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Foreword

The development of Smart Grid is a global trend. The activities in different parts of
the world reflect the regional resources and needs. We have seen large scale
integration of wind generators and solar energy devices into the power grids. Very
large off-shore wind farms are on the horizon. Increasingly automated and intel-
ligent distribution systems are in operation in various countries. On the trans-
mission side, a significant number of Phasor Measurement Units (PMUs) are now
collecting a massive amount of information for monitoring of power system
dynamics. Demand side response and other programs for customers’ choice are
being developed and enhanced by the power industry. To enable the demand side
response and customers’ services, millions of smart meters are acquiring the
customers’ electric energy consumption data. These new smart features of the
power grid rely on the information and communications technology (ICT) that
brings critical connectivity for all elements of the Smart Grid. The increasing
degree of integration in a Smart Grid from renewable generations to the power
grid, from transmission to distribution, and from smart meters to the distribution
system brings a new vision and opportunities for the future power grids. Although
we are well under way toward this unprecedented creation, it is also important to
recognize the challenges that Smart Grid development is facing from the diverse
viewpoints of technology, economics, sociology, and public policy.

The scope of Smart Grid is wide and the complexity is great. There is a growing
literature about various aspects of research, development, deployment, and oper-
ating experience. However, there is a great need for a comprehensive source of
knowledge that spans the spectrum of Smart Grid subjects. This book, “Smart
Grids—Fundamentals and Technologies,” represents a timely and significant step
in our long journey to an ultimate Smart Grid. The vast amount of knowledge as
well as industry and leadership experience represented in this book serves as the
foundation for an excellent source for practicing engineers, researchers, managers,
and policy makers to learn about the exciting field of Smart Grid.

This book is organized in a logical flow of subjects. The vision of the future
power grid is articulated in Chap. 1. In Chap. 2, various renewable energy and
storage devices are discussed. New technologies for transmission networks and
substations are covered in Chap. 3. Chapter 4 is concerned with engineering design
of distribution systems including network configurations, grounding, protection,
and power quality. The issues of transmission system operation, protection, and
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control in a wide area are addressed in Chap. 5. The subject of Chap. 6, smart
distribution systems, is about the distribution system’s capabilities to handle
voltage and power flow control, energy management, feeder protection and
recovery in an environment with dispersed and renewable devices. Smart metering
provides new possibilities for energy markets and consumer’s participation. The
market design to incentivize stakeholders of electricity supply and demand to
follow the Smart Grid strategy is discussed in Chap. 7. The enabling ICT for Smart
Grids cannot be an effective support infrastructure unless the critical issues of
standards, information and cyber security, and protocols are addressed. Chapter 8
describes the new developments related to ICT. Last but not least, the global
development of Smart Grid is summarized in Chap. 9, which reflects the characters
and priorities of various regions in the world.

As a professional colleague, I would like to thank Dr. Buchholz and Professor
Styczynski for their tremendous effort to bring together this interesting and
informative volume. It is a significant contribution to Smart Grid R&D, engi-
neering, and education.

Chen-Ching Liu

Boeing Distinguished Professor and Director
Energy Systems Innovation Center
Washington State University, Pullman, USA

and
Professor of Power Systems
University College Dublin, Dublin, Ireland
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Chapter 1
Vision and Strategy for the Electricity
Networks of the Future

1.1 The Drivers of Smart Grids

Efficient transmission and distribution of electricity is a fundamental requirement
for sustainable development and prosperity throughout the world. However, the
world will have to face great challenges in this area in the 21st century.

The main challenges that need to be solved in the European Union are [1]:

o the decreasing availability of fossil and nuclear primary energy sources (PES)
and,

e accordingly, their rapidly increasing prices,

e the 70 % dependency of Central Europe on imported PES,

e the increasing impact of greenhouse emissions on the environment.

The expectations regarding the number of years of production of nuclear and
fossil PES left in the ground with the most optimistic projected reserves are
depicted in Fig. 1.1. This data is based on the current knowledge about the geo-
logical production sites and the current worldwide demand. It can be seen that the
statements from two different sources regarding the reserves that are exploitable at
the known locations are similar. The main difference in the figures consists in the
differentiation between the known reserves and the expected increase of resources
which could be exploited by non-traditional technologies (e.g. hydraulic fracturing
of rock for gas exploitation).

However, both references underline that the extent of nuclear and fossil PES is
limited. It is expected that the demand for PES will increase significantly until
2050 (especially according to the rapid economic growth of the countries in Asia
and Southern America), which in turn will cause a shorter availability of the
traditional energy sources. It is clear that both, fossil fuels and uranium are
non-renewable energy resources, and their supply is diminishing rapidly.

Furthermore, the production and use of fossil fuels raise environmental con-
cerns regarding the carbon emissions as shown in Fig. 1.2. A global movement

B. M. Buchholz and Z. Styczynski, Smart Grids — Fundamentals and Technologies 1
in Electricity Networks, DOI: 10.1007/978-3-642-45120-1_1,
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toward the generation of renewable energy is therefore the optimum way to meet
the increased energy needs of the future.

Consequently, the European Union has set ambitious objectives for the year
2020 to:

e lower energy consumption by 20 % by enhanced efficiency of energy use,

e reduce CO, emissions by 20 % and,

e ensure that 20 % of the primary energy is generated by renewable energy
resources (RES).
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Table 1.1 Potential of RES and CHP for Europe [5]

SET-plan 2020 2030

Plant type Energy, %"  Power, GW" Energy, %  Power, GW
Wind 11 180 18 300
Photovoltaic 3 125 14 665
Concentrating solar thermal power  1.6° 1.8 5.5¢ 4.6
Hydro (large plants) 8.7 108 8.3 112
Hydro (small plants) 1.6 18 1.6 19
Waves 0.8 10 1.1 16
Bio fuel 4.7 30 53 190
Cogeneration heat and power 18 185 21 235
Sum 59.4 657.8 75.8 1542

# Related to the annual consumption
® Installed power
¢ Partly imported from Northern Africa

In the European Union, about 40 % of PES that is used is currently applied for
the generation of electricity. (The other 60 % is used for transportation, heating,
etc.).

Electric energy offers the best opportunity to be produced by renewable energy
sources like wind power, solar energy, bio fuel and hydro power. Consequently,
electric energy has to carry the main part of the renewable energy production by
having an annual share of >30 % in 2020. All of the member states of the
European Union have set their individual targets in support of the common
strategy for 2020.

In 2006, the European Commission published the “Strategic Energy Technol-
ogy Plan” (SET plan) [5] underlining the potential of the various categories of
RES and of cogeneration of heat and power plants (CHP), which are also favoured
to increase energy efficiency. In Table 1.1 the data of the SET Plan is summarized.
This plan also contains figures regarding the importation of energy from solar-
thermal power stations in Northern Africa, which corresponds with the Desertec
vision [6]. In 2020 the installed RES and CHP power will exceed the currently
installed power capacity of the Continental European interconnected transmission
system (former UCTE—Union for the Co-ordination of Transmission of Elec-
tricity). The rate of dependency of the power production from RES on the weather
is considered in the ratio of energy (E) and installed power (P), and it is the worst
for Photovoltaic (PV) and the best for biofuel and CHP plants.

The need to modernize the European electricity networks is based first of all on
the integration of more sustainable generation resources, especially the partially
volatile renewable sources, and secondly, on the growing electricity demand and
the establishment of trans-European electricity markets. The context of all these
aspects presents major challenges, highlighting the essential need of innovations in
this area.
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Fig. 1.3 The fundamental smart grid documents of the European Advisory Council

The vision for electricity networks of the future was developed by a European
group of experts in the framework of the technology platform “Smart Grids” [7]
between 2005 and 2008, and three fundamental documents were published as a
result (Fig. 1.3).

The Smart Grid definition is presented in the strategic deployment document [8]
as follows:

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 efficiently deliver sustainable, economic and secure elec-
tricity supplies.

A Smart Grid employs innovative products and services together with intelli-
gent monitoring, control, communication and self-healing technologies to:

e enable the network to integrate users with new requirements;

e better facilitate the connection and operation of generators of all sizes and
technologies;

e enhance the efficiency in grid operations;

e allow electricity consumers to play a part in optimizing the operation of the
system,

e provide consumers with more information and choice in the way they secure
their electricity supplies;

e improve the market functioning and consumer services;

e significantly reduce the environmental impact of the total electricity supply
system;

e deliver enhanced levels of reliability, quality and security of supply.
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Consequently, a Smart Grid supports the introduction of new applications with
far-reaching impacts: providing the capabilities for safe and controllable integra-
tion of more renewable, especially volatile energy sources (depending on the
weather conditions) as well of new categories of network users like electric
vehicles and heat pumps into the network; delivering power more securely, cost
efficiently and reliably through advanced control automation and monitoring
functions providing self-healing capabilities after faults and finally, enabling
consumers to be better informed about their electricity demand and to actively
participate in the electricity market by Demand Side Response on dynamic tariffs.

This vision will lead to new products, processes and services, improving
industrial efficiency and the use of cleaner energy resources while providing a
competitive edge for Europe in the global market place. At the same time, it
ensures the security of the infrastructure thereby helping to improve the daily lives
of ordinary citizens. All this makes Smart Grids a milestone in support of the
European strategy for achieving the largest knowledge-based economy in the
world.

1.2 The Core Elements of the European Smart Grid Vision

The electricity supply of the future will be shared by central power stations and
distributed energy resources (DER). Both concepts may contain renewable energy
sources (RES), some of which may be volatile or intermittent in their output (for
example wind power plants, which may occur as DER or may build their own
central power stations as well). DER tends to have a much smaller output than the
traditional forms of generation, but large scale deployment will counterbalance
this. In addition, placing sources of generation closer to the users will reduce the
energy losses that are due to transmission of power over long distances. Figure 1.4
presents a picture of how the power supply of the future may be imagined [7].

Ultimately, the Smart Grids will combine existing technologies—improved and
updated—with innovative solutions. The future grids will be based on the existing
grids but will also allow to implement new system concepts, such as “Wide Area
Monitoring and Protection”, “Microgrids” and “Virtual Power Plants”. Central-
ized generation will still play an important role, but many more actors will be
involved in the generation, transmission, distribution and operation of the system,
including the end consumers.

Based on these considerations, the core elements of the vision are defined in [7]
as follows:

1. Create a toolbox of proven technical solutions that can be deployed rapidly
and cost-effectively, enabling existing grids to accept power injections from
distributed energy resources without contravening critical operational limits
(such as voltage control, switching equipment capability and power flow
capacity);
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Fig. 1.4 Power supply of the future—the vision [7]

2. Establish interfacing capabilities that will allow new designs of grid equip-
ment and new automation/control arrangements to be successfully interfaced
with existing, traditional grid equipment;

3. Ensure harmonization of regulatory and commercial frameworks in Europe
to facilitate cross-border trading of both power and grid services (such as
reserve power, for instance Nordic hydropower), ensuring that they will
accommodate a wide range of operating situations;

4. Establish shared technical standards and protocols that will ensure open
access, enabling the deployment of equipment from any chosen manufacturer
without fear of lock-into proprietary specifications. This applies to grid
equipment, metering systems and control/automation architectures;

5. Develop information, computing and telecommunication systems that enable
businesses to utilize innovative service arrangements to improve their efficiency
and enhance their services to consumers.

The creation of the first core element, namely the “toolbox”, is possible only in
conjunction with the other four core elements. The toolbox presents the overview of
the innovative solutions which make up the top priority of the Smart Grid concept.

Two major trends in the development of the power system can be observed:
More transmission
Increasing transmission demands in liberalized markets caused by free energy
trading activities, and in some countries, by an unlimited in-feed of volatile wind
power are stressing the power systems and causing frequent congestions of the
transmission capacity. The existing transmission lines need to be loaded higher
than in the past.
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Active distribution

A growing share of electricity will be generated in the distribution level. Distri-
bution networks will become active and will have to accommodate bi-directional
power flows. Partially, these aspects will lead to a lower utilization of the trans-
mission grids. However, both trends will lead to extremely volatile load flows on
all levels of the power system.

The toolbox has to provide means that allow a response to the related chal-
lenges in an economic and flexible way, and two different toolboxes have to be
established, one for transmission and one for distribution as depicted in Figs. 1.5
and 1.6, respectively.

On the transmission level advanced technologies are requested to enhance the
transfer capability of the network and to ensure a flexible and smart operation
management in the case of congestions. A situation is called congestion if the N-1
criterion (see below) cannot be satisfied according to the observed load flows
through the network.

The majority of changes will take place on the distribution level. The significant
growth of the distributed energy generation will significantly impact the network
loading and the power quality parameters. In accordance with the Smart Grid
definition an interaction of network operations and market activities will become
necessary to optimize the distribution network enhancement. Consequently, a
communication infrastructure has to penetrate all networks down to the low
voltage consumer level to make this kind of interaction possible. Advanced
Information and Communication Technologies (ICT) will be the key for:

e advanced distribution automation to enhance the quality of supply,

e a coordinated energy management covering generation, storage and demand in
the framework of virtual power plants (VPP),

e provision of new metering services to the consumers including motivation
methods for efficient use of electricity

— by dynamic tariffs,
— by the real-time communication of information to the end consumers,
— to visualize the current tariffs, their demand and the related costs.

The other two aspects—the VPP and the Smart Metering—are means to gen-
erate flexibility for:

o the adaptation of the demand to the available low cost energy,
e the adaptation of the load flow to the available network capacity.

These aspects are market related but they may support the network operations.
In the Smart Grid context the market and grid operations will influence each other
mutually. In the environment of large scale volatile power production it will
become mandatory to coordinate the network and market operations in a smart
way.
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The main goal of these solutions is to integrate the volatile RES into the
network operation without any loss of voltage quality, reliability (N-1 criterion)
and security of supply.

The current approaches for fulfilling the N-1 criterion presented in Fig. 1.7 have
to also be ensured under the prospective changing operational conditions of the
networks. The N-1 criterion is defined as follows: A network always meets the
requirements of the (N-1) criterion if it survives the failure of an operating device
with no inadmissible restriction to its function for an accidental, technically
possible and operationally reasonable initial situation.

Figure 1.7 presents the overall power system from left to right with the indi-
cation of the voltage levels. However, the High Voltage HV and Extra High
Voltage EHV are defined differently in different regions of the world. In most of
the countries the HV is defined in the interval between 100 and 220 kV. However,
in Japan the 66 kV level is defined as HV. Voltage levels from 230 kV up to
765 kV belong to the EHV level.

On the other hand, the rated voltages of the transmission system used in
Continental Europe are 220 and 400 kV (or 380 kV) where they are both defined
as EHV. Consequently, the EHV level in Continental Europe is defined beginning
with 220 kV below the threshold used, for example, in the USA. The ultra- high
voltage UHV level is declared as +800 kV DC and 1000-1200 kV AC. The
voltage levels according to Table 1.2 are used in the considerations of this book.

According to Fig. 1.7 the power flow is described as follows:

e The bulk power plants feed into the transmission network which operates nor-
mally on

— the EHV level e.g.

220, 400 (380) kV in Continental Europe, (also 275 kV in UK),

220, 330, 500 and 750 kV in the the Unified Power System of Russia/Inte-
grated Power System (UPS/IPS),

230, 345, 500 and 765 kV in the USA,

— the ultra-high voltages with £800 kV DC and 1000-1200 kV AC are new
technologies which have been developed and are ready for the global markets.

e The transmission network transports the energy to the regional distribution or
sub-transmission networks operating on the HV) level (66-110-150 kV). Large
industrial networks may be directly connected to the transmission networks.
Continental Europe uses the rated HV of 110 kV.

e The HV network substations perform three tasks:

— transforming the HV into Medium Voltage (MV—6, 10, 20, 30, 35 kV) for
local energy distribution,
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Table 1.2 Voltage level specifications applied

Ultra high UHV ~ Extra high EHV High HV Medium MV Low LV
>800 kV >220to <800 kV ~ >65t0 <220kV ~ >1to <65kV ~ 0.1 to <1 kV

— feeding industrial networks and
— connecting regional power plants in the range of ~20-200 MW.

e The MV networks perform similar tasks, but here the range of the power plants
is lower from tens of kW up to 10-20 MW.

e The MV/LV transformer terminals feed directly into the low voltage (LV)
networks, whereby the worldwide standard for the rated LV is 400 V, although
in a small number of regions 200 V is still in use. The LV networks supply
households, small enterprises, administration, trade and other business buildings
in rural and urban areas. Furthermore, the LV networks are obliged to connect
small power producers. Often these producers are also consumers, and in this
sense the new term “prosumer” was introduced.

As shown in Fig. 1.7, the network reliability has to grow as the level of the
power system increases.

The HV, EHV and UHV networks are completely remote controlled and
supervised, and their protection schemes contain the main and the reserve
protection.



