ as the official
policy for modernizing the electricity grid including unprecedented provisions for
timely information and control options to consumers and deployment of ‘‘smart’’
technologies. European countries are unified in researching and developing related
technologies through various structures supported by the European Union. This
chapter presents the development of smart grids and an analysis of the method-
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1 Introduction

The present-day electric grid was built about a century ago in most industrialized
countries and has been growing in size and capacity ever since. Transmission lines
connect large centralized power sources to the grid and have been technologically
updated with automation and human monitoring over the last few decades. The
electrification of our society has empowered countless advances in other fields
such that the US National Academy of Engineering ranked it as the greatest
engineering achievement of the last century [41]. However, this transformation
was mostly in the transmission realm and not in the distribution milieu since the
latter has traditionally been considered as user endpoints of service, where power
was delivered to traditional loads. The last two decades saw a steady growth of
distributed generation, with plans for higher penetration of renewable energy
sources, and the policies on electricity distribution have been supporting needs for
a ‘‘smart grid’’ for many reasons that will be discussed in this chapter. Centralized
power plants have enormous economic constraints and benefits, and utilities have
been trying to use their assets more efficiently. As an example, typically, 20 % of
the US generation capacity is used only for 5 % of a year to meet peak demand and
is based on coal and gas power plants, which cause environmental concerns and
greenhouse gases (GHG) emissions. A paradigm shift in distribution engineering is
viewed as the next frontier of advancement in electric power systems, and the
smart grid is expected to introduce unprecedented changes in the distribution
systems worldwide. Both the US and European economies have taken the lead in
establishing some early concepts and policies for realizing the smart grid. In this
chapter, a comparison of the various smart grid technologies and the path of
progress in the USA and in Europe are presented.

2 Evolution of the Smart Grid in the USA and Europe

Conceptualization of techniques to improve the intelligent interaction of distributed
assets for smart grids emerged in the 1980s as a call to modernize the grid, allowing
deeper penetration of alternative and renewable energy sources. The first references
to the term smart grid were provided around 2004 by Amin [5], Amin and
Wollenberg [7]. While some common characteristics of a smart grid exist, Europe
and USA have been following different paths to make their respective grids smarter.

2.1 Trajectory in the USA

The electric grid in the USA is composed of approximately 15,000 generators
operating in 10,000 power plants, accounting for approximately 3.95 mil-
lion MWh (as of 2009), with approximately 160,000 miles of high-voltage
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transmission lines (at voltages typically above 280 kV) [4, 13]. The electric grid
in the USA evolved from small-rated centralized power stations, such as the
historical Pearl Street Station in Manhattan, NY (such power stations supplied DC
electricity to relatively smaller-rated loads in the late nineteenth century) to the
interconnected AC system of present day that crisscrosses North America [26].
The present-day massive North American grid consists of three large asynchronous
interconnections—the western electricity coordinating council (WECC) system,
the eastern interconnection, and Texas (ERCOT)—and has been referred to as the
‘‘most complex man-made machine’’ [35]. The evolution of the smart grid in
the USA may be traced to several innovations in the transmission grid, such as the
wide-area measurement, fast controls, the installation of power system stabilizers,
phase shifting transformers, flexible AC transmission system devices (FACTS),
and phasor measurement units (PMUs). Additionally, the advent of advanced
control room visualization has heralded the template for the smart grid. Public
awareness and concomitant push for more renewable energy sources in the grid
have also provided some impetus to the integration of newer technologies in
the grid.

However, the modernization of the electricity grid has been largely restricted to
the transmission systems and did not penetrate the distribution system level as
much. This may be attributed to factors such as higher variability in system sce-
narios at the latter level and a relatively low economy of scale when compared to
the transmission systems. Several legislative mandates have provided various
opportunities for the modernization of the electric grid in the USA. Figure 1
provides a timeline of some events related to the electricity grid in the USA that
have served as harbingers to important changes via mandates and legislations.

2.2 Trajectory in Europe

The unification of the European grid was achieved in parallel to the economical
unification of European countries. This process has been slow, due to the high cost
of building new infrastructures and to historical events such as the two World
Wars and the political separation of Eastern and Western Europe for more than
four decades.

The idea of a pan-European grid was first discussed by the League of Nations in
the 1920s. This became a reality only in 1951 with creation of the Union for the
co-ordination of production and transmission of electricity (UCPTE, which
eventually became UCTE), which was aimed at interconnecting the grids of
France, Germany, and Switzerland. Similar associations were created in other
regions of Europe, such as NORDEL or SUDEL. But during the Cold War, a real
interconnection of the Western and Eastern parts of Europe was nearly impossible,
and European countries reorganized such interests only after 1990, with the fall of
the Iron Curtain. In 2008, the regional associations ETSO, ATSOI/UKTSOA
(Ireland, Great Britain), NORDEL (Finland, Sweden, Norway, and Eastern
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Denmark), UCTE (23 continental European countries), and BALTSO (Baltic
countries) merged into the European Network of Transmission System Operators
for Electricity (ENTSO-E), which now coordinates 41 transmission system oper-
ators (TSOs) from 34 countries [14]. Smart grid policies in Europe are relatively
new, while at the same time the European grid is becoming more interconnected
and sees investments decrease. However, the sense of ownership and contribution
of each individual country to the whole grid is different from how the USA directs
initiatives through its Department of Energy (DOE). Some recent EU initiatives
are as follows:

• The European energy program for recovery (2009), which has some similarities
to the US Stimulus fund. This program was aimed at speeding up and securing
investments for projects in the energy sector.

• An overall energy efficiency action plan (2007–2012) establishes a firm
objective of 20 % improvement.

• The European energy infrastructure package identifies smart grids as the key
infrastructure for energy modernization in Europe.

• A Competitiveness and Innovation Framework Program (CIP) proposes an
Intelligent Energy for Europe program.

• The European Energy Research Alliance (ERRA) aims at accelerating the
development of new energy technologies by maximizing funding sources,
facilities, and complementarities among institutes in participating countries.

3 Governing Bodies in Smart Grid Development

The US Smart Grid Initiative is the official policy of grid modernization in the
USA as formalized by the 2007 Energy Independence and Security Act (EISA07)
[3]. Under the purview of this legislative mandate, the US smart grid is charac-
terized by:

Fig. 1 Timeline of major events in the US electric grid
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• Increased digital information and controls.
• Dynamic optimization of grid operations, including cyber security.
• Deployment of distributed resources including renewables.
• Incorporation of demand-side resources and demand response.
• Deployment of ‘‘smart’’ technologies and integration of ‘‘smart’’ appliances

and consumer devices.
• Deployment of storage and peak-shaving technology including PHEV.
• Provision of timely information and control options to consumers.
• Standard development for communication and interoperability of equipment.
• Identification and lowering of unreasonable barriers to adopt smart grid tech-

nology, practices, and services [3].

An illustration of an implementation of the smart grid is depicted in Fig. 2 The
National Institute of Standards and Technology (NIST) provides a conceptual
model that defines seven important domains: bulk generation, transmission, dis-
tribution, customers, service providers, operations, and markets [34].

In the EU, the smart grid strategy is motivated by concepts of innovation with
regard to social and environmental reforms for an interactive economy. The
European energy policy relies on [21]: (1) security of supply, (2) sustainability,
and (3) market efficiency. In addition, six goals have been set for the EU energy
strategy to: (1) achieve the highest levels of safety and security, (2) achieve an
energy-efficient Europe by improving buildings, transportations, and distribution
grids, (3) extend Europe’s leadership in energy technology and innovation, (4)
empower consumers, (5) build a European integrated energy market, and (6)

Fig. 2 The future electric smart grid
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strengthen the external dimension of the EU energy market. The European Stra-
tegic Energy Technology Plan includes eight European Industrial Initiatives (EII)
in the field of energy. The EII on electrical grids is called the European Electricity
Grid Initiative (EEGI) and has a budget estimated to €2 billion over a period of
10 years with guidelines and activities for R&D and a program with 20 large-scale
demonstration projects [22].

The EU established the Third Energy Package in 2007 with objectives and
regulations for the implementation of smart grids stating that all European citizens
have a range of energy-related rights, such as consumer choice and fair prices.
Dispositions are also taken to favor international energy (electricity and gas) trade,
collaboration and investment, separation of generation and supply from trans-
mission networks, decentralized generation and energy efficiency, smart meters
and effective national regulators. The European Technology Platforms (ETP)
began to operate in 2005 [17] in formulating and promoting a vision for the
development of smart grids for year 2020 in compliance with EU policy. A ‘‘Smart
Grids Task Force’’ was created in 2009 and is composed of European Commission
officials, experts from the industry, policy makers, and academia [19]. The first
projects related to smart grids were grouped within the IRED (Integration of
Renewable Energy Sources and Distributed Generation into the European Elec-
tricity Grid) cluster. Over 60 projects in the fields of smart grids have been sup-
ported by the 6th Framework Program (FP6) and correspond to an investment of
about €190 million. FP7, the current program, will run until 2013 and has a total
budget of €51 billion, with 7 % of it dedicated to energy-related projects [16].
Currently the related EU associations for promoting smart grid projects are as
follows:

• The European Regulators Group for Electricity and Gas (ERGEG) and the
Council of European Energy Regulators (CEER), which allow national regu-
lators to cooperate.

• The new agency for the Cooperation of Energy Regulators (ACER), a com-
plement to the two previous organizations and ENTSO-E.

• The European Distribution System Operators Association for Smart Grids
(EDSO-SG).

• The Union of the Electricity Industry (EURELECTRIC), which represents the
common interests of the electricity industry at the European level.

4 Enabling Technologies

Several technologies have to mature in order to make the smart grid a reality
[40, 42]:
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4.1 Distributed Generation

Distributed generation (DG) (also referred to as embedded generation or dispersed
generation) refers to small rating electricity sources that are typically decentralized
and located close to end-user locations on the distribution side of the electric grid.
These may include conventional as well as renewable energy sources. The inter-
connection of DG to the grid provides a variety of advantages including on-
demand power quality of supply, enhanced reliability, deferrals in transmission
investment, and avenues for meeting renewable mandates in the face of growing
disinvestments in transmission assets—all of which cater to the smart grid phi-
losophy. However, the interconnection of DG is a challenge due to the safety,
control, and protection issues associated with bidirectional flows of electricity. In
the USA, the Energy Policy Act of 2005, enacted by the 109th Congress, recog-
nized the IEEE 1547 Standard as the national technical standard for intercon-
nection of DG to the electric grid [2]. Further information about DG is available
in [24].

4.2 Energy Storage

Electricity is a highly perishable commodity that must be consumed within a very
short span of production and cannot be easily stored, especially in high quantities.
Alternatively, it may be converted into other forms such as mechanical or elec-
trochemical energy. Storage technologies enable these processes and are among
the desired features for the smart grid. Multiple existing technologies are com-
pared in Fig. 3. Storage, which can be distributed in the grid, (i) makes the grid
more efficient [36]; (ii) enables load leveling and peak shaving, while it reduces
dependency on spinning reserve; (iii) improves grid reliability and power quality;
(iv) provides ancillary services, supplying reactive power for voltage regulation;
and (v) supports T&D investment deferring. Energy storage with power electronics
interfaced units can create virtual rotational inertia, the so-called virtual syn-
chronous generators (VSG), which can reduce the rate of change of frequency and
frequency deviations [12].

4.3 Power Electronics

Power electronics is fundamental in the development of smart grids because a
deeper penetration of renewable and alternative energy sources requires sophis-
ticated power converter systems. Typically, a power converter is an interface
between the smart grid and local power sources [9]. Solar PV and wind play a
significant role as alternative sources for integration in smart grids and are
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increasingly being installed in residential and commercial locations (typically with
a power range of a few kW) as well at high rating in the high-voltage transmission
grid. The intermittent nature of these sources affects the output characteristics of
generator and converter sets. A power electronics converter is deemed necessary to
smooth the output to desired characteristics and to allow energy storage during
surplus of input power and compensation in case of lack of input power. The
following characteristics are important for power electronics systems for smart
grids:

• High efficiency: Only a negligible part of the power should be dissipated during
conversion stages;

• Optimal energy transfer: All renewable energy sources are energy constrained
and, as such, need algorithms to achieve the maximum power point which must
be considered in the design of the power electronics interface;

• Bidirectional power flow: Power converters have to be able to supply the local
load and/or the grid;

• High reliability: Continuity of service is a major issue when delivering energy;
• Synchronization capabilities: All power sources connected to the grid have to

be fully synchronized, thus ensuring high efficiency and eliminating failures;
therefore, standards such as IEEE 1547 should be incorporated in power
electronics interfaces [28];

• Electromagnetic interference (EMI) filtering: The quality of the energy injected
into the grid must adhere to apt electromagnetic compatibility (EMC)
standards;

• Smart metering: The interface between the local source/load and the grid must
be capable of tracking the power consumed by the load or injected into the grid;

• Real-time information must be passed to an automatic billing system capable of
taking into account parameters such as energy bought/sold in real time,
informing end users of all required pricing parameters;

100 kW       1 MW       10 MW       100 MW      1 GW

hours

minutes

seconds SMES

Flywheels

Li-ion batteries NAS/flow 
batteries

CAES

Pumped 
hydro

Fig. 3 Comparison of
discharge duration versus
rated power for some grid
energy storage technologies
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• Communications: The intelligent functioning of the smart grid depends on the
capability to support communications layer in tandem with an energy delivery
layer in the grid; and

• Fault tolerance/Self-healing: A key issue is a built-in ability to minimize the
propagation of failures and resilience against such local failures. This capability
should be incorporated with monitoring, communication, and reconfiguration
features of power electronics systems. Additionally, power electronic interfaces
must be configured to avoid nuisance trips.

4.4 Control, Automation, and Monitoring

A smart grid is a highly complex, nonlinear dynamic network of distributed energy
assets with bidirectional flow of power and information that presents many the-
oretical and practical challenges. Monitoring and control are key issues that need
to be addressed to make it more intelligent and equip it with self-healing, self-
organizing, and self-configuring capabilities. This requires much more sophisti-
cated control, sensing, and computer-oriented monitoring than in the contemporary
grid, where grid operations are rather reactive, with a number of critical tasks
performed by human operators. Therefore, some modern control techniques have
been claimed to be the best fit for smart grids, for example, agent-oriented pro-
gramming, implementing computational intelligence into distributed systems
operation [15]; however, most of these are yet to transcend the research domain
into large-scale deployment. A combination of agent-based control techniques and
power electronics possess the potential to create an intelligent and flexible inter-
face between consumers, storage, DGs, and the network, as well as among network
areas. Figure 4 illustrates different power electronics layers to integrate a cluster of
prosumers (an entity in the future grid capable of both producing and consuming
electric power) into the grid.

The two-way communication ability of smart meters allows the transmission of
delivered and generated energy data along with actionable commands to cus-
tomers. With technologies such as WIFI, ZigBee, and home area network (HAN)
communication systems, smart meters can now act as interfaces for energy man-
agement entities, customers, and utilities to control a number of appliances within
a residential home based on price signals [32].

Power quality analyzing capabilities of smart meters may improve the ability to
identify system and customer voltage deficiencies, harmonic distortions, and onset
of equipment failure. Daily energy usage and generation profiles may be recorded
for forecasting-relevant system parameters. Threshold voltage events can trigger
communication with utilities for providing alerts to disturbances, prior to customer
equipment failure or discomfort. These functionalities may also improve the
ability of utilities to locate the source of system events, which is a difficult and
complex task on the existing electric distribution system, but at may introduce the

Comparison of Smart Grid Technologies and Progress 229



risk of increased susceptibility to cyber intrusions by malicious agents [11].
Several utilities in the USA and Europe have already seen improved power quality
due to the installation of smart meters [31].

4.5 Demand-Side Management

Demand-side management (DSM) refers to the ability to change energy con-
sumption patterns and characteristics via structured programs. Historically, most
DSM programs aimed at achieving targets in energy efficiency, while some con-
servation programs aimed at deferring investments in new assets (including gen-
erating facilities, power purchases, and transmission and distribution capacity
additions). However, with the advent of the smart grid, DSM may provide para-
digm shifts in the normal operation of the electricity market or from government-
mandated energy efficiency standards. In the last few years, there has been an
increased interest in dynamic pricing, i.e., a time-varying pricing at the end-user
level, different from the state of the art of tariffs. Dynamic pricing, which is
available in the US bulk power (transmission) markets since mid-90s following
deregulation of the industry, has enabled economic efficiency, fostered invest-
ments in technological innovations, and for the most part removed the ills of
market power and monopoly [30]. Such a differentiated or tiered rate of electricity
in the distribution system is viewed as an enabler for the smart grid. When enabled
with such information on dynamic pricing of electricity, customers and utilities
will need to interact via DSM structures aimed at increased energy efficiency,
lowered cost of engaging inefficient and costly generators at peak periods,

Fig. 4 Intelligence-based control structure for power electronics in smart grids
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coordinated charging of plug-in hybrid electric vehicles (PHEVs), or other similar
objectives. Several dynamic pricing models have been proposed in order to better
reflect the actual cost of producing energy on the specific day and time and provide
incentives to customers to become more active in controlling their electricity
consumption [33, 37]. The following time-varying pricing methodologies are
viewed as possible enablers of DSM:

• Time-of-use (TOU) electricity rates have been shown to be effective in pro-
moting customer participation in demand management [37]. TOU rates use
predetermined time intervals during which electricity use is recorded. Each
time interval has a fixed price that is proportional to the electricity availability
during that same time interval.

• Real-time pricing is a methodology whereby the customer is informed a time
period ahead of the electricity price so as to make rational decisions regarding
the consumption of electric energy. The retail price of electricity in this pricing
methodology floats based on the actual cost of electricity. If the time period is
1 h, then real-time pricing is known as hour-ahead pricing.

• Critical peak pricing is used to ‘‘force’’ customers to avoid consuming electric
energy during specific peak periods. These periods are well defined by the
utility, and the cost of electricity during these periods is increased significantly.

• The peak time rebate has a similar concept as the critical peak pricing. Instead
of a penalty, the conscious customer receives a reward for reducing their
electricity consumption below a certain baseline. If the customer consumes
more than the baseline, there is no penalty imposed.

Data management is critical for the widespread operation of the smart grid in
the near future, because vast raw data will have to be processed, aggregated,
validated, and transmitted for further processing and analysis.

4.6 Distribution Automation and Protection

Smart grid technology supports a wide range of applications in power systems,
such as protection and automation of the distribution system and security. It is
possible to design self-healing protection systems using the capabilities of the
advanced distribution automation (ADA) [25]. The protection of the power system
is a critical necessity in order to achieve continuity, reliability, and security of
supply. Protection deals with the detection and clearance of abnormal system
conditions such as faults and overloads. High penetrations of DG can compromise
existing protection schemes, which are based on single sources supplying unidi-
rectional power through radial distributed lines. In the smart grid, where bidi-
rectional flow of electricity through partially networked systems in the distribution
milieu will be prevalent, protection mechanisms are adaptive and incorporate
intelligent automated functions. Recent activities in protection engineering focus
on developing microprocessor-based devices called intelligent electronic devices
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(IEDs). Such devices may be smart distribution switches or integrated solutions
for substations. Standard IEC 61850 (Communication Networks and Systems in
Substations) provides authoritative information relevant to the design of substation
automation [29].

4.7 Communication Systems

Self-healing systems have been sought to be incorporated into power systems,
especially as the complexity and interactions of several market players signifi-
cantly increase the risk for large-scale failures. Reconfiguring the system in
islanded mode may require a hitherto unknown rate and amount of data exchange,
two-way communication links, and advanced central computing facilities.
Decentralized intelligent control could enable islands to accommodate their native
load and generation in a more reliable and efficient manner. Local controllers may
ensure that each island is operating within the security limits, safeguarding the
electricity supply to its customers [6]. A self-healing system should be based on a
wide-area monitoring network that incorporates a variety of sensors, such as PMUs
that obtain phasor measurements by synchronizing with each other through the
global positioning service (GPS) [6, 10].

Measurements and signals obtained from sensors may be used either by local
(distributed) or centralized controllers to enable the self-healing of the system
under disturbance or fault conditions. These measurements and signals may be
submitted for processing to a single controller, despite the fact that they may be
originating from different proprietary networks [8]. IEEE Standard 1451.4 requires
analog sensors to have a transducer electronic data sheet (TEDS) to provide cal-
ibration information to the data acquisition system [27, 43]. Figure 5 shows how
several communication technologies can be applied for such data, according to
their characteristics. Ranges of operation and bandwidth of these technologies vary
significantly, and some of them may be chosen for HAN, while others may be used
for longer distances as from houses to concentrators or between substations [31].

Two-way communication enabled smart appliances, smart meters for control of
sources, and loads, and storage must be implemented in a platform that allows both
digital information and electric energy to flow through a two-way smart infra-
structure. The requirements for these communication infrastructures are reliability
and resilience, bandwidth, interoperability and costs. Several communication
protocols and media are currently under various stages of research and develop-
ment R&D for implementation in smart grids. Examples include: broadband over
power line (BPL) and power line communications (PLC), which use existing
power lines to transmit information; Ethernet, DSL, and optic fiber, already in use
for the Internet; ZigBee, and WIFI, which are already used for HAN applications;
WiMaX, a ‘‘super-WIFI’’, with a much higher range; and 3G, LTE/4G, and other
mobile telephone communication protocols.
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5 Comparative Metrics for USA Versus Europe

Making the grid smarter requires considering all aspects of smart grids as part of
the decision-making process. This section compares the practices in the USA and
the EU on several topics for the development of smart grid technologies.

5.1 Legislation in the USA

The legislation that led to the present-day US Smart Grid Initiative might be traced
back to the 70s, when deregulation was initially introduced as a direct result of the
Arabic oil embargo that escalated a nationwide energy crisis. In 1977, the Federal
Power Commission (FPC) was restructured to form the Federal Energy Regulatory
Commission (FERC), with the objective of regulating energy transactions and
transmission across different states in the Union. The National Energy Act of 1978
was passed to conserve energy and increases efficiency by judicious use of
resources and amenities by utilities and introduced the Public Utilities Regulatory
Policies Act (PURPA), which advocated the need for small power productions, for
cogeneration and for renewable energy sources that could compete as independent
power producers (IPPs) in the electricity market with other utilities. The 102nd
Congress of the USA passed the Energy Policy Act of 1992, which included
provisions for alternative fuels, electric motor vehicles, energy efficiency
improvement, and energy conservation techniques [1]. FERC mandated open
transmission access, with the mandated open-access transmission tariff (OATT)
requiring that all investor owned utilities (IOU) make separate functionalities of
generation, distribution, transmission, and marketing services. It also mandated the
creation of independent system operators (ISO), eventually making possible the
creation of an open-access same-time information system (OASIS)—a web-based
secure database of transmission system-related information. These orders were the

Fig. 5 Characteristics of
some wireless
communication technologies:
bandwidth versus
transmission range
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template for the evolution of the deregulated electricity market structure that is
currently in place in the USA.

Following the Northeast blackout of August 2003 in the USA, the 109th US
Congress passed the 2005 Energy Policy Act, with provisions for tax incentives
and subsidies for renewable energy integration and energy efficiency technologies.
Figure 6 depicts a timeline of some key legislative events in US history vis-à-vis
the smart grid. The 110th US Congress is credited with passing the EISA07, which
explicitly characterized the smart grid through the Smart Grid Initiative in Title
XIII. The other highlights of this act included electrifying the transportation fleet,
reductions in fossil fuel usage in certain sectors, and carbon sequestration. This
was followed by the American Recovery and Reinvestment Act of 2009
(ARRA09), passed by the 111th US Congress, which included provisions for
energy infrastructure improvements via the implementation of the smart grid.
Table 1 lists some details of selected smart grid projects in USA supported under
ARRA09 [38]. The Smart Grid Clearing House is a web resource that lists all
ARRA09-funded smart grid projects geographically as well as according to their
technical focus.

5.2 Legislation in Europe

Energy needs are responsible for 80 % of all European GHG emissions [17].
Therefore, climate change legislation and energy policy have been intimately

Fig. 6 Key US legislative events vis-à-vis the smart grid
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linked with a strong impact on investment decisions from private companies. As a
consequence of the Kyoto protocol, European leaders made a unilateral commit-
ment to reach three legally binding objectives by 2020, known as the ‘‘20–20–20’’
targets [18]:

• Reach a 20 % share of energy consumption coming from renewable sources.
• Achieve a reduction of 20 % of primary energy use through energy efficiency

measures.
• To reduce GHG emissions by at least 20 % below 1990 levels.

With the Third Energy Package, additional requirements were introduced, such
as the encouragement to roll out 80 % smart meters in Europe by 2020 [23]. GHG
target reductions may be increased to 30 % if other major emitting countries set
themselves ambitious objectives. A proposal to cut emissions by 80–95 % by 2050
has also been suggested. Table 2 shows a list of selected smart grid projects in
Europe supported by EU funding in the last few years [20].

5.3 Barriers

Several barriers may slow down the development of smart grids on both conti-
nents, as depicted next. A first issue is related to financing. During 2009, stimulus
plans were used for funding dozens of projects. However, as more and more
governments are taking austerity measures, this funding is expected to decrease, or
not be renewed, and will need to be either replaced or supplemented by private
funding sources. This raises the question of the real interests of the many stake-
holders in the smart grid. The cost to modernize distribution networks is high, and
utilities may consider if the benefits will overweigh the costs. Moreover, the smart
grid requires utilities to make significant changes to their present business models
(e.g., reducing demand is contradictory with present-day models). Regulators are
expected to balance costs in order to ensure that each player finds an acceptable
ratio between the costs and returns on investments. They should also enable
dynamic electricity pricing, a requirement for demand response actions, and DSM

Table 1 Selected US smart
grid projects from Smart Grid
Clearing House [38]

Project type Number of projects

Automated meter infrastructure (AMI) 81
Customer systems 8
Distribution systems 15
Equipment manufacturing 2
Integrated systems 54
Regional demonstration 16
Storage demonstration 16
Transmission system 10
Total number as of June 2011 *202
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programs to achieve success. The acceptance of consumers regarding smart
metering and changes in general is a challenge. In some US states, consumers
raised concerns to the installation of smart meters, regarding an increase in the
electricity bill, or the privacy of information transmitted to the utility. Technology
maturity and availability presents another challenge, especially regarding DER
integration and control. The operating security is also critical, as shown by the
Stuxnet case [39]. The establishment of standards for smart grids is also a crucial
step. By allowing components to interact with each other, and ultimately to reduce
costs, standards will enable true interoperability between assets produced by
various companies. The US NIST, IEEE, IEC, and other organizations have been
working on several standardization activities.

6 Path Forward

The EU and the USA have different approaches in fostering smart grid technology.
Europe has been influenced by concerns derived from the diversity and evolution
of power grids across European countries, while the USA needs to increase
security and to respond to the predicted growth in demand for a long-term vision.
It is expected that such technologies will have widespread growth subject to
economies of scale. Distribution networks will dramatically change in the near
future, and energy storage is expected to become increasingly available, even at
the distribution level, in order to compensate the intermittent nature of renewable
energy sources that will penetrate the distribution sector. Communication and user
interfaces will be pervasive, and the integration with the new web of things (WoT)
will allow individual home and business electric devices to be controlled and
operated from remote locations. Power distribution will be more controllable
and dispatchable, and new distribution systems will have massive automation and
sensing systems that will allow any user to interact with any other one on the
electrical network. A smart grid is expected to emerge in the USA and in Europe in
the next decade and to evolve thereafter; notwithstanding the avatar of this smart
grid, which will be a function of the policies shaping this evolution, the desired

Table 2 Selected EU smart
grid projects from European
Commission CORDIS [20]

Project Focus

More-microgrids (FP6) DER, microgrids
FENIX (FP6) RES integration
EU-DEEP (FP6) Business models
ADDRESS (FP7) DER integration, demand

management
SmartHouse/SmartGrid (FP7) Smart buildings
MERGE, G4V (FP7) Impact of electric vehicles
Green eMotion (FP7) Business models for electric

vehicles
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characteristics of resilience, sustainability, increased energy efficiency, engaging
highly dispersed assets with temporal and spatial stochastics, and breeding a new
class of informed customers who engage in the grid operations are expected to be
achieved.
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Towards Sustainable Energy Systems
Through Deploying Smart Grids: The
Japanese Case

Amy Poh Ai Ling

Abstract The deployment of smart grids has a major role to play in Japan’s
aspiration to achieve sustainable energy systems. A smart grid in Japan is designed
to have an intelligent monitoring system, which not only keeps track of all the
energy coming in from diverse sources but also can detect where energy is needed
through a two-way communication system that collects data about how and when
consumers use power. This chapter examines the vision, concepts, and elements of
Japan’s smart grid development. Smart grids are a part of the Japanese govern-
ment’s ‘go green’ effort to bring Japan to a leadership position in environmental
and energy sustainability. This analysis provides an overview of Japan’s major
initiatives in deploying smart grids, including smart communities, large-scale
smart grid pilot projects in four major cities, as well as overseas collaboration.
Major smart grid awareness promotion bodies in Japan are discussed along with
their important initiatives for influencing and shaping policy, architecture, stan-
dards, and traditional utility operations. Implementing a smart grid will not happen
quickly because when Japan does adopt one, it will continue to undergo trans-
formation and be updated to support new technologies and functionality.

Keywords Japanese � Smart grid � Smart communities � Pilots � Collaboration

1 Introduction

Culture encroachment happens through the interplay of technology and everyday
life. The emergence of the smart grid created a drastic increase in the demand for
the smart supply of energy flows [27]. For Japan, the evolution of smart grids in
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the country could be said to have begun after the oil shock in the 1970s. Japan then
started the development of renewable energy just as Denmark did. The ministry
known today as the Ministry of Economy, Trade and Industry (METI), and the
New Energy and Industrial Technology Development Organization (NEDO)
launched new Sunshine Project and started exploring the possibility of making a
major shift to alternative energy such as wind power, solar power, geothermal
power, and energy from biomass [32].

The Japanese version of the ‘smart city’ is envisaged for the post-fossil fuel
world. Alternative energy sources are harnessed in mass quantities [19]. In Japan,
‘smart grid’ implies energy transmission and distribution to promote the stability
of the electric power supply by using information and communication technology
while introducing a high level of renewable energy [39]. The focus will be on how
to stabilize power supplies nationwide as large amounts of wind and solar power
start entering the grid. This is because unlike conventional power sources, such as
hydro, thermal, and nuclear power, solar and wind energies are prone to the
vagaries of the weather. People in Japan are still not familiar with the smart grid
concept because the system has yet to gain currency. According to a nationwide
survey released in December 2010 by the advertising agency Hakuhodo Inc., only
36.4 % of about 400 respondents aged from 20 to 70 years said they understood,
or had heard of, a smart grid [36].

To address the likely impact of the smart grid on customers, utilities, and
society as a whole, it may be necessary to conduct a pilot study [9, 29]. It is an
attempt of Japanese government to implement a fully smart grid city in the future.

2 Energy Context of Japan

Japan is a highly industrialized country in Asia, and its GDP is the third highest in
the world in 2011, only after the USA and China [41]. From 2000 to 2010, Japan’s
electricity consumption increased by 8 % to 8,250 kWh per capita in 2010 (Sta-
tistics Bureau [40]. The increasing trend of CO2 emissions since 1990 stopped in
2007 at 1,296 million tons and thereafter has been declining—only 4 % higher
than the pre-industrial level in 2010 [40]. Indigenous energy in Japan is very
limited, and its energy sources are mainly imported and fossil fuel dependent.
About 40 % of energy supply in Japan comes from oil, 22 % from coal, 19 % from
natural gas, 11 % from nuclear, and 7 % from renewables [40]. The majority of oil
and natural gas (97 %) are imported, in which half of these primary energy sources
are converted to electric power [7].

Unlike most other industrial countries such as the USA, Canada, and Russia,
Japan does not have a single national grid, but instead has separate eastern and
western grids. The four main power generation sources in Japan are hydroelectric
power, thermal power, nuclear power, and solar photovoltaic power (PV). Hydro-
electric power is one of the few self-sufficient energy resources in Japan, which is
expected to provide stable supply and generation cost over the long term [11]. Most
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of the ideal sites for hydropower have been developed, so the recent growth of this
source is mainly on small-scale hydro. Pump storage stations are commonly used to
cope with excessive supply during off-peak hours, for example, in Okumino and
Arimine Daiichi Hydroelectric Power Plant [13].

A diverse range of fuels including coal, oil, and liquid natural gas (LNG) are
utilized for thermal power generation. Recent development focuses on LNG-fired
plants and combined-cycle generating plants, aiming to generate thermal power
with lower emissions and higher efficiency. In addition, Japan has the third largest
geothermal energy potential in the world after the USA and Indonesia, which
accounts for 0.1 % of its total electricity generation [19].

As one of the major sources of electricity, nuclear has accounted for more than
30 % of Japan’s electricity generation [40]. As of January 19, 2011, Japan had 54
reactors operating around the country [8]. By 2018, the nuclear output share is
expected to reach 40 %. Currently, there are three plants under construction and
another 10 in the advanced planning stages [4, 43]. The Fukushima accident in
2011 caused radical changes in the nuclear energy industry. Nuclear became
unavailable and unstable after the earthquake and tsunami, which led to power
outages to 2.4 million households [4, 43]. From this incident, the government
realized the vulnerability of nuclear power and the need for a more resilient energy
plan.

Solar PV is another growing source of electricity generation—the cumulative
installation in Japan is the third largest in the world as of 2009 (see Fig. 1) [21].
The Japanese government introduced a new policy on PV systems in 2010, aiming
to increase independent energy supplies by 32 % and emission-neutral electricity
generation by 36 % by 2030 [44]. There are ten existing PV communities in Japan
(including Kasukabe and Yoshikawa in Saitama), and efforts in promoting

Fig. 1 Cumulative installation of PVs in Japan, Germany, the USA, Spain, and Italy (Source
IEA PPSP [20])
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residential PV appear to continue even if the subsidy program by METI is no
longer available. As shown in Fig. 2, solar PV capacity is expected to rise, fol-
lowing a number of technological breakthroughs, with the forecasted spike in
electricity demand between 2010 and 2030. With such expansion, imbalance
between output from PV systems and existing systems is predicted to affect on
utility systems.

3 Smart Grids in Japan: Key Concepts and Elements

The main objectives of adopting smart grid technology differ by region. Japan’s
main objective is to achieve a total shift from fossil fuels to renewable energy [22],
generating a low-carbon society. Reducing carbon dioxide (CO2) emissions is by
no means easy and requires a large number of combined measures. One such
measure is the utilization of renewable energy as one of the key elements of smart
grid development in Japan.

In June 2010, the Japanese cabinet adopted a new Basic Energy Plan. This was
the third such plan that the government had approved since the passage of the
Basic Act on Energy Policy in 2002, and it represented the most significant
statement of Japanese energy policy in more than 4 years since the publication of
the New National Energy Strategy in 2006. Among the targets are a doubling of
Japan’s energy independence ratio, a doubling of the percentage of electricity
generated by renewable sources and nuclear power, and a 30 % reduction in
energy-related CO2 emissions, all by 2030 [6].

Fig. 2 Estimation of Japanese PV penetration by 2030 (Source Japan Guide [23])
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3.1 Low-Carbon Society

It was believed that a low-carbon society would not be realized without a fun-
damental shift in energy source use. The Japanese smart grid concept aims to make
the best use of local renewable energy with a view to maximizing total efficiency.

The Japanese government is aiming to increase the reliability of the grid system
by introducing sensor networks and to reduce losses by introducing smart meters.
The introduction of the smart grid will promote the use of renewable energy by
introducing a demand response system. By focusing on electric vehicle (EV)
technology, Japan is moving toward introducing charging infrastructure for elec-
tric cars [11]. Recently, increasing numbers of PV and wind power plants have
been installed across the country as clean energy sources that emit no CO2 [11].

3.2 Key Concepts

There is a wide recognition in Japan that there is an urgent need to develop and
adopt products, processes, and behavior that will contribute toward more sus-
tainable use of natural resources. In developing new green technologies and
approaches, engineers in Japan are inspired by natural products and systems. Since
2010, the Tokyo Electric Power Company (TEPCO) and the Kansai Electric Power
Company (KEPCO) have been testing the effects of smart meters on load leveling
under the Agency for Natural Resources and Energy project.

Figure 3 illustrates the concepts of the smart grid in Japan. As noted, the
Japanese government aims to increase the reliability of the grid system by intro-
ducing sensor networks and reduce losses by smart metering. The introduction of
the smart grid will promote the use of renewable energy by introducing a demand-
responsive system. Increasing numbers of PV and wind power plants have been
installed across the country [29].

There are six major smart grid elements—smart office, smart school, smart
house, smart store, smart factory, and national grid system. The smart office refers
to intelligent building design involving cabling, information services, and envi-
ronmental controls and envisages a desire for architecture with permanent capacity
for EVs for office energy backup. In order to accelerate grid modernization in
schools, the Japanese government started to develop a vision of schools that
operate by drawing energy from PVs; this government program assists in the
identification and resolution of energy supply issues and promotes the testing of
integrated suites of technologies for schools. The smart house projects relate to
smart houses interacting with smart grids to achieve next-generation energy effi-
ciency and sustainability [26], and information and communication technology-
enabled collaborative aggregations of smart houses that can achieve maximum
energy efficiency. The potential benefits of smart houses include cheaper power
and cleaner power, a more efficient and resilient grid, improved system reliability,
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and increased conservation and energy efficiency. A smart house enables PVs and
EVs to stabilize demand and supply fluctuations. Smart factory systems enable full
factory integration of the PV cell into the bitumen membrane. The PVs and EVs in
a smart factory will be supplied to support its production process. Smart stores
refer to the charging outlets in parking areas and the deployment of public
charging stations for EVs. The arrows shown in Fig. 3 indicate that there exist
real-time energy flows and information flows within smart grids. Japan’s national
grid system will be enhanced by utilizing low-energy sources such as geothermal,
hydraulic, battery systems, and nuclear.

The natural grids are expected to play a vital role in making effective use of
renewable energy and providing a stable supply of power by controlling the bal-
ance between electricity supply and demand through telecommunications
technology.

4 Major Developments of Smart Grids in Japan

Implementation of smart grid tends to differ between countries, as do the timing
and adoption of these technologies [33]. Japan is pushing for advanced integrated
control, including demand-side control, so as to be ready to combine unstable
power (that is, reliant on weather conditions), such as solar, with its strong
foundation of a highly reliable grid, as shown in Table 1.

With regard to Japan’s nuclear contribution to energy supply, as of 2010, Japan is
currently operating 54 commercial nuclear reactors with a total generation capacity
of 48,847 MW, and about 26 % of electricity comes from nuclear power [12].

Fig. 3 Key concepts of smart grid in Japan
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Japan’s ten electric power companies are monopolies, being electric giants verti-
cally integrated in each region. Japan depends greatly on nuclear power as an energy
source to achieve a low-carbon society. With a highly reliable grid, Japan is
developing its smart grid at a steady pace and has already been investing in grid
projects for almost 20 years; over this period, there have been many developments.
With proper security controls, smart grids can prevent or minimize the negative
impact of attacks by hackers and thus increase the reliability of the grid, thereby
gaining the trust and meeting the satisfaction of users [28].

Since smart grid cyber security is significantly more complex than the tradi-
tional IT security world, Japan focuses on areas of security beyond smart metering,
such as mutual monitoring and privacy in cloud computing. In conclusion, Japan is
striving to move toward a low-carbon society by developing the smart grid system.

5 Japan’s Smart Communities

Japan’s smart community initiative is based on a systemic approach. There are five
identified action items: sharing vision and strategy for smart communities; social
experiments for development and demonstration; standardization and interopera-
bility; data-driven innovation and privacy protection; and smart communities for
development. To address simultaneously the three Es (environment, energy
security, and economy) requires the right mix and match of power sources through
renewable and reusable energy (RE) utilizing storage.

Table 2 illustrates the future social system at which Japan is aiming, concen-
trating on the regional energy management system (EMS) and lifestyle changes
under such an energy supply structure.

Table 1 Japanese smart grid efforts

Description Japan

Nuclear as % of all
energy sources

26 %

No. of electric power
companies

10 electric power companies

Design Vertically integrated in each region
Energy supply 0.7–25 million customers
Aim A low-carbon society
Reliability • Japan already has a highly reliable grid

• Going for advanced integrated control, including demand-side
control, to accommodate unstable renewable power

Smart grid focus • More than ¥100 billion investment in the 1990s to upgrade
generation, transmission, and SCADA network

• Last mile and demand-side management (DSM)
• Home solar power

Cyber security research Protect smart meters, mutual monitoring, privacy in cloud computing
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The development of Japan’s smart community is divided into three stages: the
first is the development plan for the current period up to 2020; the second is the
development plan for 2020 to 2030; and the third is the development plan for 2030
onward. With regard to the relation between the regional EMS and the grid, the
decrease in solar panel prices following their large-scale introduction will cause
more PV systems to be installed at houses, which is expected to create cost
competitiveness in RE. The EMS will become more important and will provide an
optimized balance in terms of economy and security. When EMS technology and
know-how has accumulated and the cost of storage cells has fallen because of
technology development, the distribution and transmission networks that enable
two-way communication between the demand and grid sides will be actively
established. By that time, the EMS that creates demand by charging EVs at times
of excessive reliance on RE, and supplies energy to the grid at times of high
demand, will be used.

As for the development of houses, the remote reading of smart meters will start
when the home EMS and the regional EMS are integrated and all power generated
at houses will be used optimally. In addition, zero-energy buildings (ZEBs) will be
introduced from 2020 to 2030, initially for new public buildings. The introduction
of ZEBs is expected to significantly reduce emissions for all new buildings as a
group.

The aims of Japan’s smart community are as follows: (a) to cut energy costs
through competitive advantage and establish a new social system to reduce CO2

emissions; (b) to introduce widespread use of RE; and (c) to facilitate the diver-
sification of power supplier services [28] This approach is also directed at helping
Japanese customers see how cutting their energy costs can give them a competitive
advantage.

Smart community efforts also extend an international collaboration. A con-
sortium of Japanese companies is preparing a report on the feasibility of smart
community development projects in Gujarat, India. According to preliminary
estimates by Japanese experts, of the 6.23 million tons of hazardous waste gen-
erated in India annually, 22 % comes from Gujarat. This report prompted the
Gujarat government to sign a memorandum of understanding for developing
‘Surat’ as an eco-town along the lines of ‘Kitakyushu Eco-Town’ in Japan and for
developing Dahej along the lines of the ‘reduce, reuse, and recycle’-oriented
environmentally smart community development concepts prevalent in Japan [31].

6 Japan’s Smart Grid Pilot Projects

On April 8, 2010, four sites were selected from four cities in Japan to run large-
scale, cutting-edge pilot projects on the smart grid and smart community (budget
request for FY2011: 18.2 billion yen) [4]. The four cities are Kyoto, Kitakyushu,
Yokohama, and Toyota City. The community EMS will be achieved based on a
combination of the home EMS, the building EMS, EVs, PVs, and batteries. Not

Toward Sustainable Energy Systems 247



only METI’s smart grid-related projects, but also projects in other ministries, such
as communications, environment, agriculture, and forestry, will be implemented at
these four sites (Fig. 4).

Apart from these four major smart grid community pilot projects, there are two
other pilots that are particularly important to note. These are the demonstration
project in Rokkasho Village, in the Aomori Prefecture and the Hawaii–Okinawa
Partnership on Clean and Efficient Energy Development and Deployment in
Okinawa.

6.1 Smart Grid Pilot Project in Yokohama City
(Large Urban Area)

There were 900 PV systems installed in the so-called progressive city of Yoko-
hama in 2009, and the Japanese government plans to install about 2,000 more
10 years hence [25]. The aim of the Yokohama Smart City Project is to build a
low-carbon society in a large urban area, involving 4,000 smart houses. This
project is a 5 year pilot program being undertaken by a consortium of seven
Japanese companies: the Nissan Motor Co., Panasonic Corp., Toshiba Corp.,
TEPCO, the Tokyo Gas Co., Accenture’s Japan unit, and Meidensha Corp. The
project focuses on the development of the EMS, which integrates the home EMS,
the building EMS, and EVs. It is expected to generate PVs with a capacity of
27,000 KW. The EMS, which integrates suburban, urban, and apartment areas,
will have PV use of heat and unused energy.

Fig. 4 Japan’s pilot projects on smart grid and smart community (Source METI [35])
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6.2 Smart Grid Pilot Project in the Kyoto Keihanna District
(R&D Focus)

The Smart Grid Pilot Project in the Kyoto Keihanna District involves the Kyoto
Prefecture, Kansai Electric Power, Osaka Gas, Kansai Science City, Kyoto Uni-
versity, Doshisha, Yamate, the Sustainable Urban City Council, and other local
governments and utilities. It makes use of the ‘smart tap,’ which visualizes energy
consumption controlling home electronics energy usage. It is also a pilot project to
test ‘electric power virtual coloring’ technology, which actualizes the overall home
EMS. This project calls for the installation of PVs in 1,000 houses and an EV car-
sharing system. It also studies nanogrid management of PVs and fuel cells in
houses and buildings on the visualization of demand. This project grants ‘Kyoto
eco-points’ for the usage of green energy.

6.3 Smart Grid Pilot Project in Toyota City
(Metropolitan Area)

The Toyota Rokkasho Village in the Aomori Prefecture began to experiment with
the smart grid in September 2010. The key feature of the project is the pursuit of
optimal energy use in living spaces at the community level at the same time as
achieving compatibility between environmental preservation and resident satis-
faction. This project involved Toyota City and companies including Toyota
Motors, Chubu Electric Power, Toho Gas, Utilities, Denso, Sharp, Fujitsu, Tos-
hiba, KDDI, Circle K Sunkus, Mitsubishi Heavy Industries, and Dream Incubator.
The project focuses on the use of heat and unused energy as well as electricity. It
has a demand response with more than 70 homes and 3,100 EVs. Through this
project, houses that contain an IT network of electrical appliances and other
household equipment, solar panels, household storage batteries, onboard auto-
mobile storage batteries, and other devices, can develop household power leveling
and optimized energy usage. As of June 2011, model smart houses in the Hig-
ashiyama and Takahashi districts of Toyota City for testing EMSs had been
completed successfully and had begun trial operations under the Verification
Project for the Establishment of a Household and Community-Based Low-Carbon
City in Toyota City, Aichi Prefecture [1].

6.4 Smart Grid Pilot Project in Kitakyushu City
(Industrial City)

Located in this industrial city, this project involves 46 companies and organiza-
tions, including the Kitakyushu City Government, GE, Nippon Steel, IBM Japan,
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and Fuji Electric Systems. It focuses on real-time management in 70 companies
and 200 houses. Energy management will be controlled by the home EMS and the
building EMS. The pilot project study of the energy system integrates demand-side
management and the high-energy systems. The Kitakyushu Hibikinada area is
promoting low carbon emissions, recycling, and nature coexistence in a balanced
manner. This project implements various demonstrations, including communica-
tions, urban planning, a transportation system, and lifestyle, with an emphasis on
the demonstration of energy projects such as electric power. Implementation will
take place in five years, from FY2010 to FY2014, involving the operation of 38
projects, and is worth 16.3 billion yen [37]. The Kitakyushu Smart Community
Project focuses on the development of technologies and systems related to a smart
grid with an eye on international standardization and the expansion of international
business, and the presentation of new urban planning for a smart city, by devel-
oping various human-friendly social systems compatible with next-generation
traffic systems and an aging society. In addition, a recycling community will be
constructed in which all sorts of waste will be used as raw materials for other
industrial fields so as to eliminate waste and move toward a zero-emissions
community.

6.5 Smart Grid Demonstration Project in Rokkasho Village

In September 2010, the Japan Wind Development Company, the Toyota Motor
Corporation, the Panasonic Electric Works Company, and Hitachi Ltd. started a
2 year smart grid demonstration project in Rokkasho Village, in Aomori Prefec-
ture, where wind power stations with large-capacity batteries were built several
years ago [22]. This project aims to verify technologies that allow for the efficient
use of energy for the achievement of a low-carbon society [30]. It involves a so-
called smart grid village composed of six ‘smart houses’ equipped with automatic
electricity control systems, eight Toyota Prius plug-in hybrid vehicles, and a
battery system, all powered exclusively by renewable energy sources and detached
from the national electricity grid. Families of the employees of the corporations
participating in the project reside in these smart houses, where they go about their
normal lives [3]. In addition, an experimental situation has been created in iso-
lation from the external power grid, where approximately eight kilometers of
private distribution line has been laid between the Rokkasho-mura Futama Wind
Power Station and the smart houses. The station is outfitted with 34 units of
1,500 KW windmills with a total capacity of 51,000 KW and is equipped with
large-capacity network-attached storage batteries of 34,000 KW. The objective of
the experiment is to examine such factors as changes in electricity usage in dif-
ferent seasons and at different times of day and to investigate trends in electricity
usage based on different family configurations. The experiment will help create a
system that efficiently balances electricity supply and demand.
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6.6 Smart Grid Trial Project in Okinawa

Six months after the launch of the demonstration project in Rokkasho Village, the
Hawaii–Okinawa Partnership on Clean and Efficient Energy Development and
Deployment began. This pilot aims to help the two island regions switch from
thermal power to renewable energy systems, which are considered crucial for
reducing CO2 emissions but whose power supply is unstable [34].

The Okinawa Electric Power Company has begun operating a smart grid to
control the supply of renewable-energy-derived electricity for the 55,000 strong
population of the remote Okinawa Prefecture island Miyako-jima. The Hawaii–
Okinawa Partnership on Clean and Efficient Energy Development and Deployment
is an agreement between the US Department of Energy, METI, the State of
Hawaii, and the Prefecture of Okinawa, which was signed in June 2010. The
partnership is intended to foster the development of clean and energy-efficient
technologies needed to achieve global energy security and meet climate change
challenges. Japan and the USA designated Hawaii and Okinawa as the represen-
tatives for this groundbreaking partnership because of their demonstrated leader-
ship and experience in clean energy and energy efficiency. The trials started in
October 2010. The infrastructure links the existing power grid to a 4-MW solar
power plant and a sodium sulfide battery complex capable of storing 4 MW of
power. Some lithium-ion batteries have also been installed. In addition, the system
also controls power from existing 4.2-MW wind farms situated on Miyako-jima.
Okinawa Electric spent 6.15 billion yen (US$75.8 million) on the infrastructure,
two-thirds of which was subsidized by the national government [34]. The pro-
grams will help the two island regions switch from thermal power to renewable
energy systems.

Each of the smart grid pilots and demonstration projects has its own challenges.
Building smart grids requires meeting the requirements for electricity supply,
including power sources and transmission lines, and the communications infra-
structure of each specific country and region, as well as introducing such elements
as renewable energy generation facilities, EVs and plug-in hybrid vehicles, storage
batteries, EcoCute electric water heating and supply systems, and heat storage
units. The Japanese government is strongly promoting the efficient use of energy
by developing smart grid pilot projects and the promotion of the smart community.

7 Overseas Collaborations on Smart Grid Projects

Japan has proactively developed extensive collaboration with other countries to
facilitate the development of smart grids.
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7.1 Smart Grid Pilot Project in the USA

To such pilots are located in the southwestern US states of New Mexico and one in
Hawaii. Toshiba, Kyocera, Shimizu, the Tokyo Gas Company, and Mitsubishi
Heavy Industries will spend $33.4 million on a smart grid project at Los Alamos
and Albuquerque, New Mexico [24]. NEDO will participate in research at Los
Alamos and Albuquerque and in collective research on the overall project. Toshiba
will install a 1-MW storage battery at the Los Alamos site, while Kyocera and
Sharp will test smart homes, energy management, and load control technologies.

7.1.1 Los Alamos

The Microgrid Demonstration Project in Los Alamos which began operating in
August 2012 involves concentrated PV energy generation and the installation of
power storage cells on distribution lines of 2–5 MW. In addition, absorption
experiments on PV output fluctuations will be conducted using PV-induced effi-
ciencies obtained by changing grid formation, and a distribution network with high
operability will be installed and demonstrated by introducing smart distribution
equipment. The smart house is intended to maximize demand response by using a
home EMS, and a demonstration will be carried out to verify its effectiveness
relative to an ordinary house. In Los Alamos, with a population of 20,000, NEDO
offers help to optimize the amount of stored electricity by controlling battery
systems and monitoring electricity demand of household and business.

7.1.2 Albuquerque

The microgrid demonstration is located in commercial areas of Albuquerque the
largest city in New Mexico with a population of 480,000. This pilot was kicked off in
May 2013, focusing on demonstrating the demand response by using facilities in
industrial and commercial buildings. The move is prompted by the aim of catching
up with the USA, which has taken the lead in developing technological global
standards [36]. It is also intended to evaluate smart grid technology from Japan and
the USA based on research results obtained at the demonstration sites of the New
Mexico project [42]. In Albuquerque’s project, NEDO helped build an urban smart
city with ecological buildings. The project includes the installation of a solar power
generator, a cogeneration system, fuel cells, and a building and energy management
system in the Mesa Del Sol Aperture Center, the model building for the project.

7.1.3 Smart Grid Project in Hawaii

A project supported by Japan’s NEDO, in cooperation with the State of Hawaii,
the Hawaiian Electric Company, the University of Hawaii, and Pacific Northwest
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National Laboratory, whose involvement is based on the Japan–US Clean Energy
Technologies Action Plan, was started in November 2009 [18]. A feasibility study
was completed in September 2011 [15]. The project includes the installation of a
computer system dubbed the electric vehicle management system, that optimizes a
way to charge electric vehicles by using oversupplied electricity at a time of low
demand.

While appearing to be ‘state-of-the-art’ technological marvels, smart grids
expose energy production and distribution to higher levels of security vulnerability
than ever before. In considering this matter, the project will incorporate the
installation of smart controls in the Kihei area on Maui at the regional and
neighborhood levels to improve the integration of variable renewable energy
resources, such as PV systems [2]. Installation of the smart grid technology began
operational in 2013. The demonstration project is scheduled to run from 2013 to
2015. This project may be useful for the design of future microgrids that will
provide secure backup and UPS services to distributed energy residences and light
industry. Independent, distributed energy appliances in homes and businesses
guarantee the highest possible level of security and reliability in a national power
system.

7.2 Smart Grid Pilot Project on the Island of Jeju, Korea

Large electronics conglomerates in Japan and Korea, such as Sharp, Panasonic,
Samsung, LG, SK Telecom, and KT, are building a domestic smart grid pilot on
the island of Jeju, which is south of Seoul in South Korea [10]. In March 2011,
IBM announced that two new utilities had joined its Global IUN Coalition, a group
of utility companies designed to further the adoption of smarter energy grids
around the world: TEPCO from Japan and KEPCO from Korea. These two
companies are in charge of the world’s largest comprehensive smart grid test bed
in Jeju Island, which brings together smart technologies in the areas of generation,
power grids, electrical services, buildings, and transportation [16].

7.3 ZEBs in Lyon in France

NEDO has been exploring the possibility of collaborating with Grand Lyon, the
second largest city in France, to introduce Japanese leading-edge technologies for
ZEBs in France and to establish an EV-charging infrastructure coinciding with the
Lyon Confluence urban development project [42]. This project has started in
phases in 2012 [14]. Lyon is in southeastern France, and the area has a population
of more than 1 million. In line with the European Union’s effort to raise the ratio
of renewable energy to 20 %, France requires buildings erected in 2020 or later to
generate more electricity than they consume, an initiative called positive energy
building (PEB).

Toward Sustainable Energy Systems 253



7.4 Smart Grid Collaboration in Malaga, Spain

In Malaga, Spain, NEDO will help install a system to manage the use of electric
vehicles and infrastructure for charging station of EVs. The Malaga project starts
in March 2013. In Spain, 40 % of energy consumption is in transportation, and the
source of the energy is mostly thermal. In order to meet the EU’s ecological goal
of raising ratio of renewable energy to 20 % by 2020, Spain aims to increase the
number of EVs to 250,000 by 2014.

8 Major Smart Grid Awareness and Activities Promotion
Bodies in Japan

Apart from the above-mentioned smart grid pilot projects in Japan and the over-
seas collaborative programs, another major initiative that has been undertaken in
Japan is smart grid awareness activities. Major initiatives have been launched to
engage stakeholders in smart grid promotional activities that complement activi-
ties in existing organizations and groups that currently influence and shape policy,
architecture, standards, and traditional utility operations [38]. A number of major
smart grid awareness and activities promotion bodies and associations affirm the
successful implementation of smart grids in Japan and raise people’s awareness
through education.

8.1 Ministry of Economy, Trade, and Industry

METI play a key role in overseeing smart grid projects, policies, and research.
Some of their major initiatives are the four smart community pilot projects, the
International Standardization Roadmap for Smart Grid, establishment of the
Working Group on International Standardisation of Smart Grid, and a number of
research institutes [30]. METI is also reviewing closely Japan’s PV/CSP tech-
nologies and programs to support smart grid development.

8.2 NEDO

NEDO corporates with local government and companies around the world in
creating smart communities. NEDO called it oversea projects verification, mean-
ing it develops technology in Japan and verifies if the technology is commercially
viable oversea.
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NEDO is committed to contributing to the resolution of energy and global
environmental problems and further enhancing Japan’s industrial competitiveness,
and strongly supports numerous smart grid research and development projects.

8.3 The Japan Smart Community Alliance

The Japan Smart Community Alliance (JSCA) is a member of the Global Smart
Grid Federation [17], which aims to promote public–private cooperative activities
relating to the development of smart communities by tackling common issues such
as dissemination, deployment, and research on smart grid standardization. The
JSCA has members from the electric power, gas, automobile, information and
communications, electrical machinery, construction, and trading industries as well
as from the public sector and academia. Four working groups have been estab-
lished at a practical level for discussion and deliberation in order to facilitate
JSCA’s activities. The four working groups are the International Strategy Working
Group, the International Standardization Working Group, the Roadmap Working
Group, and the Smart House Working Group.

8.4 Democratic Party of Japan

Generally, the Democratic Party of Japan (DPJ) is perceived to be more proactive
on environmental regulations than the Liberal Democratic Party of Japan (LDP)
[45]. The DPJ is promoting the development and diffusion of smart electricity grid
technologies. In its 2013 Manifesto, DPJ states its commitment to an efficient and
decentralized energy system. It aims to encourage renewables and smart grid
development by creating special economic zones and reform electric grids through
improving interconnection, market deregulation, and unbundling [5].

9 Conclusion

Smart grid technology helps to convert the power grid from a static infrastructure
that is operated as designed to a flexible and environmentally friendly infra-
structure that is operated proactively. This is consistent with the Japanese gov-
ernment’s goal of creating a low-carbon society, and maximizing the use of
renewable energy sources, such as photovoltaics and wind power. Nevertheless,
public–private sector cooperation is necessary to establish smart communities.

This chapter provides an understanding of the Japanese concepts of smart grid
deployment. It also discussed the major government strategies, major initiatives,
and their achievements in this important area.
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Japan is currently focusing on demand-side management and home solar power.
Researchers have started to address challenges caused by large-scale solar power
generation connected to the power grid as well as information security issues.
Because the smart grid remains a novel field of study in Japan, it has great
potential for further research.
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Governing the Transition of Socio-technical
Systems: A Case Study of the Development
of Smart Grids in Korea

Daphne Mah, Johannes Marinus van der Vleuten,
Jasper Chi-man Ip and Peter Hills

Abstract This chapter examines the motivations, processes, and outcomes of the
development of smart grids in South Korea through the perspectives of governance
and innovation systems. Drawing on desktop research and semi-structured inter-
views, this chapter has two major findings. First, the development of smart grids in
Korea has been shaped by various factors including macroeconomic policy, the
role of the government, and experimentation. The complex interactions between
these factors at the landscape, regime, and niche levels have impacted on the
development of smart grids. Second, while Korea’s government-led approach has
its strengths in driving change, it has also exposed weaknesses in the country’s
ability to mobilise the private sector and consumer participation. Major obstacles
including partial electricity market reform and public distrust exist. A systemic
perspective is needed for policy in order to accommodate the changes required for
smart grid development. Regulatory reforms, particularly price-setting mecha-
nisms, and consumer engagement are priority areas for policy change.

1 Introduction

Smart grids are electricity networks that utilise information technology to enhance
the reliability, security, and efficiency of power systems [38]. A distinctive feature
of smart grids is the ability to integrate the actions of all users including generators
and consumers [24]. Smart grids have a major role to play in a low-carbon future:
they can be instrumental in energy saving and accommodating a broad range of
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generation and storage options including renewable energy and thus are a key to
both demand- and supply-side management of energy systems.

The potential opportunities and benefits of smart grids could be substantial. The
Electric Power Research Institute (EPRI) estimated that an investment of
$338 billion to $476 billion for a fully functional smart grid could result in ben-
efits up to $2 trillion in the USA [12]. Faruqui et al. [14] also estimated that
67 billion euros for building and running peak infrastructure could be avoided in
the EU if dynamic pricing which is based on smart grids can be adopted.

The USA, EU, Japan, and Korea have been among the first movers in the
development of smart grids. These economies have adopted different pathways
with varying levels of achievement. In the USA, for example, the emphasis is on
smart metering and grid modernisation [13]. In contrast, Europe places emphasis
on decentralised systems with active participation from end-users who can sell
surplus electricity that they generate from microgeneration technologies such as
small wind turbines at household and community levels [52].

The transition from large-scale carbon/nuclear-based electricity grid systems to
smart grid systems, however, is a difficult and complex process that goes beyond
technological challenges. Smart grids look very different from today’s grid sys-
tems, involving a shift from centralised, fossil fuel/nuclear-based and non-par-
ticipatory power systems to one which can accommodate a wide range of energy
sources including both centralised energy systems and decentralised renewable
energy such as wind and solar energy [43]. Smart grids are also characterised by
two-way relationships with well-informed and actively involved end-users.
Dynamic pricing, which is the charging of different electricity rates at different
times of the day and year to reflect the time-varying cost of supplying electricity
[16], and smart meter roll-outs would need to be introduced to enable effective
consumer engagement in demand-side management [24]. The challenges of smart
grid development therefore are numerous, including realigning the interests of
business, government, and electricity consumers to overcome resistance to change
[13, 24]. However, little is known about how these challenges can be overcome.

This chapter examines governing processes for the transition of socio-technical
systems, applied through a case study of smart grids in South Korea (hereafter
Korea). The chapter examines the motivations, processes, and outcomes of the
development of smart grids in Korea using the concepts of governance and
innovation systems as an analytical framework.

Korea merits study because its government-led and export-oriented approach to
developing smart grids appears to differ in many interesting ways when compared
with other countries. A number of recent policy developments, most notably the
national smart grid roadmap and a major demonstration project known as the
Smart Grid Testbed on Jeju Island, can provide useful information for analysis.

The analysis presented here draws on data and information derived from
desktop research, semi-structured interviews, and field observations. The interview
data consist of seven in-depth interviews with stakeholders conducted in Korea in
April 2011, two follow-up email correspondences, and four telephone interviews.
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The richness of the information derived from our face-to-face interviews has
the strength to reveal the critical interactions of complex social phenomena [42].
However, qualitative case studies may suffer from what Miles and Huberman [42]
have termed the ‘‘limitations of interpretivism’’—they may be a ‘‘person-specific,
artistic, private/interpretive act that no one else can viably verify or replicate it’’.

Our study adopted several measures to overcome these limitations. First, the
interviewees were carefully selected informants who occupy roles or positions in
an organisation, social networks, and communities of a political system and are
therefore knowledgeable about the issues studied [26]. They came from the gov-
ernment, energy companies, universities, and research institutes (see Appendix 1).
Second, we used semi-structured questionnaires which were developed on the
basis of our literature review as a way to facilitate systematic interviews across
interviewees. Third, email correspondence and follow-up telephone interviews
were conducted to collect supplementary information and to clarify data. Fourth,
the interviews were recorded and transcribed to reduce inaccuracies due to poor
recall. Fifth, as far as such information is accessible to us, we have used data we
collected from publications to corroborate data provided by our interviewees.

The following section provides an overview of smart grid developments in
Korea. This is followed by a discussion on the theoretical framework that inte-
grates the key concepts of governance and innovation systems. The framework is
then used to inform our analysis of the Korean case.

2 Smart Grid Development in Korea: An Overview

South Korea, officially the Republic of Korea, has a geographical area of
99,900 km2 and a population of 49.41 million in 2011 [34]. It is a major developed
country in Asia which ranks 14th globally by GDP [59]. Korea was the world’s
10th largest energy consumer in 2008 [10]. As a country that has no oil, no high
quality coal, and produces only 1.5 % of the natural gas it requires, Korea is
dependent on imports to meet almost all of its energy needs [9]. The electricity
system in Korea is fossil fuel based. Coal, natural gas, and nuclear amounted to
about 30.9, 25.4, and 23.6 % of its electricity generation capacity, respectively,
while renewable energy amounted to about 5.7 % (2011) (Table 1). Electricity
consumption increased by 52 % between 2001 and 2009 and reached 433.6 TWh
in 2009 [35]. Climate change is a key policy issue in Korea [43]. CO2 emissions
have been rising since the 1990 s with carbon intensity reaching 0.67 kg CO2 per
US$2,000 of GDP in 2008 [23].

The government’s rationale for smart grids centred around President Lee My-
ung Bak’s ‘‘Low Carbon, Green Growth’’ vision announced in 2008. The vision
aspires to use green technology and green industries including smart grids as new
engines for growth [29]. Detailed studies quantifying the benefits and costs of the
deployment of smart grids in Korea are not publicly accessible. However, official
data show that smart grids are expected to bring Korea economic benefits that
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could outweigh investment. It has been estimated that by 2030, smart grids would
bring a range of benefits that include new global and domestic markets for smart
grid technology that worth approximately 49 trillion won and 74 trillion won,
respectively, the creation of 50,000 new jobs annually, saving 47 trillion won of
energy imports, cost savings of 3.2 trillion won by avoiding building new power
plants, and a reduction of 230 million tonnes in GHG emissions [44]. These
benefits would outweigh the investment which is estimated to be 27.5 trillion won,
in which 90 % would come from the private sector [44].

To realise the potential benefits of smart grids, the Korean government has
introduced three strategies: the announcement of the national smart grid vision in
2009, the release of a national smart grid roadmap in 2010, and the launch of the
Smart Grid Testbed on Jeju Island in 2009. The roadmap sets out a work plan for
implementing the smart grid vision in five key areas, namely smart power grids,
smart consumers, smart transportation, smart renewables, and smart electricity
services. The Testbed is a large-scale demonstration project for testing technolo-
gies for the global market and developing business models. The Testbed involves
12 consortia (involving about 170 corporations) and 2,000 participating house-
holds [38, 44, 54]. Stage 2 of the Jeju Testbed was recently launched on 1 June
2011 following the completion of Stage 1 in end of May. According to the
roadmap, the Testbed will be scaled up to a citywide level through the pilot of a
Smart Grid City by 2012 and to the national scale by 2030.

Smart grid developments in Korea are currently still at an early stage and are
mostly in the area of R&D while regulatory and policy frameworks are being
strengthened. Following the enactment of the Smart Grid Act in May 2011, the
corresponding decree and rule which are critical for the implementation and
enforcement of the act were promulgated in November 2011 [45–47]. Dynamic
pricing and smart meter roll-outs—which have been regarded as key enablers of
smart grids—have been deployed but on a limited scale. Dynamic pricing has been
recently piloted in the Jeju Testbed, but the participation rate is low. A total of
2.5 million smart meters have been installed in the industrial, household, and other
consumer sectors, and the penetration rate is expected to reach 100 % with a total
of 25 million smart meters to be installed by 2020 (Interview: 12/2011; [44]).

Table 1 Overview of the
electricity generation in
Korea (2011)

Fuel mix

Coal (%) 30.9
Oil (%) 6.4
Natural gas (LNG) (%) 25.4
Nuclear (%) 23.6
Renewable and community energy services (%) 5.7
Hydro (%) 8.1
Generation capacity (MW) 79,342
Peak demand (MW) 71,137
Reserve margin (%) 10.3

Source [37]
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3 Smart Grid in Theoretical Perspective

A scanning of the literature suggests that two substantive bodies of theory are
instructive in helping to analyse the development of smart grids: governance and
innovation systems studies.

3.1 Governance Perspective

Central to the concept of governance is the move away from government to
governance [51]. The perspective of governance highlights the importance of new
approaches to enhancing governing capacity in which governments reach outwards
and downwards to localities, engage with markets, and move out to civil society
[51]. This multi-level and multi-actor approach therefore relies more on collabo-
ration, networking, and learning [19, 41] (Gouldson et al. 2008).

Governance is a relevant perspective to analyse Korea’s smart grid develop-
ments for a number of reasons. Smart grids require a transition in electricity
systems from a fossil fuel-based and centralised model to a more decentralised
form. This transition requires the involvement of a larger number of actors in more
open electricity systems in which both established actors (such as the established
electricity generation companies) and newcomers (such as renewable energy
developers and well-informed consumers) interact. The traditional producer–
consumer relationship changes to one in which well-informed consumers can play
a much more active role in energy saving and even function as a ‘‘co-provider’’ of
electricity supply [48]. These changes also raise a number of key governance
issues, such as the changing role of the state, power asymmetries, conflict of
interests, regulatory governance, participatory governance, and trust [2, 22].

3.2 Innovation Systems Perspective

Since the late 1980s, the idea of systems of innovation has become a major theme
in science and technology studies in the western literature [8]. The notions of
‘‘socio-technical’’ system and the multi-level perspective are particularly useful to
highlight the complexity and dynamics of the transition of energy systems to
accommodate smart grid technologies.

The notion of socio-technical systems emphasises that transitions of electricity
systems are embedded in a broader context that goes beyond technological change.
According to Geels et al. [18], ‘‘such system innovations not only involve new
technological artefacts, but also new markets, user practices, regulations, infra-
structures, and cultural meanings’’. This notion emphasises the importance of co-
evolution of technological, social, and environmental systems [30].

The multi-level scheme of Rip and Kemp [53] distinguishes three inter-related
levels of changes: the landscape, regime, and niche levels of socio-technical
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systems. The landscape consists of a range of contextual factors that influence
technological developments [17]. Regimes refer to rules and institutions that are
built up around an established technology [17]. Niches are ‘‘protected’’ space in
which innovation takes place [17]. This literature is particularly instructive in
highlighting the drivers of change and what interactions should be created at the
three inter-related levels to drive changes.

Coenen et al. [6] and Watson et al. [57, 58] on the other hand have shed light on
how government policies, business incentives, and consumers’ motivations have to
converge to overcome barriers such as the problems of ‘‘lock-in’’ and the lack of a
level playing field.

The complementary insights of the perspectives of governance and innovation
systems provide us with a general framework for guiding and evaluating changes
in smart grid-related innovation systems. This framework suggests that govern-
ments, business, and consumers are all key players who interact in new kinds of
relationships at the three inter-related levels of landscape, regime, and niche and
that such relationships can drive changes in socio-technical systems. Government
has an important role to play in formulating coherent policy, fiscal and regulatory
frameworks, articulating expectations, creating a level playing field, and enhanc-
ing market certainty for innovation processes [5, 58]. The business sector needs to
collaborate with government to develop new business models such as energy
service contracts that can put business incentives and consumers’ motivations in
place to drive towards changes in energy infrastructure [58]. Consumers who have
access to better information through smart meters can play an active role in mi-
crogeneration investment as well as energy saving [24]. This framework suggests
that the interactions of these key actors would create important forces for change at
and between landscape, regime, and niche levels. Such forces for change,
including visioning, expectation articulation, institutional arrangements, social
networking, niche experimentation, second-order learning, and feedback are crit-
ical for accelerating the mainstreaming of smart grids [6, 53, 58].

The literature, however, is limited in illuminating how system innovations
occur in the specific context of smart grids and is particularly so in the Asian
context. Our study therefore addresses the following key questions in the case of
Korea: Who were the key actors and what were their motivations? How did key
actors interact at the landscape, regime, and niche levels in the socio-technical
system for smart grids? And how did such interactions facilitate or constrain the
development of smart grids?

4 Factors Underpinning Korea’s Smart Grid Development

Korea’s socio-technical system for smart grids possesses a number of character-
istics which appeared to create opportunities as well as barriers for the develop-
ment of smart grids. These factors can be found at the landscape, regime, and niche
levels of the socio-technical system.
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4.1 Landscape Level

At the landscape level, macroeconomic policies, a tradition of government-led
growth strategies, pre-existing strengths in information technology, and world
views on GHG reduction are key factors in Korea. Korea’s macroeconomic poli-
cies, particularly the ‘‘Low Carbon, Green Growth’’ vision has played a significant
role in the emergence of smart grids. The Green Growth vision introduced by
President Lee Myung Bak in the wake of the financial crisis in 2008 was to develop
green energy technologies, including smart grids as ‘‘new growth engines’’ [29].

Another landscape factor is a tradition of government-led growth strategies. The
government has had a central role in spearheading the rapid development of stra-
tegic industries since the 1950s [49], including the heavy and chemical industries,
petrochemicals, and shipbuilding in the 1970s and 1980s, and more recently, the
growth of the electronics and information and communication technology during
the 1990s [28]. Korea’s recent move into the emerging industry of smart grids is an
extension of this government-led growth strategy into the energy sector.

The pre-existing strengths of Korea in IT and other smart grid-related industries
are another key factor at the landscape level. This high-tech industrialised economy
[5] is particularly well placed to enter the global smart grid market because this
industry can be built upon Korea’s existing IT infrastructure and research networks.

World views on GHG reduction are another important landscape factor.
Although Korea is a non-Annex 1 country of the Kyoto Protocol and is not obliged
to commit to mandatory emissions reduction targets, it has voluntarily committed
to reducing CO2 emissions by 30 % by 2020 based on a ‘‘business as usual’’
baseline, implying a 4 % cut from 2005 levels [27]. Smart grid development has
been regarded as a key strategy to meet this commitment [44].

Another landscape factor is Korea’s long-standing reliance on government-
funded institutes as a bridge between government and industry. A key institute for
smart grids is the Korea Smart Grid Institute (KSGI). The Ministry of Knowledge
and Economy (MKE) is the government agency which is responsible for formu-
lating and implementing the national smart grid vision and policies. KSGI is in
effect the executive arm of MKE. Fully funded by the government, KSGI is
designated as the secretariat for smart grid initiatives, and it is responsible for
implementing the national smart grid roadmap, managing the Jeju Smart Grid
Testbed, and coordinating and managing R&D funding.

4.2 Regime Level

At the regime level, a number of dominant practices, rules, and shared assumptions
[30] in Korea’s electricity system have shaped the setting in which smart grids
have evolved. These include Korea’s partial electricity market reform, a govern-
ment-led approach to energy policy making and management, limited market
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competition, structural problems of Korea Electric Power Corporation (KEPCO),
distorted pricing systems, and public distrust.

A defining feature of Korea’s electricity sector is the presence of partial elec-
tricity market reforms. The reforms, which were first launched in 1999, introduced
competition into the generation industry in 2001 by dividing KEPCO’s generation
capacity into six power generation companies (GenCos) as KEPCO’s subsidiaries
[39, 56]. The reforms also created a new institution, the Korea Power Exchange
(KPX), as an independent NGO which coordinates the flow of electricity in all
regions of Korea [36]. Plans for further reforms, including the privatisation of five
of the six state-owned GenCos, however, stalled in 2004 as a result of serious
opposition from labour unions for concerns relating to price fluctuations and
supply reliability [39, 56].

As a result of the partial market reform, considerable market distortion
including state monopolies, energy subsidies, and distorted pricing systems
remained. To date, the government has retained its commanding position
throughout the entire electricity sector through the state-owned KEPCO. KEPCO,
which owns 92 % of the total electricity generation capacity in Korea [50], has
remained vertically integrated in nature. It is the sole transmission, distribution,
and retail company [50] (Fig. 1). Even in the generation industry where compe-
tition has been introduced, the daily operations of five of the six KEPCO-owned
GenCos are being managed by two government agencies, namely the MKE and the
Ministry of Strategy and Finance (MOSF) (Fig. 1). As such, the government
manages the daily operation of the five GenCos rather than adopting an arm’s
length approach.

Market distortions have given rise to another key regime factor—a highly
distorted tariff system. On the one hand, the tariff system has been distorted by the
cross-subsidy policy from residential and commercial to industrial and agricultural
sub-sectors [39]. At present, the household tariff is approximately 114 KRW/kWh,
which is 54 % higher than the industrial tariff (which is approximately 74 KRW/
kWh) and 37 % higher than the average retail price to all consumers (Table 2). On
the other hand, tariffs have been modulated by the government and have remained
at relatively low levels to control inflation [39].

These features of Korea’s electricity sector have created opportunities as well
as barriers for smart grid development. The vertically integrated nature of KEPCO
has ensured it has ready access to the planning and management in grid facilities
that are critical components of smart grid infrastructure. In addition, Korea’s
government-led approach to energy planning and management [56] has created a
political obligation for KEPCO to implement the national smart grid vision.
KEPCO has become a first mover into the emerging smart grid business and has
committed to making a US$7.18 billion investment by 2030 [4].

However, the vertically integrated nature of KEPCO has posed limitations for
smart grid developments. New entrants including independent power producers
(IPPs) such as renewable entities can broaden energy options in smart grids.
However, although five of the six GenCos are in competition under the cost-based
pool system ([3, 39]), market competition between the five GenCos and the IPPs
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has remained limited. The 401 IPPs are numerous. They, however, contributed
only 7 % of the total generation capacity in 2009 [35, 50]. Similarly, the 353
renewable companies represented only 2 % of the total installed capacity as of
April 2011 [50].

Furthermore, the distorted pricing system and the associated public distrust of
the government and KEPCO appear to limit the opportunity for introducing
dynamic pricing systems. Dynamic pricing, which generally imposes higher price
during peak periods and offering lower prices during off-peak periods, is a key to
effective demand response programmes and provides an alternative to the distorted
system in Korea (Interviews: 05/2011; 06/2011). However, the public has been
highly sceptical about the government’s motives in changing tariff levels. Although
dynamic pricing has the potential to deliver price reductions [1], the public would
regard introducing new dynamic pricing systems for smart grid as simply the
government and KEPCO disguising tariff increases (Interviews: 06/2011; 07/2011).

Fig. 1 The electricity sector in Korea. Hash (#) numbers in brackets are percentage of
generation capacity in Korea in 2009 (Source Authors; data from [35, 50])
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Long-standing public distrust is rooted in a sense of inequity that has emerged from
the cross-subsidy policy (Interviews: 04/2011; 06/2011; 07/2011).

Another regime factor is the presence of three structural problems in Korea’s
electricity sector—reliance on imports, peak load problems, and financial losses.
The peak load problem has threatened the reliability of the electricity system with
potential blackouts ([11]; Interview: 08/2011). The reserve margin against peak
load has been decreasing since 2003 (except 2008) and reached a record low of
6.2 % in 2010 [36]. KEPCO also faced financial problems. It has suffered from
financial losses amounting to a total of 3 trillion won for the years between 2008
and 2010 [31].

These problems have motivated the government and KEPCO to explore smart
grids as a potential solution. Dynamic pricing which could be introduced as a
component of the smart grid policy is perceived by KEPCO as an opportunity to
introduce changes into the current tariff system (Interview: 03/2011). The
opportunities to introduce dynamic pricing also provide an opportunity to manage
peak load problems more effectively through price-responsive demand. Studies
elsewhere show that dynamic pricing has the potential to reduce peak loads by up
to 16 % (see e.g. [15]).

4.3 Niche Level

At the niche level, a major development has been the establishment of the Smart
Grid Testbed on Jeju Island in 2009. The Testbed is a government-led large-scale

Table 2 Overview of the
electricity consumption and
electricity rates in Korea
(2009)

Total electricity demand (GWh) 433,604
Residential (%) 19.9
Industrial (%) 52.5
Public and service (%) 22.7
Agricultural (%) 2.5
Educational (%) 1.6
Street lighting (%) 0.7
Retail electricity rates (KRW/kWh)
Residential 114.45
Industrial 73.69
Public and service 98.50
Agricultural 42.13
Educational 83.56
Street lighting 76.65

Sources compiled by authors; data from [35]
The data presented in this table exclude electricity that was
generated by private generation companies which amounted to
approximately 13 % of the total installed capacity in Korea
(2009)
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niche experimentation project for domestic companies to test and demonstrate
their technologies for global markets.

The Testbed, with a geographical area of 185 km2, is located in a remote
community in the rural, north-eastern part of Jeju Island. Jeju won a national
competition and became the hosting province for the Testbed in June 2009 [38].
Jeju was selected for good reasons. Jeju, as Korea’s only autonomous province,
has the flexibility in institutional, regulatory, and legal arrangements and therefore
is particularly well placed to pioneer innovative incentives for R&D investment
and to experiment with new policy ideas (e.g., dynamic pricing) which are
politically sensitive and would be difficult to implement on a nationwide scale.

The Testbed has two distinctive features. The first is its emphasis on collabo-
ration between the central government, industries, and the Jeju local government.
Twelve consortia, involving approximately 170 companies, have been formed in
the Testbed. Those companies came from diverse sectors that range from energy to
information technology, to steel manufacturing, electric vehicles, and home
appliance manufacturing. The involvement of well-known companies including
KEPCO, KPX, Samsung, LG, and Hyundai has enhanced the prominence of the
Testbed.

The second key feature is the involvement of local residents. Approximately
2,000 households, about one-third of the total households within the Testbed
geographical boundary, are participating in the Testbed on a voluntary basis.

To sum up, three features of the socio-technical system are noteworthy. First, as
Fig. 2 shows, the transition of this socio-technical system involved a wide range of
factors that extend beyond technological one. The system is influenced by factors
that range from world views to macroeconomic policies, a distorted tariff system,
the presence of public distrust, and to experimentation in a remote island. Second,
a broad range of actors including the government, established actors in the elec-
tricity sector (such as KEPCO and KPX), new entrants (such as the IPPs),
industries, institutes, consumers, and global companies interacted and shaped the
path and scale of the smart grid developments. Third, the interactions of the actors
are taking place across various governing levels in a multi-level system that
comprises of the landscape level at the macro level, the regime level at the meso
level, and the niche level at the micro level.

5 Discussion: The Strengths and Weaknesses
of the Government-led Approach

The emergence of the Korean model, which is distinguished by a government-led
and export-oriented approach, poses a number of important questions: To what
extent has this model driven changes in the innovation system? Who are driving
(or creating barriers) for change and how? Before discussing our findings, we must
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begin by acknowledging that our observations should be interpreted with caution.
In electricity sectors where large existing investments in fossil fuel-based and
nuclear infrastructure have been made, the lock-in effect as a result of sunk
investments in infrastructure of established energy technologies tends to make
short-term transitions towards smart grids difficult to achieve [55]. In addition,
many of the smart grid initiatives, notably the Testbed is at the pilot stage and is
ongoing. It would be premature to provide an evaluation of the successes and
failures of the Korean model. Our observations about causal connections are
therefore tentative.

Despite these limitations to our data and observations, our analysis leads us to
make some observations relating to the strengths and weaknesses of Korea’s
government-led approach. The Korean government has been motivated by a
number of factors and has played a pivotal role in driving changes throughout the
landscape, regime, and niche levels in the socio-technical system. It has initiated,
incubated, and set the pace for the development of smart grids through the
announcement of the national smart grid vision, the formulation of the national
Smart Grid Roadmap, the creation of the Smart Grid Institute as an executive arm
of the government to implement the roadmap, and the launch of the Smart Grid
Testbed to facilitate experimentation through government–industry–consumer
collaboration for technological innovation.

Korea’s government-led and export-oriented model, however, has also suffered
from some weaknesses. In contrast to our framework that suggests government

Fig. 2 An innovation system approach to understanding the development of smart grid in Korea
(Source authors)
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policies, business incentives and consumer motivations have to converge to drive
changes in socio-technical systems, our analysis has found that those desirable
interactions have been limited in three aspects.

The first weakness is related to the government’s regulatory and policy
capacity. Our framework suggests that the government has an important role to
play in articulating expectations and reducing uncertainty in innovation processes
by formulating a coherent regulatory and policy framework [6]. In Korea, how-
ever, a strong regulatory and policy framework is still lacking. According to some
industrial experts, the policy support for smart grid has been clouded as possible
changes in leadership in the upcoming presidential election and National
Assembly election in 2012 may lead to a withdrawal of policy support (Interviews:
05/2011; 06/2011). The enactment of the Smart Grid Act in April 2011 could have
ensured policy consistency across presidential terms. However, the passage of this
law itself was delayed five months from December 2010 to April 2011 as con-
sensus between various stakeholders was difficult to achieve (Interviews: 05/2011;
06/2011). The recent promulgation of the corresponding decree and rule has been
regarded as a key to strengthen the implementation and enforcement of the Act.
However, there are concerns that the current regulatory framework is still not
sufficient to drive major stakeholders, particularly utilities, to break the inertia and
move away from the ‘‘lock-in’’ situation (Interview 13/2012).

The second weakness is related to the business sector. Smart grid developments
require a new producer–consumer relationship in which the business sector and the
government would need to collaborate and develop new market rules, user prac-
tices, and energy infrastructure to enable the more active participation of con-
sumers [48]. Business models such as energy service contracts therefore are a
critical element for accelerating smart meter roll-outs and major changes in energy
infrastructure [57, 58]. However, although business models have been identified as
one of the strategic pilot areas in Stage 1 of the Testbed, experimentation on
business models have been negligible, if any (Interviews 5/2011; 6/2011). Driven
by the aspiration to access global markets, the Testbed has a rather narrow focus
on R&D with a much higher priority given to demonstrate Korea’s technological
capacity.

The third weakness relates to consumer engagement, in particular the upscaling
of experimentation. At present, Korea adopts a flat rate electricity pricing system.
Dynamic pricing presents an opportunity for Korea to address the problems of
energy subsidies and other structural problems of the electricity sector such as
KEPCO’s long-standing financial deficit. Elsewhere, countries such as Japan and
China have also been contemplating dynamic pricing as an alternative which is
more politically feasible to changing the tariff level [25, 40].

Dynamic pricing can take place in various forms, and the three main forms are
real-time pricing (RTP), critical peak pricing, and peak time rebate [7]. In Korea, a
rebate-based RTP pilot has been introduced in Stage 2 of the Testbed since June
2011. In order to secure participation, the system is designed in such a way that the
participating households would not suffer loss. Consumers who sign up to the RTP
would receive a rebate for the electricity saved. The rebate system caps the bill to
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existing rates so that even if a household would have to pay more under the RTP
system it would not be charged more than the existing rate. Furthermore, house-
holds participating in the Testbed were offered facilities and equipments such as
smart meters and PV panels at no cost (Interview 09/2011).

Evaluations of the Testbed are ongoing and are expected to be released by mid-
2013 (Interview: 11/2011). Although it is premature to assess the achievements of
the Testbed, this pilot—the first of its kind in Korea—has exposed weaknesses in
two critical areas. The first weakness is the low participation rate. This rebate-
based pilot has been tested in some 2,000 rural households who reside within the
geographical boundary of the Tested and who volunteered to participate. These
2,000 households, however, represent only one-third of the total household
residing within the Testbed area, about 1 % of the total number of households on
Jeju [32], and just 0.01 % of the total households of the country [33].

Although experiences elsewhere with dynamic pricing have reported positive
results (see e.g. [16]), the Jeju pilot was not the case. The low participation rate is
particularly a concern as the actual reduction in electricity consumption achieved
appears to be minimal. According to a senior executive of KEPCO who is a core
member managing the pilot, a preliminary analysis on 105 consumer bills col-
lected in September 2011 shows that only 27 consumers reacted to the RTP and
the reduction of electricity bills ranged from 3 to 5 % on average (Interview 12/
2011). Evaluations on the changes in energy consumption and peak load have been
ongoing and are not publicly accessible as of October 2011 (Interview 12/2011).
Preliminary observations from industrial experts suggest that KEPCO’s lack of
marketing knowledge and skills appears to be a key factor for the low participation
rate and poor consumer responses in a Korean context in which electricity price
has been modulated at a relatively low level that make dynamic pricing difficult to
be effective (Interview 13/2012). Whether other barriers identified in the western
experiences such as a lack of economic incentives and inertia can also apply in this
pilot is an important area that needs to be better understood [7, 21].

The second weakness is related to the programme design. While the rebate
element and the provision of free facilities can be regarded as a pragmatic and
transitional strategy to attract consumer participation, a major drawback of this
approach is its limits in achieving second-order learning. Second-order learning
emphasises that learning for innovation should extend from technological
advancement to testing actual changes in user practices, new markets, regulator
performance, and energy infrastructure [6]. In contrast to our framework which
highlights the critical role of demonstration projects as a protected and ‘‘niche’’
area in which new ideas can be tested and second-order learning can take place,
this pilot is not able to explore critical issues such as consumer acceptability of
dynamic pricing and how feedback information from smart meters can change
consumption behaviour.

Those weaknesses may limit the potential of the upscaling this experimentation.
On the one hand, if this rebate-based system is scaled up to a city or national scale
without introducing major changes in the incentive system, such a system would
be unlikely to build up policy legitimacy. Instead, it may crowd out the adoption of
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dynamic pricing options. On the other hand, this pilot, which is characterised by its
voluntary and virtually zero-risk nature, appears to be designed to reflect many of
the unique contexts of the Jeju pilot. The results of this pilot may therefore not be
generalisable from this rural community to other parts of Korea and elsewhere in
the world where the socio-political and economic contexts can be substantially
different.

6 Conclusion

Driven by its ‘‘Green Growth Vision’’, Korea embarked on its smart grid initiatives
in 2009. Within just 3 years, the country has made some important progresses in
the development of smart grids although problems still exist. This chapter adopted
the perspectives of governance and innovation systems as a general analytical
framework for understanding and critically examining the recent evolution of
smart grids in Korea.

We have two major findings. First, we have revealed the complexity of the
socio-technical system by highlighting the breadth and depth of those factors
which have influenced smart grid development in Korea. Our findings reinforced
the view that the convergence of policies, business incentives, and consumer
motivations is critical to drive changes in socio-technical systems (see e.g. [57,
58]). We have demonstrated how the government, business, and consumers
interacted at and across the landscape, regime, and niche levels, and how such
interactions facilitated or constrained smart grid development. Various factors that
span from macroeconomic policies and global views, to partial electricity market
reform and public distrust, and to experimentation in a demonstration project are
found to be crucial in the socio-technical system for smart grids in Korea.

Second, our analysis has shed light on the mechanisms for change in socio-
technical systems. It is important to understand how socio-technical systems
manage to change. However, the barriers to changes must also be understood. We
found that the presence of partial electricity market reform and public distrust has
created barriers for Korea to develop some of the favourable conditions for
change. Favourable conditions such as policy consistency, second-order learning,
and the development of financially viable business models (see e.g. [57, 58]) are
still lacking in Korea. These observations can provide a better understanding of the
‘‘lock-in’’ phenomenon (see e.g. [6]).

Our findings have some policy implications. A systemic perspective is needed
for policy in order to accommodate the changes required for smart grid devel-
opment. Regulatory reforms, particularly price-setting mechanisms, and consumer
engagement are priority areas for policy change. Experiences elsewhere suggest
that smart grid literacy programmes may be useful in enhancing the public
understanding of such complex issues relating to dynamic pricing and for restoring
public trust [13, 54].
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Our findings are country- and sector-specific. We recognise that there are limits
to the generalisability of our findings to other countries and other socio-technical
systems in non-electricity sectors. The highly regulated electricity sector in which
market signals and market competition play a much lesser role than administrative
regulation has set Korea apart from other economies such as the USA in which
electricity sectors are liberalised. However, further research may generate useful
results if, for example, it investigates the transferability of the findings to China—
which has also been pursuing smart grid initiatives. China’s electricity sector also
remains highly regulated as a result of partial electricity market reforms.
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A.1 7 Appendix 1: List of Interviewees

As some interviewees agreed to be interviewed anonymously, this study indicates
interviews by number. The first two digits indicate the interview numbers and that
followed by the year of interviews. The interview formats included face-to-face
interview (FI), telephone interview (TI), and email correspondence (EC).

Code Interviewees background Type of
interview

Date of interview

01/2011 A senior executive, Korea Smart Grid Institute (KSGI) EC 27 May 2011
02/2011 A senior executive, Korea Power Exchange (KPX) TI 31 May 2011
03/2011 Same interviewee as 01/2011, KSGI FI 25 April 2011
04/2011 An associate professor, Graduate School of

Environmental Studies, Seoul National University
FI 26 April 2011

05/2011 Same interviewee as 02/2011, KPX FI 26 April 2011
06/2011 A senior executive, Korea Electric Power Corporation

(KEPCO)
FI 26 April 2011

07/2011 A postgraduate student, Graduate School of
Environmental Studies, Seoul National University

FI 25 April 2011

08/2011 A senior executive, Total Operation Centre, KPX FI 28 April 2011
09/2011 Same interviewee as in 06/2011, KEPCO EC 16 June 2011
10/2011 A government official of Smart Grid Division, Jeju

Special Self-Governing Province
FI 28 April 2011

(continued)
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(continued)

Code Interviewees background Type of
interview

Date of interview

11/2011 Same interviewee as 02/2011, KPX TI 27 October 2011
12/2011 Same interviewee as in 06/2011, KEPCO TI 27 October 2011
13/2012 Same interviewee as 02/2011, KPX TI 30 January 2012
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Developing Super Smart Grids in China:
Perspective of Socio-technical Systems
Transition

Yuan Jia-Hai

Abstract This chapter adopts the framework of socio-technical systems transition
to discuss the development of smart grid (SG) in China. Multi-level perspective
(MLP) analysis, namely landscape, regime, and niches, is presented to set the
institutional background of China’s power sector. Then, a scenario of power
supply and demand is compiled, and its main features are elaborated to justify the
necessity of developing SGs. The overall transition pathways of China’s power
sector are drafted, and then, the road map for developing SGs in China is proposed.
Key policy implications are as follows: first, working out clear national strategy
and road map for SG development and carrying out integrated translation research
and strong front-end support; second, restructuring power sector in parallel with
SG development; and third, reforming pricing mechanism and empowering the
customers with rights to choose service/enter power market.

Keywords Smart grids � Multi-level perspective � Transition pathways � China

1 Introduction

During the 18th National Congress of CPC of November 2012, ecological civilization
[Sheng Tai Wenming] was highlighted for the first time among the guiding principles
for the completion of a well-off society [Xiaokang Shehui] in 2020. Promoting rev-
olution in energy production and consumption, controlling total energy consumption,
enhancing energy conservation, and supporting low-carbon industry and renewable
energy development will set the keynotes for China’s energy strategy and play
essential roles to realize Scientific Development Perspective in China.
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Power system is at the center of modern energy system. Logically, the energy
revolution calls for radical revolution in power system. Considering the currently
coal-based system and the enormous growth potential of power demand in the
future, this issue is especially pressing and complicated in China.

Smart Grid (SG), characterized by large-scale integration of renewable energy
and energy storage, distributed power generation and smart demand response, is
expected to facilitate the energy revolution worldwide. In China, the first road map
for SG was proposed by State Grid Corporation of China (SGCC) in May of 2009.
Then in July of 2010, Southern Grid of China (SGC) issued its strategy for
building ‘‘smart, high-efficient, reliable, and green power grid.’’ In March of 2011,
in ‘‘the 12th Five-Year-Plan of National Economy and Social Development’’ (12th
FYP), SG was regarded as a key strategy to upgrade the power sector and enhance
its core competency. Then in May of 2012, the Ministry of Science and Tech-
nology (MOST) issued ‘‘the 12th Special Program for Key Industrialization of
Smart Grid during 12th FYP Period.’’ The program is a clear signal that SG has
been incorporated into the national energy strategy and that the Chinese Gov-
ernment is resolute to implement it seriously in the coming decades.

Up to now, to the best of our knowledge, primarily the ‘‘hard parts’’ or the
technical aspects of SG are addressed. However, the transformation of current
carbon-locked and dumb power system to future low carbon and smart one rep-
resents a radical system transition. The ‘‘soft parts,’’ i.e., the organization, insti-
tution, and policy, which are essential to the transition, are seldom discussed. This
chapter will address the following issues: Why is SG so important for China’s low-
carbon economy? What are the key features of SG in China? How can China build
SG and set clear road map for it? From a perspective of socio-technical systems
transition, what are the main institutional barriers for developing SG in China and
what are proper policies to overcome them? Section 2 will present a brief analysis
of China’s power sector in a MLP; Sect. 3 will discuss a scenario for power
demand and supply scenario into year 2030 and analyze the landscape and driving
forces; Sect. 4 will elaborate the key features of the power scenario and discuss the
unique functions of SG in China; Sect. 5 will propose a road map for developing
SG in China; Sect. 6 will discuss the institutional barriers during the transition and
propose countermeasures to overcome them; and Sect. 7 concludes.

2 Power Sector in China

2.1 Overview

As summarized in Table 1, the history of China’s power system can be divided
into four periods. At present, China’s power sector consists of two national grid
companies, SGCC and SGC, five national generation companies, a dozen of
generation companies affiliated to provincial governments, and a few relatively
smaller independent private generators.
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Growth of electric power consumption has been faster than that of primary
energy consumption in the past three decades. The rapid growth in power demand
has resulted in tremendous growth of generation capacity expansion and rapid
electrification. Measured by the ratio of electricity over final energy consumption,
the electrification level has increased from 7.7 % in 1980 to 20 % in 2008 [2].
From 1980 to 2009, annual electricity demand in China grew more than 12-fold,
from 300 to 3,660 TWh [5]. Demand growth of this magnitude and speed has
contributed to consistently severe capacity shortages. At the same time, generation
capacity in China has increased significantly to meet with the power demand. In
1980, the total generation capacity in China was only 65.8 GW, while in 2009 the
installed capacity amounted to 863.6 GW, which is a 12-fold growth. Especially
since 2004, annual increase in generation capacity ranges between 50 and
100 GW, creating a new record in the history of world power system growth. Only
the USA maintained an annual growth of over 50 GW during the 1970s.

The coal-based generation mix results in carbon lock-in in China’s power sys-
tem, making it the largest contributor of CO2 emissions as well as the main source
of other serious environmental problems in China [4]. The share of thermal power
units in the entire generation mix was as high as 70 %. As a result, the thermal
power units consumed more than 50 % of the country’s total coal production.

Although China’s generation mix has been relatively stable over the past two
decades, the composition of coal-fired power plants has undergone a significant
shift toward larger and more efficient units. In the 1990s, most of the thermal

Table 1 Brief history of the Chinese electric power sector, 1949–present

Period Guiding policies Description

1949–1985 Centrally planned and
administered system

Vertical integrated state-run enterprise; government
agencies plan, finance, manage, and operate the
system; oscillations between centralized and
decentralized management

1985–1997 Decentralization to
provinces; opening of
investment

Opening up of the sector to provincial government,
private, and foreign investment; guaranteed
investment return on generation investment

1997–2002 Separation of government
and business

Corporatization of the sector through the creation of
the State Power Corporation (SPC); ministry of
electric power dissolved, functions transferred to
the State Economic And Trade Commission
(SETC) and the State Development And Planning
Commission (SDPC), later merged into the
National Development And Reform Commission
(NDRC)

2002–2013 Unbundling of generators
and grid companies

Dismantling of the SPC into 5 national SOE
generating companies, 2 national grid companies;
creation of State Electricity Regulatory
Commission (SERC) and National Energy
Administration (NEA)

2013- Merge of NEA and SERC Creation new NEA and integrating the function of
SERC into it
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power generators above 300 MW/unit installed in China were imported, and in
1993, the share of 300 MW units and above accounted for only 23 % of the total
thermal generation capacity. In 2007, the share of 300 MW and above, and
600 MW and above accounted for 50 and 21.6 %, respectively. Then at the end of
2009, the shares of 300 MW and above rose to 69 % [5]. As a result of this push
toward higher generation efficiency, the average thermal efficiency has sustained a
linearly increasing trend since the 1990 s and now reportedly surpasses the
average efficiency of American coal plants by a significant margin. In 2007, CO2

emission per KWh electricity generation in coal-based plants in China was 893
grams (down by 7 % from the 1992 level), lower than world average (903 g), the
US average (920 g) and Japanese average (910 g), but was still higher than
European Union 27 nations average (835 g).

The imbalance between power load and resource center necessitates long-dis-
tance large-scale power transmission in China. China’s physical grid is divided
into four regional synchronous grids, with the Northeast-North-Central, East and
Northwest regions operated by the SGCC, and the Southern grid operated by the
CSG. Although basic DC interconnection among regional grids was achieved in
2005 [22], power flow among regions and even between provinces within regions
remains limited.

Operation efficiency, especially in an environmental sense, is notoriously low
because of the guaranteed return policy during the 1990s. Dispatch in the Chinese
power sector has, since the early 1980s, operated under an ‘‘equal shares’’ formula
whereby generators of a given type are guaranteed a roughly equal number of
operating hours to ensure adequate revenues to recover their fixed costs. Eco-
nomically and environmentally, this practice is inefficient, as generating units with
high heat rates (i.e., low efficiency) may receive the same number of operating
hours as those with low heat rates. In addition, equal shares dispatch has con-
tributed to inefficient investment by encouraging overcapacity [13]. A related issue
is that many generation services provided by natural gas units in other countries
are instead provided by coal or hydropower units in China. In regions that do not
have hydropower resources, coal units are used for load-following and peaking
generation, requiring significant cycling of coal units and reducing the efficiency
of these units.

Without a formal and transparent pricing mechanism that can link real cost and
retail price, the current pricing policy poses significant barriers to transition to a
more efficient power system. Wholesale generation rates in China have historically
been loosely based on average costs. Since 2004, rates for thermal generators have
been set using benchmark pricing, in which generators in the same technology
class are given the same tariff, based on an estimate of annual output and fixed and
variable costs for that class. As coal prices rose in the 2000s, China’s central
government developed a ‘‘comovement’’ mechanism that allows for some pass
through of fuel cost increases. Wholesale rates for renewable generators are set
using regional benchmark prices, while rates for hydropower and nuclear gener-
ators are set on a facility-by-facility basis (because of the vast initial capital
investment cost of these generators). Provision of ancillary services has
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historically been limited in scale and scope, mandatory, and uncompensated, but
plans to compensate generators for services are currently in the early stages of
implementation. Because of the dominance of coal in China’s electricity system,
this predominant benchmark-based approach to wholesale pricing means that
generation supply curves in China tend to be relatively flat.

The revenues grid companies receive for transmission and distribution (T&D)
services are currently the residual between retail sales and generation costs. This
residual is inherited from historical prices and is not based on a bottom-up
accounting of T&D costs. Beginning in 2005, SERC developed accounting stan-
dards and reporting requirements for grid companies, but the level of detail and
transparency in the disclosures required by SERC is not sufficient to assess
whether costs are reasonable [3]. Moving toward cost-based T&D pricing is a
continuing priority for regulators [18]. Retail electricity prices in China have
historically been designed to reflect government policy and social priorities (e.g.,
maintaining low fuel prices to boost economic growth and affordable fuel prices
for households), instead of the cost of service [10].

Developing renewable energy in power systems still faces many challenges.
China has a rich endowment of renewable energy and has formulated favorable
policy for renewable energy development. Given the relatively high costs for solar
and biomass power, wind is and will likely continue to be the principal non-hydro
renewable resource in China. Ever since the publication of the Renewable Energy
Law formulated in 2005 and the Medium- and long-Term Development Planning
for Renewable Energy in 2007, wind power has experienced rapid growth in China
[15]. Installed wind power capacity connected to the grid increased from 1.06 GW
in 2005 to 31.07 GW at the end of 2010.

Although wind power growth in China has been the most spectacular in the
world in the past decade, the following factors have posed and will pose serious
threats to its sustainable development. First of all, because of the intermittence of
wind power generation, grid companies in China are reluctant to integrate it into
the power grid. Even though the Renewable Energy Law stipulates the obligation
of the power grid to purchase the full amount of renewable energy generated
accessible to the grid, without specific operation rules, grid operators simply reject
wind power access with reasons such as unpromising access conditions and
operation safety requirements. The capacity factor of wind power was as low as
23.7 % in 2009, which was an evidence of the difficulties of grid integration [5].
Secondly, the incompatibility between wind power projects and power grid
expansion planning has made grid access difficult. China has formulated ambitious
planning for eight large-scale inland wind power bases in 10 GW scale in prov-
inces of Xinjiang, Inner Mongolia, Hebei, Jilin and Shandong. However, without
synchronous power grid expansion and proper backup plants, it is unlikely that this
plan can be realized. Thirdly, the current policy to develop wind power is
unsustainable because it neglects the vast investment requirement on power grids
and discriminates against small projects and small investors. So it is no surprise
that most wind projects are operated by the five big SOE generators and other large
province-owned generators, unlike the success of wind power in Germany and the

Developing Super Smart Grids in China 283



Netherlands where various small investors enter into wind power market. Con-
sidering the long-term prospective, an optimal development of wind power should
consider the solutions of both ‘‘large windmill base and long-distance transmis-
sion’’ and ‘‘distributed power generation,’’ which in turn call for the entrance of
small investors. Besides, there are still no concrete stipulations addressing the
issues of grid cost recovery for additional transmission investments and reserve
capacity when incorporating wind power into the grids.

2.2 Multi-level Perspective Analysis

2.2.1 Landscape and Regime

The MLP of [7, 16] distinguishes three interrelated levels of changes: the land-
scape, regime, and niche levels of socio-technical systems. This MLP literature is
particularly instructive in understanding the dynamics of transition and the insti-
tution interactions during the process.

The current power regime in China for meeting industrial process, lighting,
heating, and power-related services may be characterized as a centralized system.
Electricity is centrally generated, largely from coal, hydropower, and a small but
growing amount of nuclear and renewable sources; it is delivered to businesses and
homes through large-scale T&D networks, before being used to provide power,
lighting, heating, and services with the aid of end-use technologies and the build-
ings infrastructure. The absolute low starting point, the vast growth in power
demand incurred by rapid industrialization of the Chinese Economy, and the rise of
China as a World Workshop, as well as the increasing demand from households as a
result of enhanced living standards and the popularization of home appliances, have
made rapid growth of supply capability a policy priority in China. The strategic
importance of electric power to enabling economic activity and well-being means
that the system is the subject of intense policy activity, which focuses on ensuring
secure and affordable supplies, and other social objectives. The meta ‘‘socio-
technical landscape’’ of electrification in China can be characterized as follows:

• a dependency upon fossil fuel-based energy supply (mainly coal and rising
supply capability of gas) and large-scale electricity generation technologies,

• a coal extraction, processing, and transportation infrastructure always unable to
catch up with increasing demand,

• province-based power grids and a growing interconnected national grid to ease
the geographic imbalance between supply and demand,

• historically vertical integration monopoly just being restructured into two grid
operators and a set of SOE generators who are regulated by government bodies,

• a weak but expanding rail and road infrastructure,
• a traditionally centralized administration system, with initiated but rather

fruitless market reform.
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Key processes that influence or ‘‘drive’’ the power regime at the landscape level
in China include the following:

• the increasing power demand from the industrial sector because of the ongoing
industrialization process and a big gap in energy efficiency compared to the rest
of the world,

• the increasing power demand from households because of increasing income
and rapid urbanization,

• a huge population base of 1,340 million, which is still growing,
• the increasing pressure on primary energy supply, environment, and ecology

because of the heavy reliance on coal,
• global concern of GHG reductions and increasing pressure on China’s ‘‘mea-

sureable, reportable, and verifiable’’ obligation to cut GHG emissions,
• the Chinese Government’s commitments to reduce emissions and reduce GDP

carbon intensity by 40–45 % in 2020 compared to the 2005 level and to pro-
mote clean energy sources, increasing the share of non-fossil over primary
energy by 15 % in 2020,

• concerns over security of primary energy supplies,
• external factors leading to high and/or volatile oil and gas prices and related

concerns over energy affordability and fuel poverty, as well as physical dis-
ruption of external supplies (war, terrorism, foreign governments limiting
supply, etc.),

• the gradual transition of Chinese Economy from centralized planning to a more
market-based economy that will gradually blend into the global economic
system,

• the international efforts to deliver renewable energy technologies.

Many processes that drive the power landscape in China, such as energy
security concern and international factors, are the same as other countries face.
However, under the macroeconomic-social transition process, the interactions of
industrialization, urbanization, and energy–environment–ecology constraints will
pose important impacts on the power landscape and thus influence the transition
pathways. Meanwhile, the international pressure on China to assume ‘‘measure-
able, reportable, and verifiable’’ CO2 reduction targets will intensify during Chi-
na’s growth process. Currently, by emphasizing that as a developing country and
according to ‘‘shared but differentiated’’ principle, China can and will take active
measures to cut CO2 emissions so far as they do not impede the economic
development. As expected in 2020, per capita GDP of China will exceed
10,000 US$, and in 2030, it is expected to exceed 15,000 US$ (2010 constant
prices). At that time, with its raised share of global GHG emissions and the
expected intensified international conflicts, it is very likely that Chinese Govern-
ment would need to take a more positive attitude toward GHG reductions. Thus, in
the future 5–10 years, the power landscape will definitely experience radical
change toward decarbonization and in turn exert more pressures on the power
regime to change.
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2.2.2 Technical Niches

A wide range of competing energy technologies are currently being developed,
reflecting not only the underlying scientific and technological base but also the
perceived opportunities arising from the emerging low-carbon socio-technical
regime. Shackley and Green [17] have proposed a categorization of these tech-
nologies, distinguishing between mature technologies and those that are at various
stages of commercialization, demonstration, research, and development. Zhang
et al. [21] also appraised the renewable energy technology progress in China and
proposed their categorization. However, their categorizations mainly focus on pure
technological level and neglect final consumption as a means for efficiency
improvement by technology innovation in the industrial process. Based on their
work and adapted to our pathway study, we propose our decarbonization cate-
gorization for power sector transition in China (Table 2). In our categorization, we
classify available and potential options into five streams, namely fossil fuel,
nuclear, renewable, demand side and energy carriers and storage technology, and
appraise the availability of options according to typical technology innovation
stages: mature (being available at hand with affordable prices in large scale); early
commercialization (technically feasible but still expensive and in need of tech-
nological learning to become fully effective); development and demonstration; and
finally the research stage. The time line in the table is not strict, given the
uncertainty in innovation and the inaccuracy of appraisals, and is calibrated based
on technology launch stage.

3 Planning of China’s Power Sector into 2030

3.1 Landscape and Driving Forces

According to the objective of completion of a well-off society in 2020 indicated by
President Hu Jintao’s report on 18th National Congress of CPC, per capita GDP,
measured in 2010 constant price and current exchange rate, will reach 10,000 US$
at that time. Then, with an annual growth rate of 4.5 %, per capita GDP will reach
15,000 US$ in 2030. According to the standard of the World Bank, at that time
China will approach the lower bound of high-income group. According to socio-
economic comparative study, in 2020, per capita electricity consumption will
reach around 5,000 KWh, and in 2030, it will reach around 8,000 KWh.

The output structure will also exert significant impact on power demand.
Currently, in the group of lower–middle income, China’s output is predominantly
in the secondary sector. However, during the ongoing industrialization process, the
share in the secondary sector will not decrease significantly until 2020, thus posing
great challenge to China’s energy supply and low-carbon development.
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With an expected income where consumption is bound to take off, what are the
most important factors that exert pressure on China’s power system regime? Here,
we briefly analyze four of them, namely industrialization, built environment,
appliances (home and commercial), and transportation.

The leading factor is industrialization. During the past decade, the growth in
consumption of energy-intensive products such as steel and cement in China has
been very fast. According to Yu [20], China accounts for 70 % of the increased
production in crude steel, 83 % in cement, and 118 % in steel during 2000–2008,
which implies that with GHG reduction pressures in the industrialized nations,
more energy-intensive products are outsourced to China. On the other hand,
energy efficiency in China’s manufacturing sector is significantly lower than in
developed countries. Because of strong domestic and foreign demand, even though
the share of heavy industry over GDP will decrease, it will nevertheless experience
remarkable growth and the absolute scale will more than double in 2020 and triple
in 2030 (as of 2010 level), thereby leading to vast power demand growth and
posing perhaps the biggest challenge to the power system transition in China.
Therefore, a well-designed industry policy to guide the development of manu-
facturing sector, as well as stricter energy efficiency standards to promote con-
servation, will be the most important strategies for China.

The second factor is urbanization. Together with the growth of income, it will
exert significant impact on the power system in two ways. First, urbanization is the
aggregation of population in urban areas. The urbanization rate in China increased
from 36.2 to 46 % during 2000–2010 periods, equivalent to 14 million citizens
moving into cities annually, and will increase to 56 % in 2020. Urbanization will
be accompanied by vast housing demand, and China has set the goal of con-
structing new homes for 400 million people by 2017 [12]. Houses are built for the
long term, on the expectation that houses will be used for 50–70 years or more. On
one hand, a house is a kind of stand-alone system in that a new house could be
built using the most modern and energy-efficient technologies (for example, a
passive solar house) available without regard for how other houses in the sur-
rounding area have been built. On the other hand once built, buildings will con-
sume substantial amount of energy for lighting, ventilation, cooling, and heating
purposes over its life cycle. It is reported that energy consumption per square
meter in the existing 40 billion square meters of housing in China is three times
that of advanced country level, while 90 % of the newly built houses are energy
inefficient. Hence, to cope with the impact of urbanization and reduce power
demand in buildings, it makes sense to immediately implement as many available
energy-efficient house technologies as possible in the new construction projects.
On the other hand, refurbishment of existing houses, by improved insulation, new
heating systems such as heat pumps to replace central air-conditioning, can also
improve energy efficiency remarkably.

Urbanization will also result in the expansion of cities, in turn increasing
demand on regional transportation. The relationship between transportation and
power sector is complicated. On the one hand, all kinds of biofuels could also be
used for power generation. Considering the gigantic oil demand in the future, the
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inadequate domestic oil supply and the already high dependence on oil import
(50 % in 2009), biofuels should take priority over bio-generation. On the other
hand, the next generation vehicles, be it hydrogen/fuel cells or battery driven, will
have significant impact on the power sector. Hybrid Electric Vehicle technology
may be the only one mature enough in the next 10 years to contribute to energy
transition in China [1]. Pending significant improvements in battery technology,
plug-in hybrids could possibly start making an impact in about 10 years, while
vehicles powered by fuel cells are unlikely to enter high-volume production for at
least 20 years. Whatever technology evolves, power demand will be significantly
pushed up by direct consumption, by batteries or indirect consumption by
hydrogen/fuel production. Considering the vast growth potential of private car
demand, transportation alone will vastly increase power demand in China.

With growing per capita GDP and more disposable income, electric appliances
will be popularized in households. Comparing the difference of appliance inven-
tories in rural and urban families [14], there is vast potential for the demand of
appliances such as refrigerators, washing machines, and computers, which in turn
will consume more electricity. On the other hand, with the expected rapid growth
of the service sector in the coming two decades, the popularization of office
automation and more large-scale power-consuming data centers in operation, there
will be growth of power consumption in the service sector.

3.2 Planning Scenario

With demand growth at two digits and the intensified pressure for carbon reduc-
tion, it is unwise to simply build more thermal power plants to meet the power
demand. More diversified power sources must be included in the generation mix.
Similarly, it is unwise to simply increase supply without considering conservation
potential on the demand side. This is especially important for China with noto-
riously low energy efficiency. Hu et al. [9] proposed an integrated resource stra-
tegic planning (IRSP) model for power planning, and its core is a minimized
power supply planning model considering both traditional power plants (thermal
power, hydropower, nuclear power, and renewables) on the supply side and effi-
cient power plants (EPPs, including energy-saving lightings, high-efficiency motor
systems, high-efficiency appliances, and others) with environment constraint.
Based on the model presented in Hu et al. [9], generation capacity planning for
China during 2010–2030 periods is projected in Table 3. Considering the potential
of EPPs, in 2020, 142 GW of generation capacity could be avoided and save
285 TWh electricity on the demand side in 2020; in 2030, 277 GW could be
avoided and save electricity by 783 TWh. Meanwhile, with a diversified genera-
tion mix, in 2020, clean capacity would amount to 593 GW, accounting 35.5 % of
total generation capacity and clean generation would amount to 1,948 TWh,
accounting for 25.38 % of total generation; in 2030, clean capacity would amount
to 1,091 GW, accounting for 46.78 % of generation capacity, and clean generation
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would amount to 3,887 TWh, 37.19 % of total electricity generation. The sig-
nificant increase in clean generation will vastly avoid potential CO2 emissions
from China’s power sector. Supposing that the carbon emission factor and clean
generation share were constant at 2007 level, 640 and 2,114 million tons more
CO2 would be emitted in 2020 and 2030.

The preceding analysis indicates that with radical improvement in generation
mix on the supply side and energy efficiency on the demand side, China’s power
sector could make obvious progress on decarbonization. Unfortunately, a simple
though not precise calculation indicates that these efforts are not enough. Suppose
that the efficiency improvement plus the installation of gas power cut the CO2

emission factor of fossil plants to 803 g per KWh (10 % lower than 2007 level),
multiplying by fossil generation share of 63 % (and supposing no emission at all
for clean generation), in 2030, CO2 emission per KWh from China’s power sector
would be 504 g. Then, multiplying by the expected consumption, power sector
alone will emit 5,600 million tons CO2 or 93 % of China’s total emissions in 2007.
Including other sectors, it would be very likely to double the 2007 emissions to
11,000–12,000 million tons, which is far beyond the IEA 450 ppm scenario for
China [11] and would ruin the global effort to stabilize GHG emissions.

4 Developing Super Smart Grid in China

4.1 Key Features of China’s Power Scenario

To fuel socio-economic development properly, while at the same time manage the
GHG emissions at controllable scale, we need to understand the key features of
China’s power scenario and build SG to deliver it.

Start with power demand first. From regional perspective, the demand from
developed regions such as Yangtze River Delta, Pearl River Delta, and Bohai
Economic Rim will flat and saturate around 2020–2025 after a swift growth from
2010 to 2020. On the other hand, the demand from underdeveloped western and
central regions will continue to increase during rapid industrialization and urbani-
zation process. The implication is that the historical imbalance between load and
resource will exacerbate until 2020. Due to the bottleneck in the transportation
system, ultra-high voltage and long-distance transmission system will continue to be

Table 3 Scenario planning of power generation capacity for China 2010–2030

(GW) Coal Hydro Nuclear Wind and solar Gas Total Efficiency power plants

2010 671 200 10 40 12 933 15
2015 857 260 23 100 12 1,251 47
2020 1038 335 78 165 44 1,660 142
2025 1141 450 170 280 50 2,091 204
2030 1180 500 230 361 61 2,333 277
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a priority before 2020. However, with the takeoff of economic growth in western
and central regions, the local demand from these regions will explode and consume
most of the local supply. Besides, with stricter environmental and ecological
standard, there will be more constraints on the construction of transmission corridor.
All these pressures call for more active regionalized balance of demand and supply.

From the perspective of final use, demand from the manufacturing sector is
supposed to flat and saturate at around 2020 when China finishes the industriali-
zation process. Meanwhile, demand from service, residential, and transportation
will take off when tertiary sector dominates the GDP, and higher disposable per-
sonal income results in the burst of domestic consumption. One implication is that
at around 2020 when demand from service, residential, and transportation sector
begin to challenge the role of manufacturing sector in total consumption, the
demand will become more irregular, unpredictable, and hard to be managed. The
other implication is that the pattern of the new demand from service, household, and
transportation sector depends on how the city, buildings, and transportation system
are designed and managed during the urbanization process. The key decision
making of city planning, building standard, and transportation system should
incorporate energy, environment, and ecology objectives in the priority agenda and
be the results of integrated planning. Market mechanism, energy efficiency standard
for new buildings and electric appliances, energy management service, and tech-
nology innovations would play major roles for smart management of the demand.
Retrofitting of existing buildings can contribute significant energy-saving and GHG
abatement. All kinds of demand-side measures can serve as low-cost energy storage
options when incorporating intermittent renewable generation in large scale.

Now we turn to supply side. For thermal power, enhancement of energy effi-
ciency by building more new USC and/or CHP units can save coal and avoid GHG
emissions. With available technology, retrofitting existing coal-burning units into
USC can make another contribution. Because coal-based units will still account for
half of the generation capacity in 2030, to control total GHG emissions, carbon
capture and storage (CCS) technology must be put into commercial application
beginning from new coal units above 300–400 MW at around 2015 after pilot
projects. With growing and secured supply from both regular and shale gas, gas
generation will enter into the generation mix in China as reserve units and improve
the capability of the power grid to integrate more portion of renewable generation.
Exploitation of hydropower in China will peak at around 2020 when technically
and economically exploitable resource is used up. Nuclear power will peak at
around 2020–2025 at scale of 80–120 GW installation. But next generation
reactor, in cogeneration of power and hydrogen, will open a new window for
reshaping power system. Large-scale integration of inland wind power and solar
power will peak at around 2020 when the wind/solar power bases at scale of 1/
10 GW are completed and commissioned. Then, the pressure on the construction
of more transmission lines and the requirement of regionalized balance of demand
and supply will call for the integration wind/solar and other forms of renewables at
small scale in the form of distributed generation or microgrid, which in turn calls
for a radical change in the pattern and management of power system.
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4.2 Function Analysis on SSG in China

A strong power grid infrastructure is needed to manage the challenges/opportu-
nities of the scenario and deliver the transition. According to the preceding
analysis, in China, the power grid should be able to assume the following functions
in the future:

• Optimize primary energy supply structure and facilitate clean generation
access, which in turn requires large-scale semi-reliable and intermittent power
generation units such as wind and solar power and thus poses big challenge to
power system planning, operation, and control. On the other side, to promote
clean generation as much as possible, generation technologies in different types
and sizes, connected into distribution networks plus self-generators injecting
into, or taking from the grid from time to time, should be installed to the grids
(especially the distribution grids), which in turn calls for reconfiguration of
distribution systems.

• Serve as an alternative system besides railway, waterway, and road systems for
large-scale energy transportation, which in turn calls for renovation of the
current 500 kV backbone grid with less than 800 km transmission radius to
750 kV and higher with a longer transmission radius, functioning as long-
distance and large capacity resources optimization framework.

• Promote energy conservation on power demand side, as well as on supply side,
which in turn calls for more consumer choices, customized power services and
smart energy management.

• Control GHG emissions effectively within the power sector and leave more
space for other sectors, which in turn calls for the construction of large coal
power bases nearby collieries to reduce energy consumption for coal trans-
portation and to provide the base for large-scale CCS applications, innovative
dispatch rules to support carbon-free or low-carbon generation, and exploration
of the demand-side energy conservation to the utmost extent.

Super smart grid (SSG) has been studied to integrate SG and super grid for
energy conservation and renewable energy utilization in many countries. However,
‘‘SGs’’ do not enjoy a commonly accepted definition in the literature. Even its
architecture and basic elements are of universal sense, its functions must be tai-
lored to accommodate the differences in resource and demand in different
countries.

Here, we would only discuss the main features of SG that could satisfy the
above functions. We define super SG as the power grid system that will eco-
nomically accept and transmit renewable power on the supply side and operate
energy efficiency improvement on the demand side. On the transmission side, SSG
can take advantage of renewable and clean power generation over a long distance
and integrate huge amounts of power generation into the grid, and on the distri-
bution side, SSG can stimulate customers to save electricity and sell their
renewable power generation to the grid (Table 4).
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Table 4 Key components of developing SSG in China

Aspects Transition direction Key SSG components

Generation • Large-scale access-in of intermittent
renewable generation in northwest
resource center

• Wind power grid-access
technology

• Development of large-scale thermal and
hydropower bases in western resource
center

• Solar power generation and grid-
access technology

• Development of nuclear power plant in
east coastal areas

• Grid-access technology for novel
renewable generation

• Cogeneration of power, heat, and
hydrogen

Transmission • Long-distance large capacity energy
transmission

• Advanced power transmission
technology (Superconductors,
FACTS, HVDC)

• Resilience to disturbance, attack and
natural disasters

• Wide-area monitoring and control
technology

• Information and communication
integration technology

Distribution • Integration of different generation and
storage technologies (small wind
turbine, roof solar, biogas, fuel/cell
among others) and in different sizes

• Distributed generation and
management technology

• mini-grid technology
• Step-down transformer technology
• Advanced voltage control

technology
Utilization • Diversified power supply options for

customers (based on both cost and
product differentiation offered)

• Power consumption information
feedback technology

• More active involvement opportunity for
customers as power operators and small
generators

• Integrated design of green building
and energy system

• Customized services • Energy efficiency and demand-
side response management
technologies

• Electric vehicle charging load
management technology

• Bilateral energy management and
smart billing system

• Smart homes technology
integration

294 Y. Jia-Hai



5 Road Map for Developing SSG in China

5.1 Transition Pathways of Low-Carbon Power Sector
in China

Geels and Schot [8] proposed a typology of transition pathways as, reproduction:
ongoing processes of change within the socio-technical regime (i.e., not involving
interaction with the landscape or a technological niche); transformation: processes
of change that arise from the interaction of an evolving landscape with the socio-
technical regime (but not with the technological niche level); substitution:
replacement of one dominant technology within the socio-technical regime by
another as a consequence of interaction between all three levels; de-alignment/
realignment: interaction between the three levels resulting in competition between
a dominant technology within the regime and a number of other competing
options, which have different performance characteristics, eventually resolved
through emergence of a new dominant option; and re-configuration: replacement
of a set of interlocking technologies by an alternative array of inter-related tech-
nologies which fulfill the same or similar functions.

According to analysis on technology niches, we propose the transition pathways
for low-carbon power system development in China (Table 5). In the table, we
classify available and potential options into five streams, namely fossil fuel,
nuclear, renewable, demand side and energy carriers and storage, and appraise the
availability of options according to typical technology innovation stages: mature,
being available at hand with affordable prices in large scale; early commerciali-
zation, though technically feasible but still being expensive and in need of a
technological learning process to become technically effective; development and
demonstration; and the research stage. The time line in the table is not strict, given
the uncertainty in innovation and the inaccuracy of appraisals, and is calibrated
based on technology launch stage.

5.2 Milestones and Key Tasks for Building SSG in China

Based on the overall transition pathways of China’s power sector and the
requirements on SSG, we propose the milestones for SG development developing
SSG in China (Table 6). Again, even the timeline is not strict, the road map is
divided into three periods: 2010–2015, with the emphasis on transmission system
and large-scale integration of renewable generation; 2015–2020, with the emphasis
on integration of middle-scale renewable generation and energy storage; and
2020–2030 and beyond, with the emphasis on integral of smart transmission, DG,
and microgrid.
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Table 5 Possible transition pathways of power system in China

Stage pathway First stage: 2010–2020 Second stage: 2020–2030 (and
beyond)

Reproduction: efficiency
enhancement in coal-based
large-scale power system

Regular efficiency
enhancement; CHP;
substitution of small-scale
inefficient unit with UVC
unit; power grid operation
optimization

Same as first stage

Transformation: minor
modifications to coal-based
large-scale power system

Demand-side options as
technology innovation in
industrial process,
popularization of energy-
efficient appliances, house
refurbishment such as
insulation and double
glazing; isolated distributed
generation (DG) in remote
areas

Low-carbon building

Substitution: technology
substitution or power
demand substitution within
centralized power system

Gas power, waste (biogas)
power, and/or gas + CHP;
fission nuclear power;
inland and onshore wind
power; solar power in
demonstration and
commercialization; heat
pump; passive solar

Gas + CHP power; GIF
nuclear; offshore wind
power; advanced solar
power; fuel cells; Micro-
CHP

Reconfiguration: major
modification to coal-based
large-scale power system

CCS research and experiment
and demonstration; Fuel
cells research and
experiment and
demonstration; Centralized
power grid + solar/wind/
hydro/biogas and other
combined DG

Regional power grid + ultra
voltage transmission
connection + expansion of
kinds of DG technologies
including fuel cells

De-alignment/realignment:
power system coevolves
with hydrogen/fuel cell
technologies

Research and development of
hydrogen technology

Macrogird with large-scale
UVC + CCS units and
other traditional carbon-
free units or large-scale fuel
cell plants based on
underground coal
gasification + hydrogen
production as
carriers + DG and
microgrid with fuel cell,
wind, solar, and other
renewable units
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6 Policy Implications

Transition to a smart and low-carbon power system represents multiple institu-
tional challenges. For one thing, renewable energy in different forms is distributed
and intermittent in nature. For another thing, without technically feasible energy

Table 6 Milestones and key tasks for developing SSG in China

Period Milestones Key tasks

2010–2015 • Developing super transmission
system

• Optimizing generation mix with
traditional technologies

• Optimizing of generation mix • Building smart transmission system
• Integrating large-scale renewable

generation (GW scale)
• Integrating large-scale renewable

generation
• Cogenerating of power and heat and

other low-cost energy storage form
• Piloting distributed generation
• Piloting smart management of electric

vehicle
• Testing superconductor transmission

system
• R&D of next generation energy storage

technology
• Testing the feasibility of smart customer

management and related technology
R&D

2015–2020 • Developing super
transmission + distributed
generation system

• Piloting superconductor transmission
system

• Integrating medium-scale renewable
generation (10 MW scale) and
energy storage

• Optimizing power generation with CCS
units piloting and testing next
generation energy storage technology

• Building DG
• Piloting smart customer management
• Piloting microgrid operation and

management technology
2020–2030

and
beyond

• Developing super
transmission + distributed
generation + microgrid system

• Building smart superconductor
transmission system

• Integrating small-scale renewable
generation (1 MW scale)

• Optimizing DG operation and
management

• Preparing for integration of
cogeneration of power, heat, and
hydrogen

• Building microgrid and all kinds of
smart customer management
technologies

• Optimizing and reshaping the
architecture of the power grid

• Building infrastructure and architecture
for the cogeneration of power, heat,
and hydrogen

• Preparing for the integration of smart
grid and internet of things
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storage options, power system must be balanced in real time. Therefore, histori-
cally, operators of the ‘‘dumb grid’’ were primarily concerned with stable and
reliable operation of the system. The grid was operated using a combination of
command-and-control actions and hierarchical decision making. Perhaps most
importantly, the preferences of customers were largely left out of the planning and
operations process in traditional power grids.

Integration of medium- and small-scale renewable generation will face huge
challenge. As discussed above, SG based on renewable generation and energy
storage technologies radically differs with traditional one. In China, renewable
generation as wind and solar power is integrated into the system by building large-
scale bases and then constructing transmission system to deliver it. In this way,
wind farms are taken as bulk generation of coal-based units. However, the inte-
gration of medium- and small-scale renewables into the grid means that the re-
newables will be connected in the distribution system or directly built on
customers’ houses/buildings. So first of all, level playground for small and private
investors is needed to attract millions of prospective individuals into the power
sector. Then, regarding power grid as public-accessible public goods and ensuring
fair grid access is another priority to overcome this barrier.

Pricing mechanism is the biggest challenge for smart management of customers
and innovations in demand-side technologies. Though currently smart meter and
the related information and management technologies are the focus of R&D and
pilot projects, price reform is ultimately the final answer to it. For one thing, retail
tariff must reflect the cost of energy service in consideration of the time served and
quality requirement. For another thing, currently, there is only wholesale gener-
ation price, and final consumption tariff based on customer classification and grid
companies’ revenue is the difference between them multiplying by power supply
to different customers. Under this situation, grid companies have no incentive to
deliver demand-side management. Also, electricity price policy has historically
assumed too much economic growth and social stability function in China, instead
of economic function to signaling for the scarcity of resource. So to reflect the cost
clearly, there must be price catalog of wholesale generation, distributed genera-
tion, and microgeneration and the separation of generation, transmission, distri-
bution, and retail prices, which in turn calls for a new perspective on the regulation
of T&D network. Understanding that there is deep-rooted origin of the current
tariff policy, pricing reform can be regarded as a touchstone to see whether Chi-
nese Government is determined to the Scientific Development Perspective and
power sector deregulation.

The integration of medium- and small-scale renewable generation as well as
pricing mechanism reform also calls for the gradual redefinition of the power grids
and restructuring of the utility companies. It would pose the most difficult insti-
tutional puzzle for developing SG in China. Currently, SGCC, the biggest national
grid company, is the first mover of SG. But the focus of SGCC is on ultra-high
voltage and long-distant transmission system, which can serve as a physical
infrastructure to maintain and strengthen its vertical monopoly power. However,
the worldwide trend requires splitting the grid company into transmission operator,
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distribution operator, and retailers, among which T&D operator will provide
public goods to generators, retailers, and customers. Without clear-cut separation
of public goods and private goods, it is unlikely that SG can function as expected.
The puzzle is that the grid company would have no incentive to develop SG if it
was destined to be dismantled. Therefore, a subtle design to synchronize the SG
road map with power sector deregulation is necessary.

Finally, there is another challenge to draft a clear national strategy and road
map for developing SSG when trying to put all the elaborated components together
and into operation. SG is perhaps the most complicated manmade system and
involves at least electric equipment manufacturing industry, power industry,
information and communication industry, and other novel industries which provide
component solutions. Some components, such as smart substation, FACTS,
HVDC, wide-area monitoring and control technology, are mature and available.
Others, such as smart meters, DG, microgrid, next generation communication and
control system, Internet of Things, are still in R&D or early pilot stage. Therefore,
drafting a clear national strategy and road map based on comprehensive appraisals
of numerous component technologies and their launch pathways poses another
puzzle for developing SSG in China. An accompanied issue is how to integrate the
international endeavors with domestic efforts.

7 Conclusion

This chapter adopts the framework of socio-technical systems transition to discuss
the development of SG in China. As a starting point, we present the brief history
and key features, landscape and regime of power sector in China for understanding
the institution background. A low-carbon scenario for power sector into 2030 is
compiled, and its salient features are discussed to understand the necessity and the
requirements on SG. We then address the main functions of SSG in China and
draft the transition pathways to a low-carbon power sector. A road map for
developing SSG in China is proposed based on the overall transition pathways of
the power sector. Institutional barriers on the road map are outlined and policy
implications discussed. Based on the study in this chapter, we have three main
findings.

Clear national strategy and road map is needed in China. To fill the institutional
gaps, the government body (currently National Energy Administration) should be
empowered to be responsible for national strategy formulation, a roadmapping
think-tank should be formed to develop and update the road map, combining
world-wide industrial, government, and academic expertise to assess technologies
and identify obstacles and recommend appropriate policies, and an industry-gov-
ernment consortia should be formed to provide integrated translation research and
strong front-end support.

Restructuring of the power sector should be synchronized with the development
of SG. Dismantle the grid companies into regional transmission companies and
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provincial distribution companies to provide public goods to the private users. Set
level playground in both technology and investor sense, encourage entry, and open
the power sector to private investors. A national dispatch center is needed to take
charge of national power system planning, regional interconnection, and the
development of super smart transmission system. Power market could be estab-
lished on both national and regional level.

Pricing mechanism reform should take the precedence of SG, in order to pro-
vide proper signal to power customers. A parallel institutional arrangement is to
empower the costumers with rights to choose their own power retailers or energy
management suppliers or to engage themselves as microgenerators.
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Exploring the Value of Distributed Energy
for Australia

William Lilley, Luke Reedman and Anthony Szatow

Abstract This chapter examines the important role that distributed energy (DE)
can play in smart grids in Australia to achieve a low carbon future. It discusses the
findings of a recent major government-funded study which showed that uptake of
DE could result in potential economic savings of around $130 billion by 2050. It
also provides updates of more recent modelling that takes into account sensitivities
in the price of natural gas and the price of solar photovoltaic (PV). This chapter
further examines the key issues, opportunities and challenges of realising the value
of DE in Australia. The analysis highlights the importance of integrating DE with
the electricity grid and urban environment and discusses enablers and barriers for
large-scale uptake of DE.

Keywords DE � Economic modelling � Carbon price � Electricity markets

1 Introduction

In a traditional electricity network such as the one shown in Fig. 1, electricity is
produced by large centralised plant located remote to the user. These plants typ-
ically convert energy contained in a fuel, e.g. coal, gas or nuclear material into
electricity, which is transformed to high voltage for efficient long-distance trans-
port. When the electricity nears major load centres, e.g. a town, it enters the more
widely spread distribution network for transport to numerous end-users. Here, it is
brought to lower voltage levels, potentially a number of times, before reaching the
final consumer. On average, in Australia, around 6.5 % of the electricity produced
is lost as it is transferred from the point it is generated to the point it is used [16].
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Depending on the type of plant, and type of fuel used, up to two-thirds of the
chemical energy contained in the fuel can be lost as it is converted to electricity. In
some cases, plant such as combined cycle gas turbines are installed to minimise
this heat loss. In other instances, economic decisions result in the uptake of less
efficient plant such as open-cycle gas turbines due to their lower capital and
operation costs. By using distributed energy (DE) technologies, some of these
inefficiencies can be reduced through minimising transmission and distribution
losses and by utilising waste heat in secondary processes such as the delivery of
hot water and steam.

In Australia, electricity is supplied to consumers primarily from the combustion
of black coal, brown coal and natural gas (Fig. 2). Renewable sources are pri-
marily from large hydroelectricity plant with a small but growing contribution
from wind and rooftop solar photovoltaic (PV), driven through state-based feed-in-
tariffs and government policies such as the large- and small-scale renewable
energy target (RET) that ensures that 41,000 GWh of large-scale renewables enters
the market in 2020. No yearly target is set for the small-scale generation [7, 8].
Over the period 2002–2003 to 2011–2012, electricity generation from solar energy
grew at an average rate of 46 % a year, from 60 GWh in 2002–2003 to
1,400 GWh in 2011–2012 [6]. Electricity in the eastern states of Australia is
supplied by the National Electricity Market (NEM). The NEM is the longest
alternating current system in the world at over 5,000 km from far north Queens-
land to Tasmania, and west to Adelaide and Port Augusta and is long and linear in

Fig. 1 A simplified view of electricity generation and transfer [10]
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comparison with Europe and North America [2]. In total, it contains around
785,000 km of overhead transmission and distribution lines and around
124,000 km of underground cables [6], which supply about 200 TWh of energy to
businesses and households each year.

Rising electricity prices in many developed countries has been driven by
expenditure on distribution networks to meet fast-growing demand, particularly in
the domestic sector. Much of this demand growth has been driven by the instal-
lation of large consumer devices such as air conditioners (AC) as rising affluence
leads to an increase in living standards. These power hungry devices can lead to
high levels of demand at certain times of the year, in the case of AC on very hot
days. The network must be designed to meet the very highest levels of demand. In
countries such as Australia, this peak demand occurs on only a small number of
days per year. Reducing or shifting peak demand can result in significant savings
as smaller, less costly components can be used to deliver the overall needs in
electricity. Installation of DE is one way to achieve this outcome. Figure 3
illustrates the components of residential electricity costs in the NEM states for
2012–2013 [6]. The figure clearly shows that network costs are the major com-
ponent of the residential price followed by wholesale costs from generation. Retail
margins and the impost of ‘‘green’’ and ‘‘carbon’’ costs make up the remainder.

While conceptually simple, the adoption of DE technologies can pose some
technical issues particularly within distribution networks. Traditionally, electrical
networks were designed to transfer electricity in essentially one direction, from the
point of generation to the point of use. Protection equipment and operational
regimes were built around this paradigm, and installing distributed generation
(DG) equipment can lead to excess electricity being supplied into the network.

Black coal, 46.3

Brown coal, 21.9

Natural gas, 19.4

Oil, 1.2
Bioenergy, 0.8

Wind, 2.3
Hydro, 6.7

Solar PV, 0.3
Other, 1.1

Fig. 2 Australia’s electricity generation (%), by energy source [5]
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These new two-way flows need to be measurable and controllable to ensure that
issues around safety and performance are not unduly affected by their introduction.

In many countries, there has been a growing trend towards the adoption of
smart grid systems that can help among other things to minimise the impact of DG
and reduce system losses through advanced monitoring and control. To date, these
activities have been primarily government funded while the cost-effectiveness of
various activities is assessed for potential wider-scale adoption. In Australia, the
largest smart grid programme is a commercial-scale rollout in the city of New-
castle. The Australian Government provided a $100 million grant for the ‘‘Smart
Grid Smart City’’ programme to assess the costs and benefits of adopting smart
grid technologies and activities within the electrical network and within the
property of consumers. The programme is trialling both grid-side (network) and
customer-side activities that aim to deliver efficient energy services [4].

Other Australian network companies are also undertaking smart grid- and
DE-related activities based on a combination of government incentives such as the
demand management incentive scheme [3], federal and state government pro-
grammes such as Solar Cities [12], National Broadband Network [11], Victorian
Advanced Metering Infrastructure programme [13], Victorian Electric Vehicle
trials [14] as well as commercial investments by the companies themselves such as
SPAusNet’s [21] distribution feeder automation (DFA) programme to improve its
service standards, or Energex’s [15] tariff trial, cool change and energy conser-
vation community activities that provides incentives for reducing peak load
demands from pool pumps, AC and water heaters.

In this chapter, we examine the economic outcomes from modelling the
potential impact of DE. Section 2 presents the methodology of the economic
modelling. Section 3 presents results and discussion of the modelling that

Network costs, 45

Wholesale costs, 32

Retail costs, 10

Carbon costs, 8

Green costs, 5

Fig. 3 Residential electricity cost components (%) in Australia’s NEM 2012–2013 [6]
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considers earlier analysis [10] and more recent modelling taking into account a
change in key drivers including the price of natural gas and solar PV. Section 4
discusses barriers and enablers for wide-scale adoption and Sect. 5 presents con-
clusions on the potential role of DE in Australia.

2 Modelling Approach

This chapter considers the potential economic benefits that can be realised through
the use of DE technologies in helping to reduce Australia’s greenhouse gas
emissions. This is addressed by considering the long-term uptake of technologies
through partial equilibrium modelling of the stationary energy and transport sec-
tors of the Australian economy. The model was used to examine the potential
energy mix for Australia’s electricity sector under the imposition of a price on
carbon. This analytical framework was chosen because it is relatively less resource
intensive than general equilibrium modelling of the economy and because it offers
the best opportunity to study the detailed technological implications of alternative
scenarios.

The partial equilibrium model employed is called the energy sector model
(ESM). ESM is an Australian ESM co-developed by the CSIRO and the Australian
Bureau of Agricultural and Resource Economics (ABARE) in 2006. Since that time,
CSIRO has significantly modified and expanded the ESM. The ESM is a partial
equilibrium (bottom–up) model of the electricity and transport sectors. It has a
detailed representation of the electricity generation sector with substantial coverage
of DG technologies. The transport module considers the cost of alternative fuels and
vehicles as well as detailed fuel and vehicle technical performance characterisation
such as fuel efficiencies and emission factors by transport mode, vehicle type,
engine type and age. Competition for resources between the two sectors and relative
costs of abatement are resolved simultaneously within the model.

ESM is solved as a linear programme where the objective function is to
maximise welfare, defined as the discounted sum of consumer and producer sur-
plus over time. See Graham and Williams [17] for an example of the equations
required to construct a similar but non-linear partial equilibrium model.

The main components of ESM include:

• Coverage of all States and the Northern Territory (Australian Capital Territory
is modelled as part of New South Wales)

• Trade in electricity between National Electricity Market States
• Sixteen (16) DG electricity plant types: internal combustion diesel; internal

combustion gas; gas turbine; gas micro-turbine; gas-combined heat and power
(CHP); gas micro-turbine CHP; gas micro-turbine with combined cooling, heat
and power (CCHP); gas-reciprocating engine CCHP; gas-reciprocating engine
CHP; solar PV; biomass CHP; biomass steam; biogas-reciprocating engine;
wind; natural gas fuel cell and hydrogen fuel cell
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• Centralised generation (CG) electricity plant types: black coal-pulverised fuel;
black coal-integrated gasification combined cycle (IGCC); black coal with
partial CO2 capture and sequestration (CCS) (50 % capture rate); black coal
with full CCS (90 % capture rate); brown coal-pulverised fuel; brown coal
IGCC; brown coal with partial CCS (50 % capture rate); brown coal with full
CCS (90 % capture rate); natural gas-combined cycle; natural gas-peaking
plant; natural gas with full CCS (90 % capture rate); biomass; hydro; wind;
solar thermal; hot-fractured rocks (geothermal) and nuclear

• Four electricity end use sectors: industrial; commercial and services; rural and
residential

• Nine road transport modes: light, medium and heavy passenger cars; light,
medium and heavy commercial vehicles; rigid trucks; articulated trucks and
buses

• Thirteen road transport fuels: petrol; diesel; liquefied petroleum gas (LPG);
natural gas [compressed (CNG) or liquefied (LNG)]; petrol with 10-per cent
ethanol blend; diesel with 20-per cent biodiesel blend; ethanol and biodiesel at
high concentrations; gas-to-liquids diesel; coal-to-liquids diesel with upstream
CO2 capture; hydrogen (from renewables) and electricity

• Four engine types: internal combustion; hybrid electric/internal combustion;
hybrid plug-in electric/internal combustion and fully electric

• All vehicles and centralised electricity generation plants are assigned a vintage
based on when they were first purchased or installed in annual increments

• Rail, air and shipping sectors are governed by much less detailed fuel substi-
tution possibilities

• Time is represented in annual frequency (2010, 2011, …, 2050).

All technologies are assessed on the basis of their relative costs subject to
constraints such as the turnover of capital stock, existing or new policies such as
subsidies and taxes. The model aims to mirror real-world investment decisions by
simultaneously taking into account:

• The requirement that the plant is profitable over the term of its investment
• That the actions of one investor or user affect the financial viability of all other

investors or users simultaneously and dynamically
• That the consumers react to price signals
• That the consumption of energy resources by one user affects the price and

availability of that resource for other users, and the overall cost of energy and
transport services, and

• Energy and transport market policies and regulations.

In July 2012, the Australian government began pricing carbon emissions. Under
regulation, at the time of writing, the price is fixed each year for the first three
years and requires the country’s largest polluters to pay $23 per tonne until
2015–2016. From then, the price will be set by the market [8]. The modelling
performed here assumes that the price of carbon follows the trend displayed in
Fig. 4. Two potential carbon price paths are shown. The ‘‘Low’’ case represents a
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trajectory that sees Australia reducing its emissions from a base level in 2010 by
10 % in 2020 and 80 % in 2050, leading to an atmospheric concentration of
550 ppm CO2e. The ‘‘High’’ case represents a trajectory that sees Australia
reducing its emissions from a base level in 2010 by 25 % in 2020 and 90 % in
2050, leading to an atmospheric concentration of 450 ppm CO2e. These nominal
prices are provided as exogenous data to the model.

In the modelling shown here, three sets of projections are considered. The first
is a base case that provides outputs from the earlier modelling by CSIRO [10] in
the formulation of its ‘‘Intelligent Grid’’ (IG) report. The second case alters the
assumptions of the base case for solar PV, and the third case reflects changes in the
assumption of natural gas prices. The revised solar PV case reflects more recent
cost and performance data collected after the earlier modelling. Figure 5 provides
a graphical representation of the difference in price assumed between the base case
and the revised prices used here. It is worth noting that while the price varies
substantially before 2030, it remains essentially that same after that time as the
technology reaches a high level of maturity and the price is governed primarily by
its raw inputs rather than changes in performance through innovation.

The third case reflects differences in the assumed price of natural gas. Figure 6
shows the difference in price for the gas price assumed in the initial modelling and
the price assumed in the revision presented here. The differences are illustrated by
considering in this case the prices in the state of NSW. Prices are set for the model
in each state or territory of Australia. Prices for Western Australia and the Northern
Territory are assumed to track the export price for liquid natural gas (LNG). The
projected east coast gas prices assume moderate LNG penetration in Queensland.
Prices at the Gladstone port are predicted to reach export parity in 2025 with
the southern state prices, converging with the Queensland price by around 2030.
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The price of natural gas in other states is assumed to be largely driven by domestic
demand and longer-term supply contracts, which do not completely track inter-
national market volatility. In the revised case, the price increase is due to the
influence of high LNG netback prices in Australian dollar terms, resulting in
additional LNG development in Gladstone occurring in the post-2020 period.
Domestic electricity generators are required to compete with new LNG proposals,
and as a result, domestic prices converge towards the higher netback level.
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Greater detail and further discussion on the model assumptions are contained in
CSIRO [10].

3 Modelling Results

Figures 7 and 8 provide the generation mix profile from ESM for all technologies
and for DG technologies, respectively, under the ‘‘low’’ carbon price. These
figures show the relative contribution of generation type by the amount of energy
provided. They are based on the underlying assumptions used in earlier modelling
by CSIRO [10]. Under these assumptions, the model predicts that DG can provide
up to 81 TWh or equivalently around 18 % of total generation in 2050. In earlier
years, the DG mix is dominated by gas-fired and biomass co-generation plants.
Solar PV becomes more prevalent from 2017 with its initial impact in the resi-
dential sector followed in later years by non-urban use and then application in
commercial buildings. Despite its high thermal efficiency, the decline in gas-fired
CHP from around 2030 reflects the impost of higher carbon prices and more
competitive costs for solar PV at this time.

In comparison, when using lower PV costs (Figs. 9 and 10) based on more recent
cost and performance data, the model predicts a marginal increase in total DG output
in 2050 of around 83 TWh. While the impact on DG remains similar in 2050, the
charts clearly show that in this case, DG plays a stronger role in earlier years. The
lower installation costs bring on solar around 5 years faster. The amount installed in
later years remains relatively consistent between the two cases as the price from
2030 is essentially identical after the technology matures as discussed above. The
increase in DG in earlier years results in a reduction of larger centralised renew-
ables, in particular wind and solar thermal, as the model meets the constraint of the
expanded renewable energy target (RET). This target ensures that 45,000 GWh of
renewables enters the market in 2020, and in this case, solar PV provides a more
cost-effective solution to meet that target. The change in PV price has marginal
impact on the amount of traditional coal- and gas-fired centralised plant in early
years due to their low capital costs and the relatively low price of carbon at this time.

Altering the assumed price of natural gas (Figs. 11 and 12) produces a sig-
nificant impact on the generation profile. Overall demand in the sector is reduced
by around 19 TWh in 2050 as consumers reduce energy use in response to the
higher fuel prices for natural gas used in both centralised and decentralised plants.
In the case of DG, demand for its supply drops around 11 % to 72 TWh in 2030
with large reductions in electricity created by gas-fired co-generation plant.
Figure 13 provides the same chart but in this case, for the ‘‘high’’ carbon price.
A similar trend is apparent for DG, but in this case, the stronger carbon price
dampens DG in early years by around 4.5 TWh in 2020. By 2050, the difference is
only 1 TWh. While the carbon price has a substantial impact, the greatest change
shown by the model in 2050 results from the difference in assumed natural gas
price rather than the impost of a carbon price.
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4 Estimated Value of DE

Over the modelling period to 2050, the undiscounted value of energy efficiency,
demand management, DG and structural change is around $800 billion. This saving
is calculated by measuring the difference in weighted average prices multiplied by
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energy consumed between scenarios modelled. Figure 14 below illustrates how this
value accrues over time. The blue line represents total energy costs where DE is
excluded as an option in the model, and the red line represents total energy costs
where DE is included. The present value of the welfare gain is around $130 billion
discounted at 7 % pa. Ultimately, these benefits are shared by all consumers of
electricity. For the two sensitivity cases shown here, the values are $133 billion for
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the lower PV cost case and $154 billion for the increased gas price case. These
results show that the value of DE is greatest for the increased gas price case mainly
due to increased benefit of demand management.

It is important to note that the only major cost the ESM does not account for is
the cost of structural change in the economy over time, such as the cost of
unemployment or retraining that may occur. Costs associated with transforming
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the energy supply chain are built into the model, and so can effectively be con-
sidered zero. The model optimised welfare by requiring a 7 % real rate of return on
energy assets over their lifetime.

Fully valuing DE based on avoided or delayed spending on network and gen-
eration infrastructure is a complex exercise that is not fully captured by the ESM.
The ESM captures avoided spending on peak generation infrastructure, and

0 

10

20

30

40

50

60

70

80

20
09

20
11

20
13

20
15

20
17

20
19

20
21

20
23

20
25

20
27

20
29

20
31

20
33

20
35

20
37

20
39

20
41

20
43

20
45

20
47

20
49

E
le

ct
ric

ity
 g

en
er

at
ed

 (
T

W
h)

Gas turbines

Landfill gas

Biomass Steam/Cogen

Wind Non-urban

Solar PV Commercial

Solar PV Non-urban

Solar PV Residential

Biogas

Diesel off-grid

Diesel Urban

Gas CHP/CCHP Commercial

Gas CHP/CCHP Residential

Gas CHP Industrial

Fig. 13 Distributed generation mix: high natural gas price—high carbon price

0 

20

40

60

80

100

120

20
09

20
11

20
13

20
15

20
17

20
19

20
21

20
23

20
25

20
27

20
29

20
31

20
33

20
35

20
37

20
39

20
41

20
43

20
45

20
47

20
49

N
et

 e
ne

rg
y 

co
st

s 
($

A
U

D
 b

ill
io

n)

With DE Without DE

Fig. 14 Comparison of energy costs with and without DE

Exploring the Value of Distributed Energy for Australia 315



transmission networks to a degree, but imperfectly due to modelling limitations.
Previous attempts have been made to quantify the market value of demand
management specifically excluding network benefits, with estimates ranging from
$363 M to $954 M over the period 2007–2025 [18]. Better analysis of these
impacts is part of ongoing research in CSIRO’s ‘‘Future Grid’’ programme [9].

1. Realising the value of DE

The results presented here show that there is a significant potential for DE to
help Australia realise its ambition to reduce greenhouse gas emissions in a cost-
effective and safe manner. While there are considerable cost savings available,
realising them will require significant effort to address the barriers and enablers
that affect its full potential. The ‘‘Intelligent Grid’’ project [10] highlighted a
number of these in detail, which we summarise here.

5 Integrating DE with the Electricity Grid and the Urban
Environment

In Australia, network service providers (NSPs) operate, maintain and upgrade their
infrastructure based on forecast growth over a five-year cycle. These forecasts are
used to determine the amount of spend required to meet demand and are subject to
regulatory checks. The Australian Energy Regulator (AER) determines how much
distribution network service providers (DNSPs) can receive to deliver their ser-
vices taking into account a fair profit. A vital component of their determination is a
prediction of peak and base demand provided by the DNSP. Any changes to the
network demand within a regulatory cycle that results from activities such as
demand management or DG can affect this determination, and shortfalls in forecast
throughput may operate as a real or perceived penalty for the business. Similarly,
the introduction of a large-load mid-cycle could lead to significant concerns for the
DNSP if their system does not have sufficient redundancy built in.

The process for connecting DG and allocating costs has been the subject of
considerable review, and it is likely that any potential changes will take time to
resolve due to the complex nature of the issue. As one example, a contentious
point in the connection of DG has been the allocation of ‘‘shallow’’ or ‘‘deep’’
connection costs. This cost in essence is a charge from the DNSP for connection
that takes into account the need for augmenting the network. The issue relates to
the degree of augmentation, i.e., how far upstream of the connection does the
effect occur and who bears the cost.

Dealing with these connection costs is an area of considerable and complex
debate. In some cases, connection costs are seen as a barrier for introducing local
generation. Connection costs are seen by some as contentious in part because most
energy assets were built at a time of government-owned infrastructure, with costs
shared across customers and taxpayers. Given these assets are now ‘‘sunk’’, any
historical distortion of cost allocation is naturally impossible to undo. However, it
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is important to recognise the origins of the energy market structure, to realise that a
centralised supply model dominates by virtue of historical circumstance. Perhaps
what is most important today is that the process and methodology for calculating
connection costs faced by all new generators connecting to distribution or trans-
mission networks are consistent and cognisant of the potential for distortions to
occur due to information or negotiating power asymmetry.

Furthermore, issues around reliability and safety are a significant concern for
network operators who are responsible for the performance of their network and who
are penalised for failing to meet reliability and service standards. Addition of gen-
eration (or demand reduction) within their network and outside their scope of control
can lead to risk. Valuing the change (positive or negative) that local generation (or
demand management) provides for the network is difficult to determine, is location
specific and has no currently available standardised method for evaluation.

Figures 15, 16 and 17 graphically illustrate the potential complexity in opti-
mally locating DE and a potential path forward by geographically mapping the
potential opportunities. Figure 15 displays the locations of deficits and surpluses in
the capacity of substations in the Sydney region. Areas of deficit provide a
potential opportunity for DE to alleviate congestion on the substation. While the
figure indicates there is considerable potential for non-network solutions particu-
larly in the western areas of Sydney, it is interesting to compare it with the spread
of commercial, industrial and residential areas in the region, illustrating the
demographic implications on DE’s ability to alleviate these network constraints.

Figure 16 provides an estimate of commercial DE in the Greater Sydney region
taken from the uptake of DE for NSW predicted by the ESM. The commercial

Fig. 15 Illustrative deficits and surpluses in substation capacity in the Greater Sydney region
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zones are marked in a mustard colour. The figure shows that DE in this sector is
spread primarily throughout the eastern half of the city with some increased
aggregation present around major centres such as Parramatta and the CBD.

Fig. 16 Percentage of commercial DE installations from ESM for NSW in the Greater Sydney
region overlaid with distribution network capacity

Fig. 17 Percentage of industrial DE installations for NSW from ESM in the Greater Sydney
region overlaid with distribution network capacity
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This figure shows that in general, the network-constrained areas are not particu-
larly well correlated to the commercial zones as such installations in this sector (in
their present location) may not attract economic benefits beyond that predicted by
ESM.

Figure 17 shows the placement of DE technologies across the Greater Sydney
region in the industrial sector with an overlay with network capacity. These figures
show a better correlation with network constraints. To an extent, this is not
unexpected as industry tends to be located on the periphery of major urban centres,
which in this case are the most under-serviced portion of the network. In this case,
it might be expected that DE located within the industrial sector may be more
economically viable than ESM predicts, particularly if it receives payment
reflecting its value to the network. In many cases, industries have large process
heat requirements and installation of co-generation may provide a mechanism to
deliver the process heat while alleviating network constraints through the pro-
duction of electricity for onsite use and for export to the grid.

While this relatively simple approach clearly identifies potential areas where
network benefits can be gained, it does not account for more complex interactions
such as the impact of potential DE installation on the environment for instance. In
this case, the uptake of gas-fired generation in the west of Sydney might unduly
affect local and regional air quality. Sydney’s west and south-west occasionally
experience elevated air pollution, and increasing emissions within this area may
exacerbate the problem. Understanding this complex mix of economic, technical
and environmental concerns highlights a major issue with DE technologies, which
by their nature are located close to load and thereby close to population centres.
A thorough analysis of these issues is required to assist regulatory authorities to
make a value judgement on whether DE projects can proceed. For example, it is
possible that the optimal placement of non-renewable DE technologies in this
region might involve the requirement for additional pollution control equipment.
While this provides an increased financial burden for the DE installation, it is
possible this could be offset by financial gain if the unit is able to capture its true
economic value to the network.

6 Enabling Large-Scale Uptake of DE

Realising the value of DE in an efficient way depends on many conditions being
met, not just an effective integration of generation and the network. To inform an
understanding of these issues, CSIRO [10] conducted a series of stakeholder
interviews and undertook a meta-literature review of perceived barriers to DE.
These were combined with issues determined in specific DE case studies.

The research suggests indicatively (based on interviews with 47 industry and
government stakeholders) that a hierarchy of conditions need to be met before DE
achieves wide-scale uptake:
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• DE needs to be a commercially viable alternative to mains grid supply before it
will have widespread uptake

• For DE to be commercially viable, policy and regulation needs to allow pro-
ponents to capture the value of DE where it reduces emissions or costs that are
otherwise socialised—primarily seen as costs of peak demand infrastructure

• Policy and regulation must also have long-term certainty to give DE propo-
nents and investors the confidence to implement DE

• Consumers, industry and governments all need to be educated on the value of DE
and how it works to overcome cultural bias towards mains grid energy supply.
This is also needed to inform appropriate policy and regulation development

• Technology and market development needs to be focussed on reducing cost and
improving reliability.

A literature review of barrier studies broadly corroborated these findings and
allowed a more fine grain understanding of issues to evolve. From these findings, a
summary of key enablers (outcomes that should lead to an efficient deployment of
DE technologies and systems) were developed. They are as follows:

• A long-term policy horizon with firm targets and commitments for uptake of
DE that have widespread support across the political spectrum. Implicitly, that
DE is a highly visible and important policy deliverable, and that the market has
improved certainty about how DE is valued

• Data that allow more accurate valuation of different forms of DE-incorporating
real-time market costs and a full suite of environmental and social externalities

• The use of a widely accepted, accurate, transparent, efficient and equitable
DE valuation methodology across government agencies when developing
DE-related policies, programmes and regulation including building standards,
appliance standards, product rebates, feed-in-tariffs and so on

• Accurate, transparent-pricing methodologies, accounting for time- and loca-
tion-specific environmental and social externalities, for energy exported by DG
and/or when DG is used for demand management that allows value to be easily
captured by a full range of market participants (small to large, with various
technologies)

• Full and efficient access to markets for services provided by DG including the
ability to easily aggregate small generating or load reduction units into
wholesale markets

• A regulatory and policy framework and environment that effectively aligns the
incentive of companies in the supply chain or encourages business model
innovation, to provide efficient energy services to consumers, including con-
ducting research, trials and continued innovation. These incentives must be
compatible with market competition, have broad support, be we well under-
stood and followed

• An efficient, transparent process for connecting DG standardised as far as
possible and coupled with effective low-cost dispute resolution. Processes are
needed for connecting multiple units and aggregating the costs based on
aggregate impacts of connections
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• A well-informed, trained/accredited, skilled workforce that understands the
value of DE and can sell its benefits to consumers of all types using insights
provided by decision-making science

• Improved information provision and framing of costs and benefits to consumers
to allow easy and accurate valuations of DE options

• Tax, rebate and/or financing schemes that enable widespread access to cost-
effective DE that would otherwise not be taken up due to high capital costs or
lack of access to capital. That this be done by providing efficient, easily
recoverable financial incentives and reframing decision-making biases (sticky
budgets, incorrect weighting of probable outcomes, inefficiently high hurdle
rates). This includes access to assistance for low-income and small-business
market segments

• A comprehensive research and development programme that allows for over-
coming technology lock-in at a scale in line with the need for efficient uptake of
DE and complementary policies/programmes structured to move technologies
efficiently through their development life cycle

• A system of state and local planning and environmental controls that allows for
a full consideration of issues and ensures DE is not blocked without robust
justification

• Education of relevant service sectors (designers, architects, engineers, builders,
tradespeople, manufacturers) on the value of DE, and methods for better
aligning their service incentives with long term, efficient supply of energy

• Continued and bolstered support for minimum performance standards (appli-
ances, buildings), improved information provision (future energy prices,
probable savings over time, etc.)

• Targeted, efficient incentives for landlords—structures for recovering cost
savings from energy efficiency. Minimum efficiency standards can be stretched
for the more expensive end of products/services

• Effective education around smart meters, tariff structures, how best to manage
energy, processes that provide real-time feedback and rewards (internal and
external) to customers for effective behaviour

• A policy and regulatory environment where experimentation can take place,
but where best practice is quickly adopted consistently across the nation.

It is important to note that many of these enablers are either in place, or being
worked towards by current and ongoing policy, regulatory, commercial and aca-
demic processes. These enablers should not be seen as a list of outcomes that either
have not, or will not be achieved. Rather they can serve as a checklist for policy
makers, regulators, industry and researchers to guide their actions as the market for
DE evolves.

Also, due to the disaggregated centralised energy supply chain in Australia, no
one business in this supply chain can capture the full value of DE. This acts to
dilute the incentive to invest and has the potential to result in significant invest-
ments that do not achieve socially efficient energy supply. How this can be best
overcome is not simple, but ultimately, enabling DE is likely to require the
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bringing together of many complementary policies. Split incentives, access to
finance, renewable energy policies, energy prices, skill and industry capacity, from
architects, through to builders and trades people, can all impact on the uptake of
DE and must be addressed simultaneously.

7 DE Business Models

There is a natural interplay between business models for the delivery of energy and
the ability to align consumer decision-making with efficient energy service out-
comes. A business that can capture the full value of social and environmental
externalities associated with energy consumption and production has naturally
aligned incentives to deliver private and socially efficient levels of DE.

A relatively successful example of directly aligning the incentives across a
range of functions that affect energy outcomes often referred to is the Woking
Borough Council (WBC) energy service company model in the United Kingdom.
In this model, WBC sought to accelerate emission reductions in its jurisdiction
through setting up a special purpose vehicle (SPV) called Thameswey Ltd in 1999.
The company’s purpose was to form public/private partnerships to deliver projects
targeting the Council’s broader climate change strategy, including providing clean
energy, tackling fuel poverty, water security, waste minimisation and clean
transport. Generated revenues are channelled back to the council to reinvest in
specific projects, such as improvements to housing, retrofitting solar PV and
heating systems for low-income families [22]. By 2006, WBC had achieved a
33 % energy efficiency improvement and 21 % emissions reduction on residential
property, against a 1991 benchmark [20].

The success of the model is that it aligns environment, social and economic
objectives, delivered through a single entity that can capture the full benefit of its
action either directly through revenue recovery, or indirectly through socialised
value it provides to the community. Significantly, the vehicle is also empowered to
deploy a full suite of DE options and is resourced with the necessary technical
capability. The entity also aligns incentives that are often weakened due to dis-
aggregation between generators, network companies and retailers, and the regu-
latory and market structures within which they operate.

In this way, WBC was able to overcome many overlapping and related barriers
that typically impede a wide range of DE options. The business model also allows
a number of key enablers identified in this chapter to be realised because it does
not have to directly recover the value of social and environmental externalities that
it reduces, as the value is spread across the community.

Ultimately, it is likely to be a policy choice whether such a business model can
be deliberately constructed by government jurisdictions in Australia, for example
by local governments, or whether through policy, market settings and regulation,
such models are encouraged for others to develop and implement.
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Another model for maximising the uptake of DE where it is efficient includes
community collaborations. The Maines Power project [19] was example where a
programme of work was initiated by a local community and environment group
who worked in collaboration with four major businesses within their small town.
With the help of CSIRO, MASG gathered external expertise and facilitated
external funding through government-funding agencies. The businesses and other
project participants discussed an ambitious goal of 30 % greenhouse gas reduc-
tions by 2010. The value selected was based on what the businesses believed they
could achieve and to match the same target set by the local council. The project
was developed as a non-legal partnership model to enable four businesses to work
together with government agencies, peak industry bodies, energy retailers, distri-
bution network owner operators and environmental organisations.

This partnership model was advantageous in two ways. First, it helped facilitate
and guide business decisions, particularly for those businesses not directly
employing an energy and operation specialist. While energy costs may be sig-
nificant to most businesses, in general, the cost is considerably smaller than other
processes such as labour and material costs. Second, the partnership model allows
government agencies to continue their skill development, to retain information
learnt, and to collate and pass on relevant knowledge to businesses and the
community in the future.

The partnership model used in this project provides an excellent structure to
improve project outcomes for future community-driven projects. While technol-
ogies may play a significant role in innovation, there are potentially more gains to
be had in developing new business and engagement models that allow risk and
gains to be spread across all participants. Ultimately, this is needed to overcome
reluctance to deploy technology.

The project highlighted that the local network businesses are vital stakeholders
when trying to reduce consumption in the stationary energy sector. It is their asset
base that allows the flow of energy, and it is their asset in which local generation or
demand reduction activities may be located. Network businesses are highly reg-
ulated and subject to severe penalties when their service falls below specified
standards. As such, these businesses have a propensity to adopt well-understood
practices, as opposed to continually innovate, to ensure their business operates
within regulated guidelines. However, new regulatory incentives are helping to
change this.

8 Integrating DE with Energy Markets

When considering business models for energy delivery, how they can effectively
align incentives within the energy supply chain, and across property and appliance
ownership structures, it is useful to consider commercial and institutional struc-
tures that influence Australia’s energy markets.
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The Australian NEM has relatively formal governance, commercial, security
and technical decision-making regimes. In summary, these organisations have the
following roles:

• The Council of Australian Governments (COAG) brings together federal and
state governments in a forum to coordinate policy development and set policy
principles at a high level

• The Ministerial Council on Energy (MCE) coordinates federal and state policy
and has oversight for rule and regulation development

• Uniform industry-specific legislation, the National Electricity Law (NEL)
defines decision-making constraints for the electricity industry including
commercial, technical, security and regulatory arrangements. The specific
details of these arrangements are set out in the National Electricity Rules

• The AEMC manages the National Electricity Rules and the rule change process
by which they can be further developed

• The AER enforces regulatory requirements and manages particular regulatory
processes such as the review and approval of network investment plans. It also
monitors compliance with the National Electricity Rules by market participants
as well assessing the overall effectiveness of these rules

• The Australian Energy Market Operator (AEMO) is both the market and
system operator and thus has responsibility for implementing and managing
both the security regime and the short-term aspects of the commercial regime.

The institutional and legislative framework of the NEM has been developed
over many years and has been reinforced by the dominant centralised supply
model. Small-scale energy and demand management have fulfilled relatively niche
roles and, in some instances, have been used to reinforce the dominance of the
centralised supply model, for example, the use of off-peak electric resistance hot-
water systems.

It is important to note there are processes underway that will enable better
integration of DE into the NEM, including potential rule changes to allow
aggregated generation and load participation in wholesale market operations.

Design of regulation to meet environmental or social objectives and integration
of this regulation with energy market operation is relatively new, and integrating
them with the market is not always easy. Environmental and social objectives are
not always immediately compatible with business models that operate in the
existing energy supply chain. For example, very generally, various sources of cost
and value for solar hot water and PV may impact on different businesses in the
supply chain as follows:

• Baseload generators could be negatively affected by solar hot water at signif-
icant levels of deployment

• Peaking generators could be negatively affected by PV (at significant levels of
deployment) to the extent that it correlates with times of network-wide peak
demand
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• Network companies could be negatively affected by reduced energy volumes if
they result in demand growth slower than forecast as part of their network
investment plans. Or could benefit from PV to the extent it provides network
support, reduced losses and power quality benefits that outweigh any unre-
covered connection costs

• Retailers whose net impact may vary depending on any generation assets
owned, exposure to peak wholesale prices, or even levels of integration into
solar PV and hot-water markets.

Supply-side participants in the energy market are generally large, well
resourced, focussed almost exclusively on the electricity industry and have con-
siderable shared interests. End-users are far more diverse, typically less well
resourced and may have interests beyond electricity itself. In this environment,
effective representation of end-user interest in NEM governance and broader
policy decision-making is a difficult process. Formal governance processes must
be able to manage these asymmetries between supply and demand-side stake-
holders in order to represent environmental and social interests in NEM design and
operation.

Ultimately, successful introduction of any new technology into the NEM
requires the effective support of these institutional decision makers as well as
supporting organisational infrastructure. In the case of DE, this includes not only
the organisations and people directly involved with the technology such as
designers, retailers and installers, but also those who have to manage the impacts
of that technology on the rest of society. This support infrastructure does not
automatically emerge in response to market signals and so highlights a role for
government, not only in education and training but in developing the necessary
institutional decision-making structures. This is an important consideration for
policy makers seeking to harness the value of DE.

Integrating and valuing new technology, specifically DE into the NEM, also
requires explicit, transparent methodologies for signalling, motivating and opti-
mising end-user participation to facilitate effective decision-making. Active par-
ticipation by the majority of end-users (residential and commercial) will require
that the uncertain time- and location-varying value of energy is better reflected in
the prices these end-users see, or that end-users and/or third parties will be able to
capture the value of DE where it supplies energy services below time- and loca-
tion-specific costs. The use of interval meters coupled with price deregulation goes
some way to achieving this. However, it must be recognised that price is a limited
tool if used in isolation. Without access to information, financial support and
potentially specialist skills to facilitate behaviour change as well as new physical
infrastructure, customers may have a limited response to price signals. This
decision-making complexity highlights the potentially important role of energy
service companies that can optimise delivery of energy services to customers.

Investment decision-making is also a critical component of the NEM. Forward-
looking prices and planning documents can help signal where future investment is
needed. For example, investment in CG is largely driven by the Electricity
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Statement of Opportunities (ESOO) report. Released by the market operator
(AEMO), it details historical demand, demand projections and projections in
energy shortfalls. Efforts are being made to replicate a comparable process at a
distribution network level, with distribution companies required to release net-
work-planning details and signal opportunities for demand-side proponents to offer
alternatives to network building. However, signalling for investment in DE is
naturally a more complex process due to the fine grain nature of location and price
signals it can be driven by, as well as the sometimes competing interests of the
energy supply chain and DE proponents. Furthermore, to capture a full suite of DE
opportunities, these decision-making signals must incorporate the intersection
between natural gas and electricity, a potentially significant issue given the relative
immaturity of natural gas markets and the predicted impacts of natural gas-based
technologies as detailed in the economic modelling above.

Demand management (DM), one important element of DE, relies heavily on
energy market structures to realise value. This is because it primarily operates to
resolve time-specific network or generation constraints. DM refers to a suite of
technologies and techniques used to alter demand profiles over time. Active
control measures can smooth or shift demand peaks, or substitute local generation
for CG. Passive control measures such as energy efficiency can reduce total
demand over time. Figure 18 provides an illustrative demand profile, indicative of
a network area dominated by commercial energy demand and hence a midday
peak in summer. In this example, the blue curve shows demand ramping up from 6
am when people begin to wake and get ready for work. Demand grows during the
day peaking before lunch as air-conditioning demand grows in commercial
buildings. The demand then drops off slowly briefly peaking again in the late
afternoon as people return home.
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Energy Storage

Energy Supply

Original Load Curve

Adjusted Load Curve

Fig. 18 A hypothetical daily demand profile including storage

326 W. Lilley et al.



DM offers potential value to network companies, energy retailers, energy
customers and the market operator. Most simply, it can defer spending on assets
for network companies, reduce wholesale prices particularly at peak times and
reduce retailer exposure to wholesale market price volatility. However, it can also
offer more complex services, for instance, controlling loads in emergency situa-
tions (such as power shortages or outages), providing frequency control and
ancillary services, or managing customer exposure to generation or network
charges according to stated preferences. By way of example, Read et al. (1998) in
Ackerman et al. [1] found that ancillary service costs were reduced by 75 % in the
first year that interruptible load was allowed to participate in the New Zealand
energy market.

A number of DM programmes have been run or are in operation in Australia.
Most of these are operated by distribution companies and often in response to a
policy action such as the AER’s demand management incentive scheme (DMIS).
While these trials have provided significant insight into the potential short- and
long-term impacts of DM and DE more widely, it is important to note that DM led
by distribution network businesses is only one model. DM could be performed by
retailers or third parties, to the extent they can capture the value of doing so and
thereby make a commercial return. Providing sufficient but not exaggerated
incentive for participants to explore efficient alternatives remains a significant
challenge to policy makers.

9 Conclusion

Economic modelling clearly shows that there is considerable potential for
Australia to adopt DE in its suite of options to reduce its greenhouse gas emissions
and met its global obligations. Research by CSIRO [10] shows that incorporating
larger amounts of DE is technically feasible but that determining its optimal
location taking into account the economic, technical, social and environmental
issues is highly complex. Some of these issues are naturally being addressed by
advances in smart grid technology that marries communication and electrical
infrastructure to better measure and control a range of traditional and non-tradi-
tional network devices. Critically, however, the research shows that despite many
years of debate and considerable progress in some areas, there is still much work
required to fully address the barriers and enablers to allow DE to compete freely
and allowing it to unlock its full potential.
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Postscript

Daphne Mah, Peter Hills, Victor O. K. Li and Richard Balme

Abstract The smart grid landscape is extremely dynamic as the contributions in
this book have demonstrated. We have focused on some of the latest technological
developments and the importance of various stakeholder perspectives. We have
also provided a variety of international case studies that have allowed us to explore
the latest policy developments from Europe to the US and the Asia-Pacific
region. This postscript explores the future trajectories of SGs, highlighting three
major trends that point the way towards future advances and progress in the years
ahead. Future research agenda is also discussed.

1 Future Trajectories for Smart Grids

The smart grid landscape is extremely dynamic as the contributions in this book
have demonstrated. We have focused on some of the latest technological devel-
opments and the importance of various stakeholder perspectives. We have also
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provided a variety of international case studies that have allowed us to explore the
latest policy developments from Europe to the USA and the Asia–Pacific region.
The 15 chapters of this book are intended to provide a basis for a better under-
standing of emerging SG technologies, related issues, and policy developments. A
number of chapters have pointed to the critical issues that need to be resolved to
achieve expanded deployment of SG. As well as further technological advances,
other critical issues include regulatory reforms, the challenge of securing public
support, and the urgent need for the development of appropriate business and
financial models.

Preparation of this book commenced in mid-2012. This book provides insights
into, and an account of, the development of smart grids as of the end of 2013.
Since we started to work on the book, these technologies have continued to evolve
and develop rapidly across many important fronts. Three major trends point the
way towards future advances and progress in the years ahead.

The first relates to the move from SG pilots to full deployment which will occur
in the near future. A number of countries, including South Korea and the UK, have
committed to rolling out nation-wide metering infrastructure in the next few years.
New policies are emerging to improve the institutional, financial, and operational
environments for the growth of these technologies. One example of these initia-
tives is the smart grid plan in the UK. The British government has recently pub-
lished a modified smart grid plan in preparation for the 2015 launch of its smart
meter roll-out [1, 4]. In the USA, the New York Independent System Operator—
which plans, coordinates, controls, and monitors the operation of the electricity
systems of the city—has recently started to implement its 2014–2018 Strategic
Plan in which smart grid technologies are key components to improve system
integration and enhance demand-side markets [12]. New York City, like Cali-
fornia, is focusing on the potential for enhanced energy storage as part of a broader
SG strategy. Thermal energy storage systems for cooling systems designed to shift
load away from peak demand periods to off-peak are seen as a mechanism to
enhance network reliability during peak hours when system reserve capacity is at
its lowest [9].

As smart grid roll-outs continue in many parts of the world, the global smart
grid market is projected to be scaled up by an order of magnitude in the near
future. Recent reports have projected that the cumulative value of the smart grid
market is expected to reach US$400 billion by 2020 [2, 5]. Transnational financial
institutions such as the World Bank have recently made commitments to finance
smart grid initiatives, indicating the global interest in these growing markets [15].

One major development in 2013 was the emergence of China as the largest
investor in SG technologies. While SG spending in the USA declined by nearly
one-third to $US3.6 billion, investment in China reached $US4.3 billion repre-
senting more than 25 % of global SG spending. At the global level, spending
reached an estimated $US14.9 billion (up from $US14.2 billion in 2012) with
approximately half of this figure spent on metering projects and the remaining on
distribution automation and grid-related projects [8].
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The second major trend relates to the emergence of numerous business models.
These emerging models seek to identify who the customers are, what customer
values can be created, how a business can make money from it, and what revenue
models can work well to deliver value to customers at reasonable cost while
ensuring profitability [10, 16]. In Japan, following the completion of the four high-
profile demonstration projects in Kyoto, Yokohama, Kitakyushu, and Toyota City
in 2014, the next phase of seven new smart grid pilots is scheduled to be launched
also in 2014 with a new focus on piloting business models [10]. Hitachi City,
which hosts one of these seven pilots, for example, is piloting how to create and
validate markets for electric vehicles [11]. The success or otherwise of these
emerging business models will be an important factor determining the pace of
systemic change in the power sector.

The third important trend relates to consumer responses to smart grids,
metering, and dynamic pricing. Customer acceptance is central to the full and
effective deployment of SGs. Emerging pilots have been launched in various
countries to explore what combinations of pricing programmes, in-home tech-
nology, and engagement methods can facilitate customer acceptance [7]. However,
a smart meter backlash has continued to slow smart grid deployments in some
pilots while some dynamic pricing programmes recorded a relatively high drop-out
rate [3, 14]. Utilities and regulators need to address opposition from customers as
they implement new pricing and service options.

Taken together, these emerging trends suggest that SGs are moving to the next
level of development and deployment. The next stage will see the deployment of
commercial-scale SG roll-outs, in which consumer engagement and viable busi-
ness models will be critical to allow for the necessary systemic changes. Despite
the momentum created by these emerging developments, new challenges are
appearing as a result of fundamental changes in the relationships between utilities,
regulators, and customers. These challenges, such as financing SG R&D and
infrastructure, controlling costs, managing consumer backlash, and promoting
market acceptance through pricing strategies and consumer education, will require
new forms of and much closer collaboration between utilities, new market players,
government, and communities. Major demonstration trials such as the Smart Grid,
Smart City Program in Australia and the four major demonstration projects in
Japan are some of the growing number of examples of such collaboration in which
traditional utilities are developing new forms of collaboration with other stake-
holders in innovative ways [6].

2 Refining the Research Agenda

Given the significance and dynamism of the SG landscape, we feel that it will offer
numerous opportunities to extend the boundaries of interdisciplinary research in
the broad area of energy systems and the environment. Here, we highlight just a
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few possible areas which appear to offer the potential for new and significant
research engagement.

We have, for example, briefly examined the plans and status of renewable
energy resource development and energy policy in Europe. The future European
power system will be characterized by the high penetration of renewable energy
resources which will present significant challenges to system operation and con-
trol. Smart grid provides an efficient and effective tool to address this challenge,
and future research will be needed to examine how technologies and government
policies can best be developed to address the challenges arising from the high
penetration of renewable energy.

Another area concerns dynamic and time-of-use pricing which can yield sig-
nificant load reductions. Future research work is needed on the effect of customer
awareness and education, and the types of customers which might be involved in
dynamic pricing. Microgrids offer another possible research focus. As microgrids
may be operated in grid-connected mode, they may affect the stability of the
existing grid and future research is needed on the stability issues related to this
operation mode. We have also highlighted communication requirements, and the
security and privacy requirements of smart grids. This will continue to represent a
critical issue for SG acceptance, and future research will need to focus on
developing smart grid communication architectures and protocols which satisfy
the identified requirements. Experience in the USA has indicated that a significant
barrier to SG deployment has been the absence of standards allowing devices
connected to the grid (e.g. meters and energy distribution systems) to actually
communicate with each other. Coding systems (i.e. communication protocols),
though existing, are not yet harmonized, and this can deter utility companies from
joining the SG [13]. The development of appropriate standards and their effective
diffusion is therefore an area requiring urgent attention from both research and
application perspectives.

The case studies presented in this book demonstrate that different countries
have tackled issues of SG development and deployment in often very different
ways. Aspirations, approaches, and the focus of SG efforts have varied. Existing
national experiences suggest that SG promotion and deployment involve a variety
of complex issues many of which relate not so much to technological concerns but
rather more to economic, social, and institutional factors. There is clearly an
ongoing need for studies of SG experiences at all levels from individual utilities,
community test beds, and city initiatives to national efforts. Such case studies will
help to illuminate both opportunities for and constraints on SG deployment. In
particular, there is a need for more detailed and extensive studies that probe both
the financing and regulatory environments within which SG developments are and
will be set. In the USA, for example, the Department of Energy is actually winding
down its SG investment programme, a large part of which was funded by a $US3.4
billion award from the American Recovery and Reinvestment Act [13]. Thus far,
in the USA and indeed in a number of other countries, a high proportion of SG
funding has gone into smart metering but the provision of such meters represents
only a part of the SG revolution. More research is needed on funding and financing
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requirements, the cost-effectiveness of different funding mechanisms and how the
scaling-up of SGs in the future will require new and perhaps innovative approa-
ches to pricing and the regulation of electricity markets in the broader context of
the development of viable business models for SG.

Another potentially interesting and fruitful research focus will be the rela-
tionship between SGs and the state itself. Traditional grids, together with other
utility and transportation networks, have been a critical instrument for the terri-
torial integration of the nation state during the industrial age. Public services
provision and regulation still remain fundamental competencies of public
authorities. However, the decentralized and hybrid public–private nature of smart
grids seriously challenges the vertical and top-down aspects of regulation as we
usually think of it. We have only limited knowledge so far of the relations between
smart grids and smart city parallel developments for instance. More generally, SG
developments potentially suggest the emergence of entirely new relations between
local communities and national regulation. They could also transform interactions
among local communities themselves, possibly across borders, in electricity pro-
duction and distribution. What will be the appropriate scales, instruments, and
regulatory activities in a world of greater fluidity and less standardization? These
issues will require research attention.

Consumer responses to the SGs will also merit continued research attention.
While consumer resistance in countries like the USA appears to be relatively low,
elsewhere, including the UK, it has at times caused some controversies as concerns
about data privacy continue to grow. Providing consumers with real-time infor-
mation regarding their energy consumption patterns and the actual costs involved
is a necessary prerequisite to support energy-saving behaviour. However, there has
been growing concern and dissatisfaction regarding the tariffs of major energy
suppliers in countries like the UK, and this may reinforce doubts about the motives
for SG deployment unless consumers feel that they will benefit through lower
electricity bills. Thus, the development of business models that can reconcile
business risks with consumer needs and concerns will remain a key priority. In this
context, the future role of energy regulators and associated regulatory frameworks
will also be a key research focus.

Electricity grids that emerged and developed from the early 20th century
onwards are on the verge of a remarkable transformation. These grids have in
many cases served their customers well over many decades. But they are now
outdated, inefficient and often vulnerable to a variety of factors which render them
potentially unstable. Using energy in all its forms more efficiently has become an
issue of fundamental concern as the global community confronts the challenges of
energy resource availability and costs on the one hand and climate change on the
other. Smart grids will not of themselves provide a solution to these global
challenges, but they can be a key building block that help to ensure the electricity
supply systems that we all depend on will be more efficient and reliable in coming
decades.
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