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“SMART GRID” IS AN IDEA AND
an outcome rather than a prescribed set
of technologies. The ideas, the technologies and the approaches that fall under
the smart grid rubric must be tailored to
a diversity of circumstances and needs.
No wonder “smart grid” must be a flexible, adaptable term, despite the concern that its meaning is too diffuse. For
the concept to be suitably flexible, its
meaning must be malleable.
The same goes for the “tool kit,” a
phrase that underscores the diversity
of approaches and solutions needed
to meet the diversity of utility circumstances and needs around the
world as the grid in its many forms is
modernized.
Let’s add another critical piece: curriculum development for students and
advanced training for working professionals. Multi-disciplinary studies and
skills have become de rigueur for good
reason: smart grid solutions often must
combine technologies and approaches
from different specialized fields. In
fact, this is true not only in power, but in
nearly every endeavor that applies technology to solve complex challenges.
Thus it’s fitting that the year-end
compendium you hold in your hands
is subtitled, “Building Blocks for Grid
Modernization.” “Building blocks”
can be ideas, technologies, systems,
standards, curriculum and more, all of
which add flexibility and breadth to our

tool kit. Our colleagues presented much
new thinking to our challenges this year
in the pages of Power & Energy Magazine and we’re proud to present seven
of them in this special issue. Buckle
up, we’ll be traveling from Kansas to
China, France, Germany and … the
19th century and the year 2032.
In “Five Heads Are Better Than
One,” five authors devised a multidisciplinary curriculum for graduate
students at Wichita State University in
Kansas. The authors write, for instance,
about “blended learning” as a tool for
interdisciplinary education in energy
systems. Students from varying disciplines received a customized set of
online learning modules to address
background deficiencies while classroom learning focused on a common
theme. The value here lies in not just
what to learn, but how to learn it!
“Time in the Sun: The Challenge
of High PV Penetration in the German
Electric Grid” reveals challenges and
solutions in a country where more than
a million solar photovoltaic (PV) arrays
interconnect with the grid. It’s a glimpse
at the future, for many countries are just
beginning to see PV penetration at this
level, with the accompanying technical
challenges.
The 19th century’s “war of currents” pitted ac power against dc
power, Tesla vs. Edison. Despite the
outcome in favor ac, dc continues to

present an attractive option for many
applications, from efficient longdistance, high-voltage lines to renewable power for dc loads in homes and
businesses. In “Harmonizing AC and
DC” the authors discuss a hybrid AC
/ DC grid for the future, driven by the
increasingly attractive gains in efficiency it offers.
“Ecocity Up On a Hill” looks to the
European experience with microgrids
– a diverse animal with one name but
many different configurations. The
authors take us on a tour of three very
different microgrids in France: one
operates as an aggregator and virtual
power plant, another as a municipal
microgrid relying on cloud services
and yet a third as a collection of
medium- and low-voltage distribution
microgrids with high concentrations of
PV and “smart houses.”
China recognizes the value of efficiencies, particularly as they relate to
its targets for energy conservation and
emission reductions. In “Balance of
Power,” our colleagues report on efforts
to integrate combined heat and power
plants, expanded transmission lines and
renewable power – elements that are
not always compatible. Thus integration requires considerable attention and
China is bringing policy, practices and
technology to bear on its quest.
“The Flexibility Workout” isn’t
about a yoga regimen – “flexibility” is
ieee power & energy magazine
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yet another much-needed characteristic
of an expanded tool kit for the power
system. This article establishes that
flexibility isn’t a simple concept. In
fact, the article explores flexibility as
it relates to central power generation,
demand management, storage, renewables and even institutions such as utilities and energy markets.
Finally, we present a standout “In
My View” column, titled, “From the
Year 2032.” It’s a letter, written on New
Year’s Eve, two decades hence, in which
the author imagines the milestones that

will mark progress between now and
then. I won’t spoil the surprises in store
for you, but suffice to say the letter
mentions legislation, standards, retail
energy options and the everyday implementation of technologies only being
explored today.
I believe these articles fulfill one
aspect of the IEEE PES mission – “To
be the leading provider of scientific and
engineering information on electric
power and energy for the betterment
of society” – and that PES Magazine
fulfills the other as “the preferred

professional development source for
our members.”
I hope you agree. Enjoy.

Miroslav Begovic
President,
IEEE Power & Energy Society

Meet Global Modernization Experts at the
Worldwide IEEE PES Innovative Smart Grid
Technologies Conference Series
Experts around the world gather annually at the IEEE Power & Energy Society's
global ISGT Conferences to discuss state-of-the-art innovations in smart grid
technologies. Each of the ISGT conferences feature special sessions and tutorials
on wide ranging topics related to grid modernization, including:
•

Impact of Smart Grid on Distributed Energy
Resources (electric cars, demand response,
distributed generation, storage)

•

Power and Energy System Applications
(generation, transmission, distribution, markets,
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Smart Sensors and Advanced Metering
Infrastructure Cyber Security Systems
(intelligent monitoring and outage management)

•

Energy Management Systems (with applications
to smart buildings and home automation)

•

Smart Grid Devices and Standards

•

Wide Area Protection, Communication,
and Control in Energy Systems

•

And More...

For more information about all IEEE PES conferences, events,
publications, and membership visit www.ieee-pes.org
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By Vinod Namboodiri, Visvakumar
Aravinthan, Siny Joseph, Edwin Sawan,
and Ward Jewell

A

According to the U.S. depArtment of energy (doe), “SMart grID generally refers to a class of technology people are using to bring utility electricity delivery into the 21st
century, using computer-based remote control and automation.” this initiative not only requires
power engineers to have a better understanding of auxiliary fields like signal processing, controls,
information technology, and communication networks but also needs experts in the auxiliary fields
to understand the basic operations of power systems. there is great need in industry for such crosstrained professionals to meet the many challenges of modernizing the power grid.
to train professionals and students in smart grids, one needs a creative curriculum that crosses
traditional divisions based on disciplines. for example, students taking advanced courses in the
power systems area traditionally have an electrical engineering background, as do students in the
control systems and telecommunications fields. But students interested in communication networks
typically have a computer science or computer engineering background. this divergence results in
many challenges for the coeducation of such professionals and students. this article presents the
thought process behind the design of a graduate-level course on smart grids, known as Smart grid
Applications, that the authors team-taught
at Wichita State University in Kansas in
the spring of 2012. furthermore, the article
discusses the course experience from both
the student and faculty perspectives and
lists some key lessons learned and challenges faced. Building on these lessons
and in view of the need to overcome such
challenges, a general approach to interdisciplinary education in the 21st century is
proposed, one that can be applied to smart
grid education elsewhere.

An Interdisciplinary
Graduate Course
on Smart Grids:
Lessons, Challenges,
and Opportunities

Course Setting
this section will briefly describe the overall setting in which the first such interdisciplinary course
on smart grids took place. this includes aspects such as the team of instructors and the areas in
which they contributed, the academic structure that permitted the offering of such a course, the
backgrounds of the students who took the class, and the mode of instruction used.

©Ingram PublIshIng

Instructor Backgrounds

january/february 2013

the team of instructors offered to teach various topics spanning a multitude of disciplines, as shown
in figure 1. (figure 2 illustrates the point at which this article was written.) most of the instructors had
already collaborated with each other on research prior to the course offering. most importantly, the two
instructors from the primary areas of power systems and communication networks were familiar with
each other’s research expertise and had collaborated on research previously and published together.
Digital Object Identifier 10.1109/MPE.2012.2225231
Date of publication: 28 December 2012
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Academic Structure
the academic structure of the department that allowed the
offering of such an interdisciplinary course should prove useful for those wanting to replicate our efforts. the department
is called electrical engineering and computer Science and
has a single chairperson. the department offers B.S. degrees
in electrical engineering, computer engineering, and computer
science at the undergraduate level and m.S. degrees in electrical engineering, computer science, and computer networking.
A joint ph.d. degree in electrical engineering and computer
science is currently under consideration, and approval is
expected for the fall of 2012. for the smart grid course, in
the two major areas of power systems and communication
networks, it was agreed (in consultation with the chairperson)
that the two instructors would take turns managing the offerings and receiving credits towards their teaching assignments.

Class Roster Composition
the course had an enrollment of 30 graduate students. half
of these identified themselves as majoring in areas related
to communication networks; a third identified themselves
as majoring in power systems–related areas; and the rest
were divided among areas such as control theory, control
systems from within the department, and industrial and
manufacturing engineering outside the department. roughly
20% of the students were pursuing doctoral degrees.

Mode of Instruction
the class was of a traditional nature, with two 75-minute
class meetings used for lectures and discussions. class notes,

Area

Instructor

Power Systems

Visvakumar Aravinthan

Communication Networks

Vinod Namboodiri

Decentralized Control Theory

Edwin Sawan

Environment

Ward Jewell

Economics

Siny Joseph

figure 1. The instructors involved with the effort and their
areas of specialization.

Point of Time When This
Article Was Written

First Smart
Grid Class
Offering
(Spring 2012)

Second Smart
Grid Class
Offering
(Spring 2013)

figure 2. Point of time at which this article was written.
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along with pointers to related reading, were posted using the
Blackboard software suite. each instructor came to his or
her assigned class days and delivered lectures and engaged
in discussions with students. Some of the instructors even
sat through lectures by others and engaged in discussions
specific to their areas of expertise and how various topics
were connected with smart grids.

Course Details
We next present additional details on the course offering,
including the selection of topics covered, the intended audience, the sequence of execution, and the composition of
research project groups.

Selection of Topics
the course was intended to cross-train graduate students in
communications and networking or control systems about
the power systems area and vice-versa. the course was
divided into four parts: power systems, computer networking and communications, environmental and economic
issues, and controls. the two main thrusts of the course
were power systems and computer and communication networks. the selection of topics was based primarily on two
considerations. the first consideration was ensuring that
power systems students were exposed to basic techniques
from computer networking and that communication-networking students understood the power grid and its fundamentals. the second was ensuring that the instructors
had adequate expertise with respect to the chosen topics to
involve students in research. there was also the additional
consideration of adding breadth, which was accomplished
by adding topics in control theory and its applications and
environmental and economic issues.
the topics in the power systems area emphasized what
the authors felt were emerging and important research
topics, with a fair amount of attention given to the area
of power distribution systems. the topics in the computer
networking and communications area emphasized communication requirements, enabling consumer participation
in energy delivery, and information security and privacy.
these topics in networking were also emerging research
areas in the computer science community and were deemed
to be of great importance in realizing the vision of a smart
grid. the environmental and economic topics added a
focus on sustainable energy solutions and exposed the students to issues that relate to the expected impact of smart
grids. to provide a third focus apart from power systems
and networks, various topics in decentralized control systems were covered, with direct applications in modernizing the power grid. to ensure students had adequate tools
for economic analysis in their research, basic economic
theory was added to the course and included introductory
treatments on the concept of supply and demand and game
theory. table 1 shows the complete outline for the course
as offered.
january/february 2013

For the first offering of such an interdisciplinary course,
the expected outcome was to have students understand
the interaction of various disciplines in smart grids.
Intended Audience
the intended audience for this course was students from the
following three groups:
1) power systems students working on grid automation,
the integration of renewables, or the impacts of electric vehicles (eVs)
2) computer and communications networking students
interested in a career in which their networking skills
are applied in the power systems area
3) control systems students interested in developing control solutions for power system applications.

Sequence of Topics
designing a course so as to keep students from diverse
backgrounds engaged can be challenging. As a result, it was
decided to start off with basic, introductory lectures in the
two major thrust areas before advanced topics were covered in either of them. it was expected this would provide
an early, common platform enabling all students to subsequently understand and appreciate more advanced topics.
the power systems portion started with an introduction (or
refresher) that included basic concepts such as circuit theory;
this was aimed at any computer-networking students who
may have been out of touch. Similarly, the course covered
basic computer-networking concepts and how the internet
works for students from other disciplines. figure 3 shows
the order in which topics were taught throughout the course.

feedback will be incorporated and certain challenges met
the next time around.

Course Feedback
for the first offering of such an interdisciplinary course, the
expected outcome was to have students understand the interaction of various disciplines in smart grids. outcomes were
to a great extent measured based on assessments: through
a test, course projects, and student feedback. overall, most
students felt they knew a lot more about smart grids than
they did when they arrived and had a fair idea of the role of
other disciplines. Working together on projects with students
with knowledge of other areas had helped them to look at
smart grids from a different perspective and learn from each
other. the matrix shown in figure 4 illustrates the students’
perceptions about their increased knowledge.
Some students reported concerns that they had been
exposed to a lot of topics and said they found it difficult to
grasp a holistic view of the material. Some felt that it would
have been better if the course had been offered in a top-down
fashion rather than with a bottom-up approach. Some students felt that they had been expected to sit through material

table 1. Outline of topics for the Elements of Smart
Grid graduate course at Wichita State University.
Power Systems

Introduction to power systems
Power system transients and stability
Outage management
Signal processing in power systems
Smart sensors/synchrophasors/telemetry
System performance/reliability
Estimation theory

Computer
Networking and
Communications

Introduction to communication networks
Communication requirements for smart
grids
Existing smart grid communication
standards
Hybrid communication systems for smart
grids
Advanced metering infrastructure
Information security and privacy
Network protocol development and
performance evaluation for smart grids

Environmental
and Economic
Issues

Distributed energy sources/microgrids/
demand response
Environmental impacts
Economics of alternative fuels

Controls
(Application
Based)

Decentralized and distributed control
Multiobjective optimization
Real-time control

Project Component
All course assignments and projects were assigned to students working in pairs, with the rule that in each pair, the
students had to come from different concentrations. for
example, power system students were paired with networking or controls students. this was designed to enable one
student, well versed in an area under consideration, to be
the lead in an area-specific assignment and help a student
from another background catch up and learn from a peer.
for projects, this procedure was expected to enable the formulation of interdisciplinary problems that would require
students from diverse backgrounds to join together to move
toward a solution.

Lessons and Challenges—
and a Possible Solution
this section will look back at the lessons learned and challenges identified from the first offering of the course in the
spring of 2012 and discuss how some of the lessons and
january/february 2013
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Spring 2012 Weekly Schedule
Week

Date

Topic

1

16 January

Martin Luther King Day

2
3
4
5
6
7
8
9
10

17 January

Introduction

23 January

Introduction to Power Systems

25 January

Introduction to Power Systems

30 January

Introduction to Distributed Control

01 February

Introduction to Networking

12
13
14
15
16
17

Due

Groups

Introduction to Networking

08 February

Student Proposal Presentations

13 February

Distribution-Level Outage and Management

15 February

Power Systems Transients and Stability

20 February

Smart Sensors/Synchrophasors/Telemetry

22 February

Communication Requirements for Smart Grids

PSCAD, WinMill

AP 1

Groups

NS2

AN 1

AP 1
AN 1

MATLAB

27 February

Existing Smart Grid Communication Standards

29 February

Hybrid Communication Systems for Smart Grids

05 March

Network Protocol Developments and Performance Evaluations

07 March

Distributed Energy Sources and Microgrids

12 March

State Space Modeling and Control

14 March

MIMO Control System Design

19 March

Assignments
Post

06 February

AM 1
AM 1

Spring Break

21 March
11

Software

Spring Break

26 March

Smart Grids from Economists' Point of View

28 March

Demand Response/Demand Side Management

02 April

Test

04 April

Cyber Security

09 April

System Performance and Distribution Reliability

11 April

Guest Speaker: SEL Presentation

16 April

Multiobjective Optimization

18 April

Environmental Impacts of Smart Grids

23 April

Economics of Alternative Fuels

25 April

Signal Processing and Estimation Theory in Power Systems

30 April

Reliable Control

02 May

Special Topics

09 May

Finals

figure 3. The sequence in which various topics were presented. Each color code corresponds to topics associated with
one of the instructors.

they had seen before (maybe in an earlier class) or that there
was not enough material presented in areas they were less
familiar with.

Challenges
one of the challenges that presented itself in our first attempt
was using class time effectively to meet the learning needs of
students while ensuring that the material taught was interesting to all and not repetitive for some class members. future
10
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offerings may need to assign more out-of-class assignments
and activities to students in their deficient areas so that class
time is used for common activities that advance learning
for all.
Another challenge was to bring together so many instructors at appropriate times for a semester-long course. most
instructors provided their valuable time to us on a voluntary
basis and had to free up hours from their busy schedules
to be a part of the course, which of course imposed some
january/february 2013

today’s college students lead blended
lives, which are “partially virtual,
partially tangible,” where many
activities are done online and independently. they access the world via
mobile devices. So the question arises,
why not access education that way,
too, in a format custom-tailored to fit
their backgrounds and desired outcomes? Blended-learning courses are
those in which a significant amount
of traditional in-class time is replaced
with online activities that involve students in meeting course objectives.
According to a classification scheme
devised by the information technology education association educause,
blended courses are those in which
between 30% and 79% of activities
occur online, face-to-face courses can
include up to 29% of online activities,
and fully online courses can include
up to 20% of face-to-face activities.
january/february 2013

Collection of Online
Modules, Assessments, Labs

Blended Learning As a Solution

Perceived
Knowledge at the
Beginning of the
Course

Low = 1
High = 4

Perceived
Knowledge at the
End of the
Course

constraints on their availability. the flow of the course
offering had to be designed bearing in mind the schedule
constraints of each instructor. this also meant that some
material was presented earlier or later than it would be in an
ideal sequence of lectures.
the authors feel that the biggest challenge in interdisciplinary classes such as those on smart grids will be achieving depth while satisfying the requirements of breadth. By
the end of the course that was offered, it was apparent that
students had not really gone into much depth on any aspect
of the material and that most of the class time was spent
bridging deficiencies in the students’ background knowledge. for example, computer science and communicationnetworking students had to be taught the basics of circuit
theory, while power systems students had to be taught the
basics of internet concepts and data flow. An ideal situation
would have been for the students to come to class with background deficiencies removed and able to focus on achieving
depth through classroom activities.
An ideal curriculum that supports interdisciplinary education would let students from multiple backgrounds come
to class and meet with learning outcomes specific to their
backgrounds and subareas of interest, with significant depth
achieved. this is almost impossible in current classroom
teaching environments, where students enter with different
backgrounds and must first remove deficiencies, thus leaving
no time for in-depth learning. this “bottleneck” prevents
most courses offered from being truly interdisciplinary and
could limit the capabilities of the next generation of engineers and scientists entering the workforce.
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figure 4. Perceived progress by students on understanding
various applications and concepts connected with smart
grids. There were only 11 respondents to this question.

figure 5 shows the general idea of using blended learning
for interdisciplinary education.
careful meta-analyses of literature on learning outcomes
in different formats, based on the 2009 doe study “evaluation of evidence-Based practices in online Learning,”
reveal an important fact: online learning—and in particular,
blended learning—can result in significantly better student
learning when compared with learning in the conventional
classroom. the asynchronous nature of the blended component of the courses has the effect of expanding the time
students spend on course material. As a result, the faceto-face time can be used more effectively, with students
extending the material beyond what might be achieved in

Custom Sequence for
Background 1

Custom Sequence for
Background 2

Custom Theme for All
Backgrounds
Classroom
Learning

Custom Sequence for
Background N

figure 5. Blended learning as a tool for interdisciplinary education in sustainable
energy systems. Students enter the course from varying disciplines and are assigned
a custom set of online modules they use to address background deficiencies while
classroom learning moves in the direction of a common theme. For example,
students from computer networks, power systems, and control theory go through
basic modules in each other’s areas (both before and during the course) and move
together through classroom learning in the area of smart grids.
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The authors feel that the biggest challenge in interdisciplinary
classes such as those on smart grids will be achieving depth
while satisfying the requirements of breadth.
a conventional face-to-face course. this opportunity for
extension provides the ideal framework for interdisciplinary
education, where material may need to be extended into different areas from a core set of concepts or move from diverse
backgrounds towards a common theme in a manner uniquely
tailored to individual student backgrounds and one or more
instructor’s interests. the advancement of blended education
to facilitate interdisciplinary learning seems timely, if one
goes by recent recommendations from faculty and administrators in many quarters who advocate for the inclusion of
online learning at the university level.
A peer-to-peer learning model would complement blending learning by having students from one background help
students from another background learn course material, aided by online modules assigned by the instructor
or instructors. in a graduate-level course with an end-ofsemester project, there is additional incentive for students
within an interdisciplinary team to teach other in order to
maximize their success with the project.
to the best of our knowledge, there exists no literature on
the use of blended learning or similar efforts for interdisciplinary education. the next time we offer a course on smart
grids, we will attempt to create online modules in various
areas that can be leveraged for blended learning. Assessments
will be conducted using student evaluations supplemented
with additional components to judge the effectiveness of the
blended-learning approach. in addition, learning depth could
be evaluated by comparing class projects with those from
the previous offering. educational offerings in interdisciplinary areas such as smart grids have just begun to arrive,
and it is expected that several iterations will be required to
find approaches that overcome most challenges and meet all
desired outcomes.

Implications for
Undergraduate Education
though the course described in this article was offered at the
graduate level, our experience also provides important lessons for planning and teaching a course in the area of smart
grids at the undergraduate level. An expected outcome from
the graduate-level course is the preparation of course materials on smart grids. these materials will be prepared from
an interdisciplinary perspective that encompasses communications networks, power systems, control systems, economics, and environmental issues. currently there are few
textbooks on the topic of smart grids; the authors believe
that these course materials will eventually form the basis for
12
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developing a textbook in this interdisciplinary area at the
undergraduate level and will lay the foundation for introducing an undergraduate course in the area of systems engineering focused on smart grids.
in a graduate course, students with prior mastery over
an area sit together to apply their skills and learn new techniques in the smart grid area. this is a bottom-up approach
that can be expected to bring challenges due to the lack of
“a common language for communication.” it might be better to adopt a top-down approach by offering a course on
smart grids with few or no prerequisites early on during
students’ undergraduate years. (the authors recognize that
top-down education has its demerits, especially if used only
as a “job-training” tool as opposed to providing a broad
education spanning multiple areas that may have more utility in the long term.) Subsequently, the students could take
advanced undergraduate courses in their areas of interest
that they can apply and build on in the smart grid area. for
example, an undergraduate student who has learned about
the smart grid and its applications in the basic course may
subsequently decide to learn more about the communication
networks that enable such applications or the power systems
fundamentals that characterize them.

For Further Reading
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Time in the Sun
The Challenge of High PV Penetration
in the German Electric Grid

E

ENERGY SUPPLY SYSTEMS ARE FACING
significant changes in many countries around
the globe. A good example of such a transformation is the German power system,
where renewable energy sources (RESs)
are now contributing 25% of the power
needed to meet electricity demand,
compared with 5% only 20 years ago.
In particular, photovoltaic (PV) systems have been skyrocketing over the
last couple of years. As of September
2012, about 1.2 million PV systems
were installed, with a total installed
peak capacity of more than 31 GWp.
During some hours of 2012, PV already
contributed about 40% of the peak power
demand. It seems that Germany is well on the
way to sourcing a major portion of its energy needs
from solar installations. PV must therefore provide a full
range of services to system operators so as to replace services
provided by conventional bulk power plants.
This article highlights the development of PV in Germany, focusing on the technical and economic consequences
for distribution system operation. We highlight the challenges and introduce solutions for smart PV grid integration.

Status of PV in Germany
As mentioned above, as of September 2012 more than
31 GWp of PV capacity was installed in the German energy
system. The installed capacity of PV systems is now higher
than that of any other RES, as well as that of any conventional
power source (see Figure 1). Nevertheless, the cumulative
produced energy from PV only accounted for about 6% of

©ISTOCKPHOTO.COM/MARK SOSKOLNE

Germany’s overall electricity consumption in the first nine
months of 2012.
The strong growth of PV in recent years has resulted
from the German feed-in tariff and decreasing prices for PV
systems. In particular, small and medium-scale systems of
less than 30 kilowatt-peak (kWp) have emerged rapidly during the last few years. As a result, about 70% of the installed
PV capacity is connected to the low-voltage (LV) grid, which
was not originally designed to host generation (see Figure 2).
As mentioned above, PV generation by itself is able to
satisfy about 40% of the overall load during certain sunny
and low-load days (see Figure 3). A strong concentration of
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occur toward upstream voltage
levels. This phenomenon is often
Natural Gas: 26 GW
accompanied by voltage rises. Con70
Lignite:
21 GW
sequently, the allowed voltage band
27 GW
31 GWp PV
60 Hard Coal:
of !10% of the nominal voltage
Nuclear:
13 GW
50
for less than 5% of the ten-minute
average root-mean-square values
40
over the course of one week (from
30 GW Wind
30
power-quality standard EN 50160)
20
is more often violated with PV than
7 GW Biomass
without PV.
and
Others
10
2)
Additional power flows in the
4 GW Hydro
0
transmission system: Reverse
power flows can cause additional
power flows from the distribution
system to the transmission system.
Year
3) Grid stability (frequency and volt
age): Today, conventional power
figure 1. Historic development of the installed capacity of RES compared
plants must guarantee the system’s
with conventional power sources as of March 2012 (source: German Federal
stability. Within the European
Ministry for the Environment, Nature Conservation, and Nuclear Safety).
Network of Transmission System
Operators for Electricity (ENTSO-E) control area, the
PV generation can be found in the sunnier southern region of
cutoff frequencies for RES still vary; hence, they can
Germany. Therefore, south German distribution grids typicause instabilities in abnormal situations. For further
cally experience grid-integration challenges related to PV.
details, see “The 50.2-Hz Risk.”
In some LV grids, the installed PV capacity can even exceed
The graphs in Figure 4 show the load flow and voltages
the peak load by a factor of ten.
The impact of high PV penetration rates locally on the for an entire day, as observed in a real LV distribution grid in
distribution system operation is outlined in the following southern Germany. In this particular distribution system, the
section together with a brief overview on the state of the art PV capacity exceeds the peak load by 900%. As a result, the
grid is subject to reverse power flows over the transformer
in Germany.
and a rise in voltage.
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Actions for Smart PV Grid Integration

Three main issues can be identified regarding high PV penetration in distribution grids:
1) Reverse power flows in the distribution system: In
distribution systems where the local PV generation
exceeds the local load demand, reverse power flows

In what follows, we highlight possible solutions to the technical issues outlined in the previous section. Note that the
technical challenges also have an economic impact on the
stakeholders involved.

Supporting Frequency Control
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figure 2. Distribution of RES over the typical nominal voltage levels of the
German power system (source: energymap.info).
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New interconnection requirements—such
as the German VDE AR-N 4105 guideline
for the low- and medium-voltage grid—
are now in place to support a smoother
response to frequency deviations of PV
systems in case of system overfrequencies. Now, frequencies over 50.2 Hz lead
to a smooth power reduction according to
a predefined, characteristic curve, until
the generation units are disconnected
from the grid at a frequency of 51.5 Hz.
Figure 5 shows the characteristic curve.

Supporting Voltage Control
95% of the PV capacity is installed in
the low- and medium-voltage system;
march/april 2013
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voltage-related issues may therefore
occur in distribution grids with high
local PV penetration. If the PV capacity
cannot be interconnected due to technical reasons, the distribution system
operator (DSO) is obliged, according
to German law, to conduct necessary
grid reinforcement measures immediately. This is done by either replacing
transformers in the grid or reinforcing
certain lines. By law, the costs for these
reinforcement measures must be borne
by the DSO itself. Additional load flows
are also most commonly resolved via
grid reinforcement and/or congestion
management. In addition to these conventional means, PV systems installed
in Germany must be able to support the
local voltage by the provision of reactive
power and active power curtailment.

PV

Others Sources

Load

Time (h)

figure 3. Contribution of PV and wind on 26 May 2012 (source: German
transmission system operators and European Network of Transmission System
Operators for Electricity).

From a technical perspective,
three types of control approaches can
be distinguished: local, decentralized, and central (see Figure 6).
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Since 2011, the German feed-in tariff
law has required owners of small PV
systems (less than 30 kWp) to either
limit the active power output of their
systems to 70% of the installed PV
capacity or install a remote-control
interface to receive temporal power
reduction signals from the DSO, if necessary. Systems of more than 30 kWp
must be controllable remotely. This
requirement raises additional questions regarding the security of the
communication between generator
and system operator and the information and communication technologies
(ICT) standards used to enable this
feature. These questions have yet to be
sufficiently addressed.

Active Power, P (kW)
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✔ Local control strategies do not

figure 4. Example of (a) load flow and (b) voltage at the transformer in one
require communication devices.
LV distribution system with high PV penetration over the period of one day
The distributed energy resource
(source: University of Stuttgart).
(DER) unit reacts to specific
grid situations according to predefined parameters
controllable substations. These substations enable
and droop functions, as well as measurements (e.g., of
autonomous control of the LV grid sections, which can
voltage or frequency) at its point of common coupling.
increase reliability and economic efficiency. Furthermore, parameters from the surrounding systems and
✔ Decentralized control strategies are communicationthe higher-voltage levels can be included.
based control strategies that interact with an intermediate level in the grid. For example, LV systems
✔ Central control strategies describe communicationcan be clustered into different cells using intelligent,
based control approaches from the distribution
march/april 2013
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The 50.2-Hz Risk
PV inverters in the European interconnected power system have different fixed cutoff frequencies, as defined by the respective
national grid codes. For example, the upper cutoff frequency for PV systems connected to low-voltage grids used to be 50.2 Hz
in Germany and 50.3 Hz in Italy and Denmark. During abnormal situations, such fixed threshold values can cause a sudden
loss of generation capacity. An example was the unscheduled disconnection of a transmission line in Germany in 2006, which
resulted in a separation of the ENTSO-E transmission grid into small regional sections. As a result, significant frequency deviations occurred, as shown in Figure S1, which led to frequency values above 50.2 Hz in areas with surplus generation. In such a
scenario, a sudden loss of a high share of the PV generation capacity (due to a threshold-based disconnection) can cause severe
under-frequencies and even rolling blackouts. The ENTSO-E-wide primary reserve capacity is only 3 GW, compared to more
than 20 GWp of installed PV capacity in the German low-voltage grids. In response to the lack of dynamic power reduction in
the case of over frequency, Germany regulators issued a retrofitting of about 315,000 single PV plants at an estimated cost of up
to 175 million euros. Further information can be found in “For Further Reading.”
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figure S1. Frequency recordings after the split of the ENTSO-E control area in 2006 (source: ENTSO-E, final report
on the disturbances of 4 November 2006).
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figure 5. Characteristic curve for reducing the power output of PV systems
according to frequency deviations.
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system control center. For example,
a central control strategy is necessary to remotely curtail the active
power output of a PV system to
resolve congestion issues. Additionally, central control approaches
provide the opportunity to optimize
grid operation not only locally but
also regionally.
march/april 2013
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figure 6. Overview of different control approaches (source: Fraunhofer IWES).

Examples of these control strategies, including their
economic assessment, are described in detail in the following sections.

Local Voltage-Control Strategies
One major topic of several current research projects, such as
the German PV-Integrated project, is to assess—both technically and economically—local control strategies for PV
inverters connected to distribution grids. Using their active
and reactive power control capabilities, PV inverters themselves can contribute to lowering their impact (in terms of
voltage rise) on the grid in times of high solar irradiation.
This can, in turn, increase the PV hosting capacity of certain distribution grid sections. Grid-supporting PV inverters are becoming state of the art. They reduce the need for
additional grid reinforcement measures, which would be
necessary without any form of additional control capabilities. Cost-benefit analyses were conducted for the different voltage-control strategies to determine their economic
impact for the PV plant operator, as well as for the DSO at
the LV level.

Economical Assessment of Local
Voltage-Control Strategies
According to the definition we have given under “Actions
for Smart PV Grid Integration,” local control strategies do
not require any additional information and communication infrastructure. Therefore, local voltage-control strategies can be easily integrated into the overall grid operation.
Once installed and parameterized properly, grid-supporting
march/april 2013

inverters can either 1) provide a certain power factor as
well as reduce active power output, if local overvoltages
are measured (voltage-driven strategies) or 2) simply operate at a certain fixed power factor at any given time (fixed
strategies). It is up to the DSO to decide which voltagecontrol strategy should be implemented. In Germany, most
DSOs do not use any of these voltage-control strategies. To
address the relatively high economic uncertainty that currently accompanies the decision-making process (in terms
of technical benefits versus additional costs), cost-benefit
analyses were carried out based on one-year simulations
with real low- and medium-voltage grids. In what follows,
we present the results of a cost-benefit analysis for a real
LV grid.

Figure 7 shows the single-line diagram for the radial
LV grid investigated. This particular grid serves a suburban residential area with a total of 122 single households via a 250-kVA transformer. The household loads
marked with bold black circles were arbitrarily equipped
with 10-kWp PV systems to simulate local congestions
and provoke additional grid reinforcement measures to
increase the hosting capacity of the grid for further generation capacity.
To reduce the extent of the necessary grid reinforcement
measures, local voltage-control strategies were implemented
within the inverter models of the PV systems. Table 1 lists
the control strategies investigated. Pure local inverter control strategies (A–D), as well as a distribution transformer
with on-load tap changer (OLTC), were assessed both technically and economically.
ieee power & energy magazine
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to a reduced temporal activepower feed-in. This so-called
MV/LV
opportunity cost can be low250 kVA
ered if self-consumption strate1 2 3 4
6
gies are also applied. Figure 8
5
shows that, in particular, strategy B (static reactive-power
provision) as well as strategies
C and D (automated voltage
limitation) can reduce the sum
Household Only
of the cost categories investigated compared with the base
scenario (pure active-power
feed-in and grid reinforceHousehold + PV
(Base Scenario)
ment). Also, strategy E turned
out to be an economically efficient alternative to traditional
Open
grid reinforcement measures,
Breaker
depending on the additional
costs for the OLTC (here, a cost
figure 7. LV system with high PV penetration (source: Stetz, Marten, and Braun, 2012).
of €1,000–15,000 is assumed).
Further information can be
The cost-benefit analysis was based on one-year found in the resources listed at the end of this article.
root-mean-square simulations with a temporal resolution of
The control approaches mentioned above rely only on
one minute using the simulation software PowerFactory from local measurement values. In contrast, we can also consider
DIgSILENT. The introduced grid section, real dc power an information exchange between single controllable entities,
measurement values (recorded over a one-year period), and such as distribution substations and PV inverters, to increase
high-resolution generic household load data serve as input overall system performance. These so-called decentralized
parameters for the time-domain simulations. Figure 8 sum- control strategies are discussed in the following section.
marizes the economic results of the simulations.
As can be seen in Figure 8, the extent of grid reinforce- Decentralized Voltage-Control Strategies
ment measures can be significantly reduced by demanding Decentralized approaches can also be used to control an LV
additional voltage-control support by PV inverters, instead of grid. These approaches maintain the limits of fundamenjust feeding in pure active power. On one hand, the reduced tal parameters required for secure system operation. Such
grid reinforcement results in saved investment costs, which decentralized control can be achieved via the coordination of
otherwise would have to be borne by the DSO. On the other several active system components—automated and without
hand, costs for the PV plant operators may be incurred due regulation by the grid control center of the system operator.

table 1. The various control strategies investigated.
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Strategy

Description

Regulatory Framework

A

Fixed active-power limitation to 70% of installed
PV capacity

Required by the beginning of 2013 by PV systems with an
installed capacity of less than 30 kWp and no remote-control
capability

B

Reactive-power provision depending on activepower feed-in

Can already be required from DSO, according to German
medium- and low-voltage guidelines

C

Automatic voltage limitation: active-power output is Not yet officially required
reduced so as to maintain a preset voltage threshold
value

D

Same as strategy C, except reactive power is
provided first before active-power output is
reduced

Not yet officially required

E

Distribution transformer equipped with OLTC

Not officially required, but first commercialized products are
already available on the market

ieee power & energy magazine
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Costs for Grid Losses
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figure 8. Cost comparison of different voltage-control strategies (source: Stetz, Marten, and Braun, 2012).

In the research project called Active, Intelligent LowVoltage System, the Fraunhofer IWES and its partners
investigate decentralized control methods. The aim of
the components and control approaches developed is to
assure that the voltage within an LV system is kept within
the allowed voltage tolerance band—under the boundary
condition of minimal grid reinforcement.

Components of an Active, Intelligent LV System
Figure 9 shows the structure and components of an active,
intelligent LV system.
march/april 2013

The controllable medium- and low-voltage (MV/LV) distribution transformer is able to change the transformer ratio using
an integrated OLTC. The voltage curves of the MV and LV
are thus decoupled. In this way, a voltage control method for
the complete LV system can be achieved that is independent
of grid topology. The compact design of the newly developed
OLTC transformer allows the mounting form of standard distribution transformers to be retained. Additionally, a robust and
maintenance-free design guarantees about 700,000 switching
operations. These advantages are accompanied by additional
hardware and a marginal increase in no-load losses.
ieee power & energy magazine
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figure 9. Principal design and components of an active, intelligent LV system (source: Bülo, 2012).

Controllable PV inverters offer the possibilities of
reactive-power provision (Q) and active-power reduction (P)
in order to contribute to grid control. Both local characteristic curves and remote control of P and Q can be implemented.
Decentralized voltage controllers influence voltage
curves by adding a voltage step using a transformer with
in-phase regulation. This approach seems to be suitable,
especially for long single-grid branches.
The control and operating-control unit contains the intelligence and deploys the grid components in a way to achieve
optimal operation of the local grid. The modular approach
allows for the possibility of upgrades to extend functionality.
Bidirectional communication interfaces to the grid control

System Concept

Conventional

unit are in place, as well as to the components of the local
LV system.

System Concepts
Depending on the particular case, the available components can be used in different combinations, from which
several appropriate system concepts can be derived (see
Figure 10). The voltage rise caused by DER in the LV grid
is not allowed to exceed 3%. Installing an OLTC transformer allows the voltage rise to be mitigated. A voltage
rise of up to 10% is therefore possible because the voltage
at the busbar at the transformer can be controlled over a
large range.

Substation

PV Inverter
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Passive

Passive

None

Passive

Active

None (Voltage Control According to
Fixed Set Points or Droop Functions)
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Active

Bidirectional (Substation Controls
Inverters)
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None (Substation Controls Voltage
According to Substation
Measurements)

Active

Active

P
Active Inverter
P, Q
U, P
Smart Substation

Q, P
P,Q

Active Substation
U
Active and Smart
Substation

U, P

P

Q, P
U

P, Q

Bidirectional (Substation Controls
Voltage at Transformer and Inverters)

figure 10. Various concepts for an LV system, including the MV/LV substation being considered for decentralized control
approaches (with communication) and local control approaches (without communication) (source: Bülo, 2012).
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SCADA

The choice of system concept
will be based on several criteria.
Static
In addition to economic considerNetwork Simulation
ations, the potential to increase the
Input
Distribution
DSE
Network
capacity of the system to host DER
Dynamic
is of great interest, especially from
a technical perspective. Research
Optimizer
results highlight that system conOptimized
Settings
cepts using an OLTC transformer
Optimization Unit
allow a significant increase in the
system hosting capacity for PV. In
these cases, the hosting capacity figure 11. Scheme of the central control strategy (source: Yan et al., 2012).
is no longer limited by the narrow
voltage tolerance band. More of the existing grid infra- independently, central control aims for coordinated control
of the complete system from the distribution system control
structure capacity can be used.
Decentralized and local control strategies help to center. It thus requires a set of information with which to
stabilize grid operation or relieve the system during peak establish the current system status, as well as knowledge of
feed-in. For an active control of DER during system the boundaries in which the system needs to operate. The
operation, novel central control strategies can be used. information required by a central voltage-control approach
Such control strategies allow for a coordinated operation includes both static and dynamic system information. Static
of grid components so that PV can be used to provide information (e.g., grid topology and the characteristics of
components installed in the system) can be acquired directly
additional ancillary services.

Central Voltage-Control Strategies
In the course of a European research project known as
HiPerDNO, a central voltage-control approach was developed for distribution systems. The approach is based on
the provision of reactive power by distributed generators as
well as the control of OLTCs installed in the distribution
system. In contrast to decentralized voltage-control strategies, where subsets of the distribution system are controlled

from the system operator. Dynamic information (e.g., information on bus voltages and on active and reactive power
levels of DERs) is acquired from distributed state estimation of the grid. This is because such information is usually
only available for a few locations in the system, where sensors are installed.

Figure 11 outlines the architecture of the control mechanism developed. The voltage controller contains a grid
simulation unit and an optimization unit. The optimization
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figure 12. Minimum and maximum voltage magnitude (a) without and (b) with central voltage control (source: Yan
et al., 2012).
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unit uses the grid simulation unit to assess power quality under different grid settings—in this case, tap positions and reactive-power feed-in of distributed generators.
This is done via load flow calculations, which require the
above-mentioned static and dynamic information of the
system. Given the desired quality of a grid setting, the
optimization unit will apply a heuristic search strategy to
find a grid setting that minimizes the number of voltage
violations in the grid with minimal reactive power and
tap changes.
Such a heuristic-based central voltage controller was
demonstrated to be able to resolve voltage violation in distribution systems. The controller was tested given the topology
of a real rural distribution system, as well as real solar radiation data and synthetic load profiles (which were generated
using real profiles). The grid contains two MV branches with
a total of 40 MV/LV substations. A total of 11 distributed
generators—nine PV generators and two hydro generators—
were installed in the grid. The voltage tolerance band was
assumed to be !3%.
The maximal and minimal voltage profiles for the simulation of one summer day are depicted in Figure 12. Without
any sort of voltage control, as shown in Figure 12(a), the grid
experiences overvoltages around noon, which are caused by
the high feed-in of the PV generators. In addition, peak loads
in the early evening cause undervoltages. Using the voltagecontrol strategy, as shown in Figure 12(b), it is possible to
hold the voltages in the grid within the tolerance band of
!3% over the entire day. These results are promising, as they
demonstrate that voltage violations within a distribution system can be solved utilizing the provision of reactive power
by distributed generation.

Summary and Outlook
Germany’s goal is to transform its electrical energy supply
to one that is based on a renewable energy share of more
than 80% by 2050. The so called Energiewende—energy
transition—will be accompanied by high PV penetration in
certain regional distribution grids. These high-penetration
scenarios will create challenges for existing grids and thus
bring a demand for advanced control concepts to guarantee
reliable and cost-efficient future grid operation.
To meet their responsibilities as pillars of the German
energy supply system, PV systems must provide ancillary services based on multiple layers of control. Pure local-inverter
control concepts can be used to mitigate local voltage rises and
so increase the hosting capacity of certain grid sections for
further PV deployment. They will fail, however, in situations
where coordinated power control is necessary (e.g., in cases of
temporal congestions at higher voltage levels).
Smart PV grid integration in Germany is just beginning,
and new questions will arise about how best to integrate even
greater amounts of PV into the grid. This situation demands
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even more fully integrated approaches that consider local,
decentralized, and central strategies, as well as their technical effectiveness and economic efficiency for all stakeholders. Appearing on the horizon are new concepts that will
allow for the provision of more ancillary services by PV systems and the consideration of energy storage options—e.g.,
power-to-heat and power-to-mobility schemes.
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SMART GRIDS ARE FUNDAMENTALLY IMPORTANT
for transforming today’s electricity grids in order to address
growing demand; renewable, intermittent, and distributed
generation; and environmental pressures. Microgrids are
an integral part of this transformation. But as in all transformations, there are challenges as well as opportunities.
The purpose of this article is to present several European
microgrids, focusing on their relative roles with respect to
each other and to the overall energy ecosystem. We hope
this will provide insights into how microgrids may evolve in
the years to come.
By 2020, around 50 billion devices of various kinds could
potentially be connected to each other worldwide. Given that
there are already 6 billion mobile phones in the world today,
even this figure may prove to be too conservative. Electricity grids will be the foundation of this “constellation of
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The purpose of this article is to present several
European microgrids, focusing on their relative roles with respect
to each other and to the overall energy ecosystem.
microgrids,” supplying power to practically all of the other
components in one form or another and exploiting the new
possibilities that state-of-the-art, efficient information and
communication technology (ICT) offers. The sum of these
possibilities is often what is meant by the words smart grid
and consists in optimally managing the energy all across the
system through the coordination of microgrid operations.
Definitions vary, but broadly speaking, smart grid is used
to describe electricity networks having bidirectional communication and power flow capability across the generation
sources (conventional and renewable) and demand loads
from all types of customers.
Electricity companies have always adopted these types of
ideas to some extent, but traditionally, communication has
been a one-way process and was limited to connections with
a relatively small number of dispatchable generating points.
Most consumption data have so far been forecast and subsequently reconciled financially through meter readings with
significant time lag. Distribution operators have very limited
access to real-time meter data to monitor whether the system
is operating as it should. With the smart grid, communication becomes multidimensional, with information flowing
among numerous devices and stakeholders and consumption
points connecting with the system in real time. This allows
the entire system to be operated more flexibly, facilitating
the penetration of low-carbon technologies like electric
vehicles or intermittently available renewable energy.
Smart grids are also likely to drive deregulation by
bringing choices and incentives to consumers of electricity, similar to those already in place in other domains such
as telecommunications. The cost of electricity is likely to
reflect the impacts of real-time energy prices, which fluctuate hour by hour or even minute by minute. But the cost of
electricity will be packaged commercially so as to bring net
value and convenience to end consumers.
In this context, microgrids have been called the impatient
upstarts of our energy future. While many microgrid projects
share important characteristics beyond their common name,
there are equally important differences across the growing
number of microgrids around the world. The purpose of this
article is to present several European microgrids, focusing
on their roles relative to each other and to the overall energy
ecosystem.

What Is a Microgrid?
A microgrid is a contiguous section of the grid and its interconnected energy resources (i.e., generators, loads, storage
60
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devices, electric vehicles) that can operate as an independent electrical island disconnected from the rest of the grid.
A virtual power plant (VPP), often mentioned in conjunction with microgrids, differs from a microgrid in that a VPP
is typically associated with energy resources but not with
specific grid sections. A VPP could be associated with and
operate within a microgrid if the VPP’s energy resources are
connected within that microgrid.
The major steps in microgrid evolution will take place
along several key directions:
✔ Physical microgrid boundaries: A basic microgrid
typically has predetermined boundaries that correspond to its footprint in the island mode. The viability
of island operation needs to be assessed during normal
(nonisland) operation for each predefined microgrid. In
the future, we can expect microgrid boundaries to be
defined dynamically in order to better accommodate
normal and emergency conditions. For example, under
emergency conditions, a microgrid island may have its
footprint expanded to serve adjacent critical loads.
✔ Interactions between microgrid and main grid
operations: A classical microgrid has a backup generator that is often not designed to operate in parallel
with utility supply. The trend, however, is for increased
interaction between the microgrid and the main grid
and for improved sharing of economic energy, reserve
capacity, and other ancillary services. This has broad
implications for microgrid business practices and
technical specifications.

Why Microgrids?
The business objectives of microgrids spring from the
confluence of a growing demand for clean, reliable, and
economic energy and recent major technology innovation
in distributed renewable energy, telecommunications, IT/
automation, and customer empowerment for customized
energy services. These factors are facilitating a shift from
classical centralized power systems toward increasingly
modular, decentralized microgrids. The major benefits of
microgrids include
✔ providing energy services tailored to the requirements
of microgrid end users, such as service continuity in
times of main grid outage and increased renewable
generation
✔ operating more efficiently and reliably within the
microgrid, as compared with dedicated backup generation in a classical microgrid model
july/august 2013

A microgrid footprint can consist of a neighborhood interconnected
through a low-voltage secondary grid, a medium-voltage substation
service area, or an area served by multiple substations.
✔ enabling parallel operations with the main grid for

improved financial performance through economic
exchange of energy and ancillary services between
the two
✔ enabling parallel operations with the main grid for
improved service reliability through coordinated
response during emergency situations to serve critical
loads and to reduce outage impacts
✔ leveraging and/or deferring capital investments for
critical energy and grid assets
✔ enabling innovation in new energy technology and
services that have broad societal impact beyond local
energy delivery.
The quantitative assessment of the benefits of a microgrid
is challenging for many reasons. Such an assessment would
assign valuations to improved service quality, tariff implications, and case-specific externalities (e.g., public image).

Types of Microgrids
The qualitative and quantitative assessments of these business benefits depend heavily on microgrid ownership and
operational responsibilities, which depend, in turn, on thesegment of the market the microgrid belongs to.
✔ Private industrial and commercial organizations:
These are privately owned and operated by facility managers with limited utility interactions. The
primary focus is to support owners’ industrial and
commercial business operations with economic and
reliable power supply. Recently, we have seen the
addition of college campuses, which form a new breed
of microgrids with an additional focus on innovation.
✔ Government organizations: Military base microgrids, for example, have a strong focus on energy
reliability surety and safety. Government-owned
microgrids often seek to improve economics by operating in parallel with utility grids. City and municipal
microgrids usually want their microgrids to function
as drivers for a “smart city” vision.
✔ Electric utility companies: Vertically integrated utilities may deploy microgrids to serve customers with
special, localized requirements. Deregulated utilities will collaborate with distributed energy resource
aggregators to ensure service quality across the distribution grid and microgrids. Utilities may offer utility
expertise as a service to nonutility microgrid owners,
as a means of increasing mutually beneficial interactions between the microgrid and the main grid.
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The Emergence of European Microgrids
Recently, European electric distribution grid operation has
been a significant subject of discussion due to multiple factors both within and outside the utility industry. Even though
the various drivers of the discussion are coming from different directions, their impact is linked in that they are all
leading to varying degrees of microgrid evolution.

European Union Emission Reduction Targets
The European Union (EU)-led emission compliance mandate for carbon reduction is leading to massive deployments
of renewable generation. A significant volume of European
renewable generation is being connected at the primary and
secondary distribution levels of the electric grid. The renewable generation resource deployment initiatives often include
nonrenewable distributed energy resource (DER) integration, and together they lead to microgrid implementation due
to the following factors:
✔ An aging infrastructure distribution grid capacity
needs to be reinforced for reliable interconnection
of DERs. Reinforcing the capacity is usually capitalintensive. A microgrid operation provides the benefit
of reduced energy interchange needs across its boundary and is one way to increase local energy balancing.
✔ The unpredictability of renewable generation requires
various mechanisms to firm up the generation supply
for better management of the delivery of grid power.
One of the most prevalent mechanisms is integrating
renewable generation with a firming resource portfolio consisting of energy storage and demand response
(DR) resources connected to a neighboring section
of the distribution grid. Such integration makes
pockets of distribution grids a natural landscape for
microgrid operations.
✔ DER integration often leads to voltage swings with
overvoltage conditions in the distribution grid. In
most cases, such conditions and their effects (due
to voltage and reactive power swings) must be managed within the local and neighboring grid regions.
The regional distribution grid voltage and var management needs to be coupled with active real power
management. This integration is key for successful
microgrid operation.

Emergence of Smart Ecocities in Europe
The evolution toward smart ecocities has been a prominent
topic of discussion in Europe. Today, many European cities
ieee power & energy magazine
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Looking ten years ahead, microgrids will be a critical
cornerstone that interconnects community users with infrastructures
through new layers of intelligence.
are focusing on stepping up the options for, and quality
of, services to their citizens so as to grow their municipal
economies while achieving emission compliance and other
fiduciary targets. In cities where new models of urban planning and redevelopment recognize the role of city energy
management as one of the most critical components, city
managers are exploring new ways to finance, integrate, and
encourage the use of innovative ecotechnologies. These new
models take into account various social, economic, and technological factors that together drive the creation of urban
microgrids, as follows:
✔ Cities are enhancing their infrastructures to include
distributed renewable energy resources while consistently integrating utility grids supplying electrical,
gas, heat, and/or water systems. This integration poses
challenges for multiple input energy sources, such as
solar, wind, hydro, and geothermal, which provide
the benefit of simultaneously generating electricity
and useful heat. This leads to a new paradigm: a city
distribution grid consisting of a large volume of DER
asset interconnections requiring systems for reliable
and economic city microgrid operations.
✔ New governance schemes are being developed to
raise cities’ awareness of their actual carbon footprints and to bring new technologies for benchmarking within neighborhood, city, and social networks.
These schemes are aimed at creating carbon-neutral
cities that integrate the energy and transportation
efficiencies at the core of critical city infrastructures
and connecting them with end users for demand participation. A parallel evolution led by ICT companies,
the “Internet of things” (IoT), is meant to provide the
backbone for a commercial operational infrastructure for city microgrids. The IoT evolution is heavily
focused on urbanization issues, as the world urban
population is expected to grow from the current level
of 3.5 billion people to 6 billion people living in cities
by 2050.
✔ There exists a new urban planning trend toward
“compact cities” with logistically sophisticated
transportation systems that integrate multimodal
systems, i.e., suburban transport, tramways, and electric vehicles (EVs), so that they can interact in real
time with surrounding intermittent energy resources.
Such real-time interactions in energy ecosystems
warrant an environment that is much closer to a city
microgrid operation.
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Adding Customer Value Through
Electricity Market Integration
Since the beginning of the last decade, different European
regions have gone through various phases of deregulation
within the electrical industry. Some common themes in the
makeup of the deregulated European electric industry organizations are as follows:
✔ Distribution system operators (DSOs) and transmission system operators (TSOs) are tasked with operating
the distribution and transmission grids, respectively.
✔ Suppliers encourage customer relationships so as to
participate in the markets.
✔ Aggregators adapt consumption and production to
maximize revenue.
✔ Consumers usually own DER assets and select suppliers of their choice.
One of the recent focal points in the deregulated European electric industry has been on adding value to customer-owned DER assets through integration with electric
markets. Efforts are under way to develop business models
to realize the value of DER assets through multiple markets such as capacity markets, energy markets, and ancillary services. This approach will lead to the following new
developments:
✔ End customers may present themselves as the active
load with price-responsive characteristics in order
to meet the objectives of DR and energy efficiency
(EE) programs.
✔ DR and EE programs may include some options
that will give consumers incentives to curb energy
usage, but these are not necessarily committed obligations (consumers are instructed, but the response
is not guaranteed).
✔ Behind the meter, generating resources will require
different volt/var coordination, depending on how
they are connected to the distribution grid.
✔ As the economies of scale for energy storage systems evolve, end prosumers will no longer be consumers only. The operational model of distribution grid
operations will have to include end customers characterized by temporal models and behaving sometimes as
active loads and at other times as generating resources.
✔ These temporal models will also affect power system
protection practices, as the current protection scheme
based on overcurrent principles will no longer be valid.
The factors mentioned above are influencing the European DSOs to review their traditional practices, developed
july/august 2013

in the context of managing distribution grids where generating resources have been almost nonexistent. The traditional
premise of distribution grid management is predominantly
driven by monitoring and protection architecture in substations with a limited need for proactive distribution power
delivery controls and active distribution grid controls. With
consumers increasingly owning and operating DER assets
through suppliers in the market, DSOs will need to adapt to
more proactive controls in specific regions of the grid. Such
an approach is leading to consideration of various classes of
microgrid operations.

European Microgrid Project Examples
In this section, we present current European microgrid projects, together with their technocommercial objectives. We
have selected one microgrid project from each of the following classes of microgrids for comprehensive discussion:
✔ European utility microgrids
✔ European city microgrids
✔ European industrial microgrids.

Grid4EU

planned to be a living laboratory for the region. It should be
noted that the Nice region in southeastern France is connected
to the bulk power grid through a somewhat fragile transmission corridor, as shown in Figure 2.
The project is designed to study and test the economic,
technical, and social issues related to the microgrids of
the future. These include the optimization and use of MV/
LV networks with massive, decentralized, and intermittent
insertion of renewable energy sources (principally PV), as
well as the behavior of customers, who become agents for
their own production, consumption, and storage of electricity. Also to be studied is the islanded microgrid operation of an independent consumption zone equipped with
energy storage resources.
The specific objectives of the NiceGrid project are to
✔ optimize the operation of an MV/LV electrical network
with a major integration of solar power generation and
electricity storage capacities in both grid-connected
mode and islanded mode
✔ test the islanding of a microgrid based on solar power
generation and electricity storage
✔ guarantee continuity of supply and reduce potential
constraints on the high-voltage transmission lines of
the area
✔ encourage customers to be proactive in managing the
production, consumption, and storage of electricity.
The microgrid region includes the Carros industrial district and Carros le Neuf, the existing residential district.
The microgrid network topology consists of two primary

During last few years, utility industry members in the countries belonging to the EU have developed large-scale demonstration projects of advanced smart grid solutions with wide
replication and scalability potential for Europe. Grid4EU
is the joint project of a consortium comprised of 27 partners in 12 EU member states. This consortium includes six
European DSOs. Figure 1 shows the landscape of the various Grid4EU projects.
ERDF is the program coordinator
for the Grid4EU project in France, and
ENEL is the technical director in Italy,
Six Demonstration Projects in Six EU Nations
with an overall budget of more than
€50 million.

NiceGrid: A Utility Microgrid
The NiceGrid microgrid project is one
of the six smart grid projects of the
European Union’s Grid4EU program,
whose partners include Alstom, EDF,
ERDF, and others. The microgrid is
located in the municipality of Carros,
in southeastern France. The project is
designed to test an innovative architecture for medium- and low-voltage (MV/
LV) distribution microgrids with high
concentrations of photovoltaic (PV)
generators together with smart houses
capable of managing their electricity
needs. More than 1,500 residential,
commercial, and industrial end users
are participating in this microgrid project initiative. The project is expected to
last four years. Beyond that period, it is
july/august 2013

• Enel Demo in Italy (Area of
Forli-Cesena)
• ERDF Demo in France
• RWE Demo in Germany
• IBEDROLA Demo
in Spain
• CEZ Demo in the Czech
Republic
• VATTENFALL Demo
in Sweden

figure 1. Six Grid4EU demonstration projects in six EU nations. [Source:
Grid4EU (http://www.grid4eu/overview.aspx).]
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✔ study the islanding of a neighborhood

based on solar generation and electrical storage.
Périmétre de
NCA
Périmétre de
I’OIN

IssyGrid: A City Microgrid
Coordinated Through
Cloud Services

France’s first smart grid ecodistrict,
IssyGrid, is a city microgrid project aimed
at optimizing energy usage in the French
city of Issy-les-Moulineaux, near Paris.
With a consortium of industrial partners led
by the French group Bouygues, Alstom and
EMBIX are contributing the project’s smart
grid dimension through energy monitoring and control technology that will let the
district keep its carbon footprint and energy
costs to a minimum.
The IssyGrid project is currently being
deployed starting from the city’s business
center with renewable and storage devices.
As part of this interconnection, a new cloudbased service is being launched at the city
level in Issy-les-Moulineaux to inform end
users about their carbon efficiency and link
Quartier
Méridia
them to future DR programs as well as future
multimodal transportation services. This
project scheme is illustrated in Figure 4. The
Legend
project’s main environmental features are targeted at reducing building energy consumpPoste Source
tion, integrating more than 1,000 m2 of solar
generation and integrating a fleet of electric
figure 2. The French regional transmission system serving Nice and the
surrounding area (source: European Institute for Energy Research).
vehicles in the city. All of this is aimed at
reducing greenhouse-gas emissions while
keeping energy costs down.
During 2012, the project’s focus was on indoor and
substations and several feeders and secondary substations,
outdoor infrastructure (for example, EV charging points)
as depicted in Figure 3.
Key technical challenges of the project include the and ecocity monitoring. The ecocity energy management
smooth insertion and management of decentralized and system is expected to be ready in early 2013. The project
intermittent renewable energy into the distribution grid. The will ultimately feature all the components of a “smart city,”
project integrates storage systems with distributed hierarchi- including PV and cogeneration, energy storage, smart street
cal decision tiers in the microgrid control and communica- lighting, EV charging spots, and more, as shown in Figure 4.
Ultimately, future ecocity operators will interconnect
tion architecture.
Another challenge of the project is to enable consumers through new cloud-based VPP systems to support energy
to become active participants in the local energy balance via and transportation resource optimization at the city level
DR. A new model of interactions among energy actors (DER and provide incentives and performance indicators to city
asset owners, consumers, commercial aggregators, retailers, stakeholders, who will receive data informing them about
and the DSO) at the cluster microgrid level is designed as their energy use and overall carbon footprints.
The smart ecocity coverage area will be gradually
part of the microgrid study.
In summary, the microgrid project will test programs of extended from its initial base in the Seine Ouest district to
the entire city of Issy-les-Moulineaux. IssyGrid will cover
dynamic DER management to
✔ enhance the integration of solar power generation into the needs of nearly 10,000 people in a 160,000-m2 area.
the existing distribution grid
The key objectives of the project are
✔ ensure the security of energy supply at the local level
✔ integration and optimization of distributed CO2free power sources through distributed generation
✔ reduce consumption levels during peak demands
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figure 3. NiceGrid microgrid network topology (source: Alstom Grid).
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management and its economic and
environmental benefits will therefore
be assessed on a relatively large scale.
For the Réflexe project, Veolia Environment is contributing its expertise in
energy management—in particular,
through Dalkia, its energy division.
Real-Time
As consortium leader, Veolia EnviMonitoring and
ronment also operates the aggregation
Benchmarking
center. Alstom brings its solutions in
Generation
Demand
aggregation and decision-making softand Storage
Response
Management
Management
ware for distributed energy resource
management, including distributed
power generation and energy storage.
Sagemcom is supplying the data concentration equipment and the system
needed to manage the communication
and control services. The project’s two
institutional partners will contribute
expertise in solar power generation and
power storage (CEA-INES) and knowlReal-Time
Grid
edge of power grids and systems sciCarbon Footprint
Interfaces
Measurement
ence (Supélec).
Integrated
Green Mobility
As the link between electricity producers and consumers, “energy aggrefigure 4. IssyGrid’s Urban Power project scheme (source: Alstom Grid).
gators” will have the role of monitoring
in real time all local installations in
order to locally produce and store
resources within buildings, central and distributed power and supply it to the grid as required. Such innovastorage management within buildings, and distributed tions in virtual power management technology are expected
to ease the connection of the various renewable energy
flexible demand/end-use interactions
✔ optimization of energy and transportation resources sources to the grid and improve the management of supply
through CO2 emission planning and monitoring; gen- and demand, electricity storage, and the integration of EVs
eration, load, and storage balancing within city nodes; into the system.
The VPP scheme shown in Figure 5 will integrate many
management of congestion in city infrastructures; and
diverse and widespread sources of decentralized generation,
management of critical infrastructure availability.
The smart ecocity will be developed in an open-ended storage, and consumption. The VPP will therefore have to
manner over a period of five years. It will be supplied by manage considerable amounts of information in real time
a diverse range of energy sources adapted to different using a communication network in parallel with a power
uses and will be supported by an information program network.
Key project objectives include
designed to achieve maximum buy-in among users and
other partners.
✔ reducing carbon emissions through renewable
integration
Réflexe: An Industrial VPP and Microgrid
✔ optimizing the overall cost of operation through DR in
a VPP framework
The Réflexe project, considered in its entirety, forms a
VPP by integrating renewable generation, storage, and DR
✔ realizing additional revenue streams through integraamong several industrial sites. In addition, some of the
tion with deregulated markets.
large industrial sites connected to the grid could potentially
operate as microgrids. Though the overall project in its cur- Microgrid Business
rent form is a VPP, in the future it could evolve into various and Technology Framework
VPPs combined with a constellation of microgrids.
The three examples of microgrids described in this article
Led by Veolia Environment Research and Innovation, give a glimpse of the range of different microgrids that can
the Réflexe project is projected to last for three-and-a-half exist and expand over time. While each microgrid is driven
years in France’s Provence–Alpes–Côte d’Azur region. by its own business objectives, realized through its unique
Its technical feasibility and advantages in terms of energy collection of applications and business processes, it is useful
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figure 5. Réflexe VPP and microgrid schematic (source: Alstom Grid).

to consider an overall business and technology framework
within which different microgrids can be constructed and
can evolve. Aiming at high-priority microgrid business
objectives, this framework is geared to serving microgrid
owners and operators by providing
✔ microgrid asset management to manage the individual assets (e.g., community energy storage), ensuring
their physical well-being while providing the expected
services (e.g., charging and discharging energy)
✔ microgrid system operation to ensure overall reliability and efficiency of microgrid system performance
(e.g., local energy balancing) by coordinating the operation of the fleet of local assets within the microgrid
footprint and in conjunction with external entities and
assets, as appropriate (e.g., when interconnected).
Within this framework, a microgrid footprint can consist of a neighborhood interconnected through a low-voltage
secondary grid, a medium-voltage substation service area,
or an area served by multiple substations. One can also
expect microgrids to evolve toward dynamic footprints and
to contain microgrids within themselves. The technology
framework, therefore, must be agile and resilient enough to
accommodate both the diverse microgrids of today and their
unpredictable expansions in the future.
A major intersection between microgrids and classical transmission and distribution (T&D) grids is the
july/august 2013

management of DER assets. DER management is gaining
industry attention, not only for the emerging microgrids
but also for adapting energy and distribution management
(EMS/DMS) systems so as to integrate DER operations.
As DER assets are generally connected to the MV/LV
distribution grid, there is significant overlap in application functions among the solutions for DER management,
microgrid management, and distribution management.
Various information technology (IT) and operation technology (OT) business requirements are met in the framework
through the following functions:
1) Communications, data acquisition, and control:
• communication gateways
• automation boxes.
2) Real-time operations:
• operating mode management, i.e., island detection,
resynchronization, interconnected operation
• power balancing, dispatch, frequency keeping
• voltage control
• topology and network security assessment
• alarms and logging
• external utility and market interface management.
3) Forward planning and scheduling:
• distributed generation (DG) forecasts, including PV,
combined heat and power (CHP), wind, storage, and load
• load forecast, DR availability forecast
ieee power & energy magazine
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An individual VPP may perform its commercial operation
on its own, or it could join a portfolio of VPPs in order
to gain better economies.
• miscellaneous forecasts (price, weather, and so on)
• commitment and dispatch scheduling of DG, DR,
and energy storage resources, as well as external
transactions
• microgrid network security analysis.
4) External transactions with grid utilities and markets:
• aggregators (contracts, compliance, and performance)
• markets (bidding, instructions, settlement, and billing)
• distribution and transmission control rooms.
Except for advanced microgrids, such as large military or
industrial campuses that can be operated in island and/or gridconnected modes, typical microgrids require only a subset
of these functions at the start. Modularity of the application
components is therefore important. Then, as the microgrid
evolves, it can take on expanded functions.
Physical implementation of the microgrid functional
architecture is based on the premise of hierarchical communication and control supporting the multitiered decision
functions required for microgrid operation, as illustrated in
Figure 6.

Aggregator

Job Scheduling
Databases
Wind
PV

CVPP
Commercial
Operation

mGrid
Market
Interface

Market
System

The European electric distribution grid is evolving toward a
constellation of microgrids and VPPs. Even though each of
these microgrids will be managed by its local control system, there will be a need for coordination between central
distribution control rooms to achieve reliable operation in
grid-connected mode. Similarly, an individual VPP may
perform its commercial operation on its own, or it could join
a portfolio of VPPs in order to gain better economies.
Figure 7 presents a diagram of integrated distribution
system control room interaction with multiple microgrids,
each of which may in turn interact with market operators
and other utility systems.
Looking ten years ahead, microgrids will be a critical
cornerstone that interconnects community users with infrastructures through new layers of intelligence. Advanced
information and communication infrastructures will play
a decisive role in supporting the overall reduction of cities’ energy and carbon footprints. These infrastructures
will help connect and optimize multiple tiers in a city’s
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figure 6. Microgrid business and technology framework.
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figure 7. Diagram of microgrid and distribution grid control integration.
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The three examples of microgrids give a glimpse
of the range of different microgrids that can exist
and expand over time.
electrical grid and will link with other ecocity resources,
such as energy, transportation, data center, waste, and
water systems.
These infrastructures will connect energy and transportation infrastructures while exposing anonymous information
to the cloud so as to offer new benchmarking and decision support for end users. The end users will then have the
tools necessary to arbitrate simple decisions about comfort,
service quality, and so on that affect their energy and carbon
footprints. Moreover, the same information will be available
to large city infrastructure facilities that will be able to adjust
operational strategies to meet user expectations, thereby
improving overall service quality.
A significant challenge of these new architectures is
offering a sufficient level of openness to connect historically
siloed resources while matching end user privacy regulations
and mitigating cyber security risks. The new systems will
need to develop optimal operational plans across community
infrastructures that are traditionally scheduled individually
as per their own intrinsic information.
So far, real-time performance requirements and limited
industry standardization for data exchange mean that the stakeholders of these new ecosystem control technologies remain
confined within their own infrastructures, with highly customized and proprietary system platforms in several silos. In addition, the unbundling of markets such as telecom, energy, and
transportation is redistributing the roles and responsibilities of
service companies at the city level while raising new expectations with respect to city monitoring of service operators.
Meanwhile, the IT industry is quickly evolving toward new
architectures that are open, large, and cloud-based. Collaboration technology is aiming at social benchmarking across
business domains while keeping IT costs at a minimum.
Overall, these new platforms offer innovative microgrid
computing with the capability to infinitely scale intelligence
within layers of infrastructure (from the cloud to millions of
Web objects distributed within the city) and organization levels according to roles and actors within the new smart energy
ecosystem. Ultimately, we are likely to see transactive controls across microgrid constellations becoming the new foundations of future energy system management, as shown in
Figure 8, which depicts such an end-to-end architecture.
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In the future, ecocity operators will interconnect
through new cloud-based VPP software to support energy
and transportation resource optimization at the city scale
and provide incentives and performance indicators for
stakeholders, who in turn will become more aware of and
sensitive to their carbon footprints.
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POWER SYSTEMS HAVE BEEN DESIGNED AND
operated so that the demand for electricity can be met at
all times and under a variety of conditions. Depending on
the season, the climate, and the weather, demand can fluctuate significantly over a single day, week, or month. For
example, in France the extensive use of electricity to generate heating creates a relationship between increase in electricity demand and decrease in temperature that amounts to
close to 2,400 MW/˚C. In addition to meeting the variability requirements, there is always some inherent uncertainty about future demand and the future availability of
generators. The power system must thus be able to manage both variability and uncertainty.
Today, various combinations of hydro and thermal
generation are used to manage variability; these operate
as a portfolio to meet demand. Each generator possesses
various characteristics, but the most important ones for
the purposes of this article relate to flexibility.
Daily and weekly patterns of system demand help
with prediction. Knowing the time horizon over which
significant ramps take place (e.g., the morning rise) has
allowed operators to plan and implement effective strategies for flexibility.
One characteristic that sources of variable renewable
generation such as wind, tidal, wave, solar, and run-of-river
hydro have in common is having an output governed by
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figure 1. The impacts of variable generation on the flexibility time line.

atmospheric conditions. Wind and solar generation may consequently be difficult to predict over some time scales. Large
penetrations of variable generation (VG) lead to increases in
the variability and uncertainty in the system’s generation output, driving a need for greater flexibility. This flexibility will
need to come either from flexible generation technologies or
from alternative sources of flexibility such as flexible demand
and storage. This article will discuss the additional flexibility
needs introduced by variable generation from wind and solar
power and will describe general approaches to analyzing the
need for and provision of additional flexibility in the power
system in both the operational and planning time frames.

The Challenge of Flexibility
The flexibility of the system represents its ability to accommodate the variability and uncertainty in the load-generation
balance while maintaining satisfactory levels of performance for any time scale. There is no uniform definition of
flexibility. In this article, we focus on the extent to which
a power system can modify electricity production or consumption. We use ramp rate, minimum up/down time, and
start-up time as indicators of flexibility, measured as megawatts available for ramping up and down over time.
At each stage of planning and operations, an understanding of variability is applied in different ways. Traditionally,
long-term resource planning required little information
about the variability of the net load in time scales of minutes to days, whereas characterizing the diurnal cycle is an
important feature of day-ahead operational planning. The
variability and uncertainty of VG production give rise to
challenging ramping issues in the operational time frame;
characterizing those issues in a planning context is becoming increasingly necessary. Operational flexibility is related
to the system’s ability to deal with variability within system
operation time scales (normally from a day ahead down to
real time). The type of operational flexibility required will
depend on the time scale: increased frequency response and
reserves for seconds to minutes, increased ramping capability for minutes to hours, and scheduling flexibility for
hours to a day ahead. The time scales of flexibility, from the
system-planning perspective down to very short-term operation, and the impacts of variable generation on flexibility can
be seen in Figure 1.
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The need for additional flexibility will depend on the
increase in the demand for flexibility related to the penetration of variable renewables and also on the flexibility that
already exists in the system. The assessment of overall system flexibility can be split into three stages:
1) It is first necessary to understand the flexibility requirements and assess the need (demand) for
flexibility.
2) One must then evaluate the system’s ability to supply
flexibility by characterizing the flexible resources
available to it and by looking at generation characteristics and existing alternative sources of flexibility,
along with institutional constraints.
3) It is finally necessary to assess whether the available
flexibility is sufficient to cover the need. If the system is not sufficiently flexible, additional options for
flexibility should be considered based on relative economic merit. There is unlikely to be a one-size-fitsall solution; the value of the economic options will
depend on existing options and their magnitude.
Figure 2 depicts how each part of the system affects the
need for and supply of flexibility. The variability sources
drive the need for flexibility to restore a system’s energy balance, whereas the flexibility sources respond to restore that
balance. In the middle, the system context oval contains facilitators that influence how much of the technically available
flexibility may be deployed in real time.

Assessing the Need for Flexibility
There are numerous approaches under development to characterize the flexibility requirements of a system, and variability
metrics with varying levels of complexity have been implemented. One conclusion is clear, however: a single number is
not an adequate indicator of a system’s flexibility requirements.
The combination of regulatory preference for low-carbon
resources and least-cost dispatch means that VG is normally
dispatched first. As a result, the operation of the remainder of
a system’s resources is optimized to meet the demand net of
VG (“net demand”). The variability and predictability of the
net load set the requirement for system flexibility. Outages of
generation resources also require a flexible response, but outages aren’t considered here, since each system has an existing
mechanism to deal with contingency events.
november/december 2013
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Examples of net demand for
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in Figure 3. It is possible to see
that the shape of net demand is
Dispatchable
System Context
rather different from the shape of
Power Plants
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demand alone when significant
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fact, power systems have different
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demand patterns and amounts of
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Renewable
initial variability, so the net load
Power Plants
variability will be different for difSystem Operation
ferent systems and VG mixes and
Storage
penetration levels (see Figure 4).
Unexpected
It is relatively easy to charGrid
Outages Occur
acterize the ramping needs of
a system if chronological load,
Interconnection
wind power, and solar power data
are available. The impact of VG
depends on the relative magnitude
of its variability when compared figure 2. Flexibility needs, sources, and enablers.
with the variability of demand.
The time horizon is an important part of determining the available; knowing when these will happen is key so the resources
flexibility requirements, since the size of net load ramps and can be deployed. Accurate net load forecasts, which can be calcuthe size of the flexible response are dependent on the time lated using both load and VG forecasts, enable system operators
horizon. A wider set of resources is available as the time to ensure, with sufficient advance warning, that enough flexibility
horizon increases, while at the same time the size of the net is available in each time period. Net load forecast errors do arise
load ramps may also increase given a longer time horizon. in practice, however, and are dependent on the ability to forecast
Figure 5 shows the distribution of maximum upwards and both demand and VG for different lead times (see Figure 7).
downwards ramps at time horizons ranging from 5 min to 12 An assessment of the uncertainty of net demand for each
hours in a balancing area in the northwestern United States. lead time should also be factored into a system’s requirement
It can be seen that for most time horizons, the maximum for flexibility.
variability of net load is significantly less than the sum of the
maximum variability of load and wind separately.
Conventional Generation Flexibility:
The most significant trend in net load ramp characteriza- Can It Be Increased?
tion is determining the largest ramp at each hour. This bor- Conventional power plants are used today in power systems
rows from the capacity adequacy assessment logic that says to supply almost all the flexibility needed. The flexibility
if the largest peaks can be met, all the others can, too. Studies such as the Western Wind and Solar Integration Study
German PV Output, 18 January 2012
have characterized these maximum ramps by time hori85
zon, direction, and time of occurrence. Figure 6 shows the
80
maximum upward one-hour net load ramps as a heat map
for each month and hour. This intuitive visualization may
75
be read an indication of the maximum flexibility the system
70
should provide in order to meet its ramping requirements.
65
This method shows which part of the variability in net load
60
can be explained by diurnal and seasonal effects.
One important (though somewhat obvious) pair of
55
insights is that when wind output is high, it is unlikely to
50
increase significantly, and when output is low, it will not
0 2 4 6 8 10 12 14 16 18 20 22 24
Hour
decrease significantly. These patterns, together with the fact
that resources are backed off to accommodate wind output,
Current PV
56 GW PV
84 GW PV
Demand Only
mean that periods of high flexibility requirements often
occur when there may be significant flexibility available.
Understanding the potential size and speed of the net load figure 3. The demand and net demand in Germany with
ramps as described above is important to ensure resources are various levels of installed PV capacity.
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figure 4. A comparison of variability impact for different power systems for 25% VG in annual energy. (a) Iberian
Peninsula (Spain and Portugal), with 25.6 GW of onshore wind and 12.1 GW of PV (2011 data) and (b) Germany,
with 53.6 GW of onshore wind and 39.7 GW of PV.

load operation or ramping and cycling. Run-of-river hydropower plants are usually quite inflexible, while reservoir
hydro flexibility depends on the design, on the reservoir
size, and on flow constraints.
It is possible to obtain more flexibility from existing
power plants. Thermal plants can be refurbished so that
they can be more flexible. In the province of Ontario,
Canada, for example, coal plants have been retrofitted so
they can ramp relatively quickly
and achieve minimum stable run
levels of about 10–20% of rated
6,000
capacity. A more typical minimum
run level for coal would range from
about 40–70% of output, depend4,000
ing on design. In Denmark, in
addition to lowering minimum
2,000
load constraints, more flexibility
was acquired from combined heat
and power plants; during periods
0
of low electricity prices, they could
12
0
2
4
6
8
10
even switch to consuming electricity and providing heat through their
−2,000
heat storage. In France, nuclear
power plants provide primary and
Load
−4,000
secondary regulation along with
Wind
some ramping capability. IncreasNet Load
ing flexible operations from con−6,000
ventional plants will aid system
Time Horizon of Variability (h)
flexibility requirements; in
many cases, however, operating
figure 5. Load, wind, and net load ramps in a northwestern U.S. balancing area
in a more f lexible manner may
in 2011, with peak demand of approximately 10 GW and 3.5 GW of installed wind
have significant wear-and-tear
providing 16% of energy over the year (courtesy EPRI).
Maximum Variability (MW)

attributes of a conventional generator may include its ramp
rate, minimum stable output, and minimum start, stop,
up, and down times. Traditionally, hydropower plants
and gas-fired turbines have been considered more flexible than base load coal and nuclear plants. Most power
systems also include some fast-starting units. There are
large differences among coal- and gas-fired power plants,
depending on whether they have been designed for base
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There are relatively new
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technologies that offer signifiNov.
cant flexibility. One example
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is related to recent advances
Sept.
5,000–6,000
in aeroderivative gas turbines.
Aug.
4,000–5,000
These units can be started and
3,000–4,000
July
stopped many times with little
2,000–3,000
June
resulting damage, have low min1,000–2,000
May
imum run levels and start/stop
0–1,000
Apr.
–1,000–0
times, can ramp quickly, and
Mar.
have little if any heat rate penFeb.
alties at low load levels. Another
Jan.
relatively new technology is the
large reciprocating engine. MulHour of Day
5,441 MW
tiple small gas engines can be
connected in parallel so that their
combined output is scalable as figure 6. One-hour maximum net load ramp for Western Interconnect study footdesired. Plants can thus achieve print (peak load of 160 GW), with a VG penetration level of 30% (source: WWSIS).
full output within 5 min of starting. Efficiency at levels above 20 MW is similar to that of ramping reserve in critical periods. The ERCOT system
aeroderivative turbines (40 %) and is relatively flat all the has used its load-acting-as-a-resource (LAAR) product
to provide half of its responsive reserves, mainly through
way up to full output.
large industrial loads. Figure 8 shows an example of an
aggregate load profile increasing demand in the Pacific
Demand-Side Flexibility:
Northwest region of the United States, as part of a demonWhen Will It Be Used?
While flexibility resources are commonly found on the sup- stration of the ability of warehouse refrigeration to provide
ply side, there is also the possibility of harvesting flexibility system flexibility.
The potential of flexible demand has been recognized,
from demand-side resources (DSR). Large-scale industrial
processes and direct control of certain loads have been uti- but to date these services remain mostly underexploited. The
lized for many years. Recent advances in information and key question is whether flexible demand can meet the needs
communication technologies (ICT), together with the large- for operational flexibility in an economically viable manner.
scale rollout of smart meters, have created a new window of Demand response will be best placed to provide flexibility in
opportunity to make better use of DSR to increase flexibility. the period of several minutes to several hours. Uncertainty
The flexibility required can
be obtained by scheduling and
SIPREOLICO Errors 2008–2012
dispatching certain loads (either
6
individually or as aggregations of
smaller loads) according to sys5
tem needs while respecting a set
of predefined conditions, such as
4
comfort levels. Alternatively, priceresponsive demand can be utilized
3
with price signals that reflect flexibility requirements. An example
2
of the ability of such demand
response to provide flexibility is
1
found in France, where 6 million
2008
2009
2010
2011
2012
domestic water heaters, equivalent
to 12 GW of potential demand,
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
are centrally controlled to modify
Forecast Lead Time (h)
electricity demand. Demand flexibility from large consumers is also figure 7. Evolution of wind forecast errors with the forecast lead time in hours, from
used in France to provide two-hour Spain (courtesy of REE).
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about the availability of demand response, both in the long
term (months to years into the future) and the short term (the
next few hours to weeks), may limit its usefulness in replacing conventional resources to meet flexibility requirements.

Storage: Will It Be Cost-Effective?
In many ways, storage seems like an ideal flexible resource.
It is quick to respond, can increase as well as decrease net
demand, and in the case of battery storage can be deployed
close to the load in a modular fashion. Providing power
system flexibility with storage can generally be thought of
as providing energy, power, or a combination of both. The
provision of energy requires a continuous delivery of energy
over a considerable length of time (typically hours). This
could include provision of energy arbitrage, peak shifting,
or storing of otherwise-curtailed wind; generally, pumped
hydro storage or compressed air energy storage (CAES) are
more suited to this application. Provision of power means
rapid injection or storage of power over shorter time scales
and is used to provide frequency regulation or ramping over
shorter time intervals from seconds to minutes. Batteries
and flywheels are well suited to this type of application.
Pumped hydro storage has been widely deployed worldwide for decades and has seen a recent increase in interest
often linked to the increased need for flexibility. For example, the Portuguese power system uses pumped hydro to
minimize the impact of forecast deviations, reducing wind
curtailment and shifting energy from off-peak to peak times;
plans are to expand it by a further 600 MW in the coming
years.
Hydropower with reservoirs, which can be thought of as
a form of storage, has been shown to be very well suited
for providing flexibility, especially in areas where nonpower
constraints do not dominate operation of the reservoirs. In the
Nordic power system (Finland, Norway, and Sweden), there
is a total amount of 47 GW of hydropower, with a reservoir
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capacity of around 120 TWh. Nordic hydropower has been
extremely useful in providing flexibility for the integration
of wind in Denmark. This hydropower flexibility has been
sufficient for the needs of the Nordic system. Increased balancing needs outside the Nordic region and the EU market
opening have led to interest in increasing the transmission
capacity between the Nordic region and the European continent and United Kingdom. With an even higher balancing
requirement, it would be possible to increase the flexibility
of Norwegian reservoir hydro by adding pumping facilities
to existing plants.
Significant round-trip efficiency losses coupled with the
high capital costs of newer technologies make cost justification of new storage difficult. Additionally, most organized
markets are not well suited to reward the specific attributes of storage assets. There is significant research being
done to improve battery, CAES, and flywheel technologies
to the point where they can be widely deployed as flexible
resources. Battery storage has been deployed to date mainly
in island systems. For example, on the Hawaiian island of
Maui, a 21-MW wind farm is supported by an 11-MW battery storage system to ensure manageable ramps and to provide flexibility to the power system. The key question in the
coming years is the cost-effectiveness of storage; this will
require a greater understanding of flexibility requirements
and the ability of storage to fulfill them. Studies to date
have shown that justification of storage is difficult but that
increasing penetrations of VG may provide enough value to
build storage. For example, a study in Ireland showed that
with the current level of wind penetration there (approximately 20% of annual energy demand), additional storage is
not justified. For penetrations of approximately 50%, however, storage may be justified. An alternative application to
provide frequency regulation is demonstrated by the installation by AES Energy Storage of a 32-MW battery at the
Laurel Mountain wind site in West Virginia, on the PJM
system. Different systems will see
different levels at which storage
costs are justified, and different
amounts and types of storage will
be possible in different systems,
depending on the competing flexible resources (such as flexible
demand) being deployed.
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figure 8. Load profile of aggregated loads increasing demand to provide flexibility.
Adjusted baseline shows expected output without activating flexibility from resources
(source: Enernoc).
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Wind and Solar
Flexibility from VG
Wind and solar generation technologies have the technical capability for providing fast response
to regulation signals. Down regulation can be provided when they
are generating power. Up regulation can be provided by reducing the generation level and then
november/december 2013

Average Total Regulation (MW)

providing more power when needed; forecast accuracy will owner, this can lead to situations where it is economically
attractive to run wind power generation at maximum even
have to be considered if wind is providing this service.
Wind and solar generation have close to zero short-run when the marginal value of electricity is negative. Consemarginal costs, and any reduction in available production quently, VG may not have a financial incentive to provide
will be lost. As such, providing flexibility by reducing out- system services even when it would be cost-effective for the
put will only be cost-effective under two circumstances. The system as a whole, unless the value of the system service
first is when a small level of curtailment allows for the provi- being provided is greater than the price of energy plus the
sion of system services from VG, which can in turn increase tariff or tax credit. As markets evolve to reward other forms
the ability of the system to economically absorb more VG. of flexibility, including the ability to manage longer ramps,
The second is if the value of the electricity that VG generates VG may also be able to provide these services; as in the case
of existing system services, this will depend on the relative
in a given location and time is zero or negative.
The first case is about the provision of system services as cost of doing so.
a by-product of power generation (that is, a power plant has
to be generating to provide downward reserves). In order to Institutional Flexibility
guarantee system services, these units receive priority, lead- and Market Design: The Enabler
ing to curtailment of VG. If VG itself can provide services, There can be physical flexibility available in the power systhere is less need for curtailment. While the provision of sys- tem that is locked due to institutional barriers or inadequate
tem services may be associated with some degree of spilled market design. Changing rules or market procedures can
VG energy (upward reserves), such measures are cost-effec- unlock existing flexibility and is often required to enable
tive when the value of the curtailed energy on the power access to new types of flexibility, like that from the demand
market is lower than the value of the system service that can side, various storage resources, and flexibility from VG.
be provided due to curtailment. For VG, system services that Operational practices can also be flexible, for example, by
do not require energy spillage (such as downward reserves) enabling all potential flexibility sources to bid, using shorter
are more cost-effective in most circumstances. An example time scales for bids, and enabling redeclarations at points
of wind power providing regulation can already be seen in closer to real time.
the United States on the part of Xcel Energy and its subsidOne example of markets’ restricting the access to existiary the Public Service Company of Colorado, where this ing flexibility is given by regions that perform economic
method is used during light-load hours. Wind power plants dispatch once an hour instead of every 5 or 15 min. In this
can stay online, curtailing only part of their generation and case, all variability and uncertainty that occurs within the
thus providing sufficient up and down regulation to enable hour must be managed by the regulating reserve, the most
conventional power plants to operate at minimum load.
expensive of the ancillary services. In much of the western
Even if all conventional generators could be turned down part of the United States, for example, this is managed by
as VG sources provide system services, when VG output units on automatic generation control (AGC) that ignore
exceeds power demand (plus
exports in case of transmission to
neighboring areas), curtailing VG
10,000
can still be cost-effective (unless
Faster
Faster
Faster
9,000
demand can increase or storage is
8,000
used). Also, if a certain amount of
10–10
7,000
more rigid generation chooses to
30–10
6,000
stay online to avoid a potentially
30–30
5,000
costly shutdown and start-up, cur60–10
4,000
tailing VG can be cost-effective
30–40
3,000
in the short term from a system
60–40
2,000
perspective. This would represent
1,000
a paradoxical case in which VG
0
provides flexibility for inflexible,
Regional
BAU
Footprint
dispatchable generation.
Medium
Small
Large
Support mechanisms, however, may mean that the provision
figure 9. The impact of balancing area size and dispatch intervals on operating
of system services from VG is reserve requirements for VG with a level of penetration of about 23%. The aggregate
less attractive for VG plant own- size of the system is about 160 GW, with 37 balancing areas aggregated at differers. If feed-in tariffs or produc- ent levels to produce small, medium, and large balancing areas. Gate closure and
tion tax credits predetermine the response times are presented in the legend; for example, 30-10 means a 30-min
value of a kWh for the VG plant dispatch interval and a 10-min forecast lead time.
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table 1. Characterization of operational flexibility characteristics from flexibility sources (source: EDF).
Flexibility Parameters
Events

Services

Capacity
and reserve
margins

Generation
Years or
and flexibility months
adequacy

Time Scales

Flexibility Sources

Down

Up

Newly built plant

Flexible plant with low
minimum stable generation

Available generation

Peaking plants
Storage
Flexible demand

Net demand
daily
variability
and forecast
errors

Day-ahead
and intraday
scheduling

Day-ahead
until one hour
before real
time

Thermal plants
Fast-start plants

Storage charge
Increase demand
Minimum up time
Plant ramp-down rate

Storage charge
Loadshifting in peak days

Minimum downtime
Plant ramp-up rate

Hydro

Plant minimum stable
generation

Nuclear

Charge of storage

Start-up time

Storage

Start flexible load

Discharge of storage

Flexible demand

Plant maximum generation

Shift flexible load

Thermal plants
Short-term
net demand
variability

Balancing
and tertiary
reserve

Less than one
hour

Fast-start plants

Unit ramp-down rates

Unit ramp-up rates

Hydro

Storage charge rates

Fast plant start time

Nuclear

Start flexible load

Storage discharge rates

Storage

Shift/interrupt flexible load

Flexible demand
Very shortterm net
demand
variability

Primary
response

Seconds

Plant primary
response capability

Secondary
response

Seconds
to minutes

Plant secondary
response capability

economic signals. Furthermore, even if a significant level
of flexible generation exists, if it is not on AGC it won’t
be able to change its output until the next dispatch period.
Moving to a shorter dispatch period results in a significant
amount of generation that moves from uneconomic AGC to
economic dispatch. Figure 9 shows the impact on regulation
requirements in the western United States of alternative dispatch time steps and forecast lead times for different levels
of aggregation. For 23% VG penetration, as shown in the
graph, aggregating balancing areas and moving to a fast dispatch can achieve a nearly ninefold reduction in regulation.
The question of the market design needed to incentivize
flexibility is an open issue, and much work is under way to
help answer it. One approach is to allow scarcity pricing of
energy, with no price caps. This results in significant price
volatility; the objective is to use this volatility as a signal of
the need for flexibility. An alternative approach is to design
a new market for some type of flexible product, such as the
flexible ramp product being pursued by the California Independent System Operator (CAISO).
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—

—

Percent of maximum plant
capacity available for primary
response
Percent of maximum plant
capacity available for
secondary response

Because there are several potential sources of flexibility, markets and institutional rules should focus on
the performance characteristics that are desired and
not on the technology that will provide it. This leaves the
door open to technical innovation and the potential for
new technologies to compete in their ability to offer flexibility services.

Assessing Available Flexibility
Assessing the availability of flexibility from various flexible
resources is not as straightforward as assessing flexibility
requirements. Resources may provide a flexible response
from either an offline or online state, depending on start-up
characteristics and the time horizon considered. The flexibility available from a given resource to meet a net load ramp is
dependent on the current state of the resource. Operational
constraints often limit the deployment of flexible resources;
thermal limits on transmission, stability limits, environmental controls, and other factors may constrain the ability of a
resource to provide its flexibility when required.
november/december 2013
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Change in Net Load (∆ MW/2 h)

Change in Net Load (∆ MW/2 h)

Adding to this complexity is
0% VG Penetration
35% VG Penetration
the range of resources that can
60
60
provide flexibility. Understanding conventional plant availability
40
40
either a day ahead or years ahead
may prove difficult, but this is fur20
20
ther complicated when it comes
to energy-limited resources
0
0
such as energy storage, demand
response, or hydroelectric power,
−20
−20
some of which may also be limited
by nonpower factors such as the
−40
−40
availability of load to respond or
−60
−60
the lack of hydropower flexibility
−20
0
20
40
60
80
−20
0
20
40
60
80
due to environmental constraints
Net Load (GW)
Net Load (GW)
on production. Obtaining flexibility
(a)
(b)
from neighboring regions may be
complicated by the fact that there figure 10. Illustration of a comparison of maximum ramping capability of a test
are different market setups, lim- power system over a ramp horizon of two hours (gray area) with the need for
its on transmission availability, or flexibility for (a) 0% and (b) 35% VG.
coincident needs for flexibility in
neighboring systems. A summary
is presented in Table 1.
resource availability to provide ramping capability to screen
In a planning context, understanding the available flex- systems to determine if flexibility needs will be an issue. The
ible resource expected at a given time requires suitable main idea is to estimate the ramping capability of the power
historical data, simulation, or estimation. In an operational system for different ramp horizons. This is then compared
situation, the flexibility available from resources can be con- with the flexibility requirement, derived from time series
tinuously updated. There is a link between VG generation data of load and VG (see Figures 1 and 10). Using this highlevels and available flexibility from the conventional power level approach, it is possible to determine whether or not the
plants; at higher levels of VG, other power plants are dis- system has a comfortable margin of flexible resources.
patched at lower levels and can increase generation if VG
If deficits of flexible resource occur or only small margeneration drops.
gins between the resources and requirements exist, more
One way of estimating flexibility from different sources detailed analysis can be carried out. Detailed simulation
is using hourly ramp rate and range. This method does not of future system behavior can be carried out in order to
take into account flexibility available when offline, the range understand the interaction between flexibility requireof time horizons, or the production state, but it does pro- ments and the availability of resources. Tools that simuvide a straightforward means of ranking flexible resources. late unit commitment and economic dispatch at a high
Another approach currently under development at the Inter- temporal resolution and consider the flows on the transnational Energy Agency (IEA) scores resources according mission system are needed to perform this more detailed
to their ramping capabilities (e.g., 100 MW/15 min). This is assessment. The results of a more detailed study of this
then divided by any minimum generation requirement.
type are shown in Figure 11. Using three different probabilities of net load ramping expected in each hour, flexibility adequacy in the four-hour time horizon is shown
Assessing Flexibility Adequacy
After the flexibility requirements and the flexible resources to be the biggest risk in this system for both upward and
available to manage them have been quantified, an assess- downward ramps. It should be noted that over these long
ment of the overall balance between the two can be made. time horizons, the amount of additional flexibility that
How this balance is determined can depend on the applica- can be procured from altering institutional arrangements
tion of flexibility metrics. Many metrics proposed to date is likely greater than for shorter horizons.
Increasing the level of detail, an insufficient ramp
have concentrated on the planning time horizon, where the
range of possible outcomes is far greater, although opera- resource expectation (IRRE) metric has been proposed to
tional flexibility requirements are beginning to be used in include probabilistic representations of net load ramps and
some areas. The IEA and the Electric Power Research Insti- the flexible resource available, based on full unit committute (EPRI), among others, have proposed high-level analy- ment and dispatch simulations. This IRRE metric mirrors
ses in order to minimize the data and simulation burdens the existing loss of load expectation (LOLE), equipping
for planning studies. These methods use assumptions about planners with a flexibility metric for each time horizon
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figure 11. Results from a detailed study on a test system at EPRI, showing how
often the flexibility required is less than what is available for different time horizons and three different levels of confidence for up and down ramping.
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solutions can be identified. It makes
little difference if new flexibility
sources are found if the institutional
and market means to access them do
not exist.
Different flexibility technologies may compete with each other.
Balancing net load variations and
imbalances can be done using conventional power plants, storage
facilities, DSR, or any combination
of these. In addition, flexibility from
neighboring areas can be accessed,
which may require more transmission. For a realistic estimation of
the most relevant technology, it is
important that market prices—and
the rules that set them—reflect the
actual flexibility needs, as they act
as signals for new investment in
flexible resources.

For Further Reading

that evaluates the aggregate risk posed to a system by
ramping events. Development of algorithms to determine
the capability of the transmission system to deploy flexible resources will add further detail to flexibility metrics
and let transmission planners more thoroughly consider
the need for flexibility.
The final arbiter of system flexibility to be considered is
system operating and capital costs. Approaches have begun
to be implemented in both academia and industry to determine when additional resources should be built and what
characteristics those resources should have. By selecting
the best option from a range of possibilities (one that takes
into account the physical generation, transmission, and
storage resources along with the institutional techniques,
including altering markets and enabling demand-side flexibility, described above), the total costs of planning and
operating a system can be minimized under a wide range of
circumstances.
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VG resources such as wind and solar plants will bring challenges that may require increasing the flexibility of power
systems. Flexibility needs will be seen in the operational
time scales, from minutes to a day ahead. Assessing these
new flexibility needs, the resources available to meet them,
and system flexibility adequacy will probably emerge as one
significant aspect of power system planning. Metrics and
methods are being developed to help in this task. There is
no one-size-fits-all solution to increasing flexibility. Options
that achieve the technical objective of fulfilling flexibility needs must be evaluated economically so that low-cost
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A Hybrid AC/DC Future Grid Solution

I

It has been over 100 years sInce thomas
edison built the first direct current (dc) electricity supply system on 4 september 1882, at Pearl street in new york city.
many prominent events occurred in the electricity supply
industry after that. the first one, “the war of currents,” started
in 1888. thomas edison and his dc distribution system were
on one side, and George Westinghouse and nikolai tesla with
the alternating current (ac) system were on other side. the war
“ended” in about 1891 when ac won as the dominant power
supply medium. the key behind the ac win was the invention of the transformer that could easily step up medium voltage to high and extra-high voltage for long-distance power
transfer from a remote ac generation station to load centers
hundreds of kilometers away with lower transmission losses.
transformers can also step down high voltage back to low
voltage at load stations to supply the low-voltage equipment.
since the end of the war, ac power systems have been developed and expanded at a tremendous speed from the initial
small isolated networks, with each supplying only lighting
and motor loads with a few hundreds of customers, to its current scale of super interconnected networks each supplying
billions of customers over large geographic areas in one or
several countries. the voltage levels and capacities of transmission networks have increased from the first commercialized three-phase ac system with only 2.4 kv, 250 kW in the
town of redlands, california, United states, to the first commercial long-distance, ultra-high-voltage, ac transmission line
in china with 1,000 kv, 2,000 mW. transmission distance
has been increased from several miles to over thousands of
kilometers (miles). With such major achievements, it is little
wonder that the ac power system became the top engineering
achievement of the 20th century. Does this mean that dc is
gone? the answer is an unambiguous no. What has happened
in the past 50 years, such as applications of advanced control
technologies in conventional power system loads, the power
electronics based high-voltage dc (hvdc) transmission, and
the additional renewable power sources in low-voltage distribution system, calls for a rethink about dc and ac in electricity
supply systems.

DC Transmission in AC Power Systems
although significant technical successes have been achieved
in hvac, it does not necessarily mean that the ac network is
more efficient than the dc grid under the same voltage levels. Debates on dc or ac have never stopped among electrical
engineers, and perhaps the jury is still out on this matter. It is
well known that a (same size) transmission line can transfer
may/june 2013

more power with less loss when using dc than ac due to thermal and stability limits. In the first 50 years after the war,
engineers enjoyed the convenient and high efficiency of ac
transmission, just raise the voltage using transformers for
long-distance power transfer. the limitations and problems of
ac transmission were hidden by the celebrations. the advantage of dc transmission was re-recognized due to the progress
of advanced power electronics techniques. the hvdc Gotland
link (Gotland 1), the first fully commercial static plant for
hvdc transmission in the world, was in service on the swedish east coast in 1954. although the 100 kv Gotland 1, which
used a static mercury arc valves-based inverter, can only
transfer 20 mW over a 98-km-long submarine cable between
västervik on the mainland and ygne on the island of Gotland,
it indicates the starting of dc penetration inside ac-dominated
transmission networks. since then, many hvdc projects have
been constructed and are under construction in existing power
systems around the world. the voltage level has also been
increased from ±100 kv to ±800 kv. the advantages of hvdc
over ac systems for bulk transmission include higher power
ratings for a given line and better control of power flows, especially in transient and emergency conditions that can often
lead to blackouts. based on the data from the Dc and Flexible ac transmission subcommittee of the Ieee transmission and Distribution committee by the Working Group on
hvdc and Facts bibliography and records, there are over
table 1. Selected HVdc projects
based on voltage level.
Projects

Year

Rating
(MW)

Voltage Length
(kV)
(km)

Country

Gotland 1

1954

20

±100

96

Sweden

Gotland 3

1987

260

±150

103

Sweden

Hybrid Inter
Island Link

1965

600

±250

609

New
Zealand

Itaipu 1

1984

1,575

±300

785

Brazil

VolgogradDonbass

1962/
1965

720

±400

473

Russia

Nelson
River 1

1973

1,854

±463

890

Canada

Pacific
Intertie

1985

2,000

±500

1,362

United
States

Pacific
Intertie

1986

3,150

±600

785

Brazil

YunnanGuangdong

2011

5,000

±800

2,071

China
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table 2. Some typical loads of future power systems.
Loads

AC

DC

UPS and energy storage

√

Electrochemical processes

√

Electronics loads

√

ACwC

Electric arc furnace

√

√

Future motor driver

√

√

√

Heating

√

√

√

Railway

√

√

√

Future lighting
Future air conditioner

√
√

130 hvdc finished and ongoing projects. table 1 shows some
milestones of typical projects at different voltage levels; these
projects reiterate the strong requirements of dc transmission
in high and ultrahigh voltage levels of future power systems.
If hvdc is not enough to shake the dominant position of
the existing ac network, recent changes in distribution networks would really make electrical engineers reconsider dc
as a viable alternative.

Load Evolution in AC Power Systems
If the ac system offers advantages due to the inherent characteristics of ac machines and the availability of transformers for
easy power transfer over long distances to supply the remote ac
loads, the gradual changes of load types and distributed generator (DG) in ac local distribution systems provide food for
thought with regards to adding dc networks.
the earliest power supply systems were first built to supply
the lighting, heating, and motor driving loads. at the initial
stages of a dc or ac system, ac or dc loads and generators were
specially made to adapt their supply systems. since ac won
the battle and became the dominant supply medium, ac power
systems have been boosted at a tremendous speed to today’s
scale. In ac systems, all loads are forced to adapt ac supply
systems. For those inherent dc loads, electrical engineers built
the ac/dc rectifiers to connect to ac networks and have not
given enough thought to the efficiency of those connections
and additional rectifier circuits. the advantages gained from

ac transmission systems have by and large completely overshadowed their weaknesses.
an important change that has occurred quietly in conventional ac power systems, with the development of advanced
control and electronics technologies to improve the efficiency
of energy utilization and control flexibility, is the rapid growth
of dc loads. When we go back to investigate loads in modern power systems, it is found that dc loads and ac loads with
ac converters (acwc) are in a dominant position in most ac
power systems. Pure ac loads have been significantly reduced
from time to time. When we are in our offices or at home,
facilities such as computers, printers, videos recorders, and
tvs surround us, and these are mostly dc loads. even the
conventional ac loads driven by ac motors, such as washing
machines, refrigerators, air conditioners, and industrial equipment, are being gradually replaced by ac motors with inverters
to control the motor speed and save energy. although efficient
ac fluorescent lamps in modern ac power systems have almost
replaced the earliest incandescent bulbs invented by thomas
edison, which work equally well on ac and dc, it is only a
matter of time before they are replaced by more efficient lightemitting diodes (LeDs). both ac and dc electric arc furnaces
(eaFs) in the steel industry are the largest energy users. however, a dc eaF consumes less energy than a corresponding
ac eaF with the same production. Industrial electrochemical
processes are almost pure dc suppliers. typical loads in future
power systems are shown in table 2; it can be clearly seen that
a large percentage of the future load will be dc load. Do we
still need to continue with ac, or should we rethink about dc
grid at the distribution level?

Distributed Renewable
Sources in AC Power Systems

another prominent event, which has occurred recently in ac
power systems, is the addition of DGs and microgrids (mGs)
for the integration of renewable power sources such as wind
turbine generators (WtGs), photovoltaic (Pv) panels, fuel
cell generators, energy storage systems (esss), and electric
vehicles (evs) into local distribution systems. outputs from
Pv panels and fuel cell generators are dc. WtGs can be built
into both ac and dc. currently, Pv systems and fuel cell generators require dc/ac inverters to connect to ac distribution
systems. a complicated control circuit is
also required for each dc/ac inverter to
synchronize with 50 or 60 hz ac systems
Distribution
ac
and to provide high-quality ac currents
Network
Loads
without harmonics. battery esss need a
G
charging/discharging controller to conac
Distribution
dc
ac/dc
nect to an ac grid. the penetration of
Transmission
Network
Loads
Rectifiers
Network
evs currently is only treated as ac load.
G
therefore, an ac/dc charging controlac
Distribution
ac/dc/ac
ler is required to charge the battery of
Loads
Network
Converter
evs. however, evs can also be used as
energy storage to smooth the operation of
power systems in the future. If this is the
figure 1. Block diagram of an ac power system without DGs and HVdc.
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case, a discharging controller is required
to connect evs to the grid (v2G). the
ac
ACwC
Distribution
integration of DGs has changed not only
Loads
Loads
Network
the structure of ac power systems but
G
ac
also power flow direction from uniform
ac/dc/ac
Transmission
dc/ac
to bidirectional in subtransmission and
Converter
Network
Inverter
PV
distribution systems. Figure 1 shows a
with HVDC
G
conventional power system configuraDistribution
ac/dc
dc
tion and power flow direction without
Network
Rectifiers
Loads
DGs. Figure 2 shows the power system
configuration and power flow directions
with Pv as representative DGs. Figure 2 figure 2. Block diagram of an ac power system with DGs and HVdc.
clearly shows a high appearance of dc
penetration in ac power systems, although the last dc supply
the road maps of the power conversion process for indisystem by con edison was shut down on 14 november 2007. vidual ac or dc systems are shown in table 3. Generally, an
Figure 2 shows that dc will be everywhere in future distribu- ac distribution system has more conversion process than a dc
tion systems.
distribution system. It should be noted that the power conversion road map does not consider the ac/ac voltage step up/down
stage for ac sources and loads connected to ac system, and dc/
Current Conversions
dc bulk/boost stages for dc sources and loads connected to dc
in AC or DC Power Systems
Is it worth upgrading current ac distribution systems into systems. table 3 suggests that there will be very little or no
more efficient distribution structures with both ac and dc? conversion process if ac sources and loads are connected to the
the multiple conversions and the associated efficiency ac grid and dc sources and loads are tied to dc link. In this case
losses in current ac distribution systems have to be analyzed. there will be no conversion equipment and related loss.

Conversion Road Maps in AC Power Systems
In an ac power system with DGs as shown in Figure 2, dc
from Pv panels or fuel cell generators has to be converted into
ac using dc/ac inverters before the connection.
If the power from ac sources is finally consumed by
ac load, no further conversion is required. For dc load,
the power flow road map is ac-dc, and an ac/dc rectifier is
required. For acwc load, the road map is ac-dc-ac, and both
ac/dc rectifier and dc/ac inverters are required.
If the power from dc sources is finally consumed by ac
load, the road map of power flow is dc-ac, and a dc/ac inverter
is required. For dc load, the road map is dc-ac-dc, and both an
dc/ac inverter and an ac/dc rectifier are required. For acwc
load, the road map is dc-ac-dc-ac, and a dc/ac inverter, an ac/
dc rectifier, and an dc/ac inverter are required.

Current Road Maps in DC Power Systems
Dc grids have shown a resurgence in recent times due to the
development and deployment of renewable dc power sources
and their inherent advantages for dc loads in commercial,
industrial, and residential applications. In a dc power system,
ac power from ac sources has to be converted into dc using
ac/dc converters before the connection.
If power from dc sources is finally consumed by dc load,
no further conversion is required. For both ac and acwc
loads, the road map is dc-ac, and a dc/ac inverter is required.
If power from ac sources is finally consumed by dc load,
the road map is ac-dc, and an ac/dc converter is required. For
ac and acwc loads, the road map is ac-dc-ac, and both ac/dc
and dc/ac converters are required.
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Hybrid AC/DC Structure
for Future Power Systems
For ac power systems with a history of over 100 years, it is
very natural to build various embedded converters inside various electrical facilities to adapt to ac. electrical engineers have
never doubted the rationale for the existence of these converters
and seldom think about their efficiency. Global warming and
limited fossil resources have forced people to pay more attention to renewable energy and the efficiency of energy utilization. as electrical engineers, it is also time for us to reexamine
the ac power system structure and its efficiency. table 3 clearly
indicates that there are multiple conversions for an individual ac
or dc grid and the advantages of ac sources for ac loads and dc
sources for dc loads. can we eliminate the additional equipment
or at least reduce the conversion process? Is it possible to build
a hybrid ac/dc power system with both ac and dc links based on
current ac infrastructure? many electrical engineers have investigated adding dc mGs in local distribution systems. a favorable
solution is to build a hybrid dc and ac grid at distribution levels,
to couple dc sources with dc loads and ac sources with ac loads.
table 3. The road map of power
conversion for ac and dc power systems.
System
ac
dc

DC Load

AC Load

ACwC Load

dc source

dc/ac/dc

dc/ac

dc/ac/dc/ac

ac source

ac/dc

no

ac/dc/ac

dc source

no

dc/ac

dc/ac

ac source

ac/dc

ac/dc/ac

ac/dc/ac
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figure 3. A hybrid ac/dc microgrid system.
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General Hybrid AC/DC Grid Structure I

Grid Operation and Control

Figure 3 shows a proposed hybrid ac/dc mG connected to
a utility ac grid. there are dc and ac distribution networks
connected together through the four-quadrant operating
three-phase ac/dc (or main) converters that may be transformerless or with a transformer. Dc power generators such
as Pv panels and fuel cell generators are connected to dc
networks through dc/dc boost converters. Dc loads such as
evs and LeDs are tied to a dc grid through dc/dc buck converters. ac loads with speed control motors are connected
to dc link through dc/ac converters. Dc energy storage
such as batteries and super capacitors are connected to the
dc grid through bidirectional dc/dc converters. the threephase ac network of the hybrid grid, which can also be the
existing low-voltage distribution network, is connected to
the utility grid through a transformer. ac power generators, such as wind turbine and small diesel, are connected
to the ac network through transformers. ac energy storage
such as flywheels are connected to the ac grid through ac/
ac converters and transformers. ac loads such as ac motors
and heaters are connected to ac networks. the voltage level
of the ac grid is 200 or 400 v. there are still no standard
voltage levels for the dc grid. the voltage levels currently
used in some test systems are between 12 and 1,000 v,
which depend on the converter and system requirements.
this hybrid structure reduces the multiple conversions to
a minimum.

two operating modes of a hybrid grid are the grid-tied mode
and autonomous mode. stable and reliable grid operation
mainly depends on the main converters, esss, and dc and ac
power conversion systems on both sides. the system can be
controlled centrally by an energy management system and can
also operate under decentralized control.

ieee power & energy magazine

Grid-Tied Mode

In this mode, the utility grid operates as the swing bus of the
hybrid grid to balance load demand and supply. Power surplus
in the hybrid grid will be sent to the utility grid, and power
shortage in the hybrid grid will be supplied by the utility grid.
Utility in this case is like energy storage with an infinite capacity for the hybrid grid. therefore the esss in the hybrid grid
are not critical and can be eliminated. all renewable conversion systems are controlled to operate in the maximum power
point tracking (mPPt) mode to harness maximum energy
from renewable sources. the functions of the main converter are to maintain a smooth power transfer between the
ac and dc buses, provide a stable dc bus voltage, and reduce
harmonic injection into the utility grid. one important function of the main converter is to solve the unbalance problem
of the utility grid caused by the unbalanced loads connected
to the ac network. When the output of the dc sources is larger
than the dc loads, the main converter acts as an inverter and
transfers power from the dc to the ac side. otherwise, the main
may/june 2013

converter transfers power from the ac to the dc side. When the
total power is greater than the total load in the hybrid grid, it
will inject power into the utility grid. otherwise, the hybrid
grid will receive power from the utility grid.

main converter is controlled to transfer power between ac to
dc sides based on resource conditions. If all esss are fully
charged, the output of the diesel generator is zero and voltage/frequency on both sides are still high, some of resource
converters should operate in the off-mPPt mode.

Autonomous Mode

In this mode, esss at the dc grid or diesel generators at the
ac grid operate as energy buffers for balancing power surplus and shortage and for maintaining the system stability
under various grid operating conditions. converters of the
renewable power sources may operate in the mPPt or offmPPt mode based on ac frequency and dc voltage.
When dc voltage or ac frequency (or both) is low, the
renewable sources should operate in the mPPt mode and
the controllers of the esss should operate in the discharging
mode or diesel generator will produce more power. the main
converter is controlled to transfer power between ac and dc
links based on load and resource conditions on the two sides.
When dc voltage and ac frequency are high, which indicates that there is energy surplus from both sides, the diesel
generator will produce less power, the controllers of esss
should operate in the charging mode to store energy, and the

System Control

the system can be centralized or decentralized. the main
objectives of system control, consisting of individual controls of inverters, converters, and charging/discharging controllers, are to maximize energy harvest from renewable
sources and minimize power transfer between ac and dc
sides under different system load and resource conditions.

Hybrid DC/AC Grid Structure II
this structure is a special case of the structure I as shown in
Figure 3. the difference is that there are no dc sources and
energy storage at the dc side, and only dc and acwc loads are
connected to the dc side. the ac grid is connected to the utility
grid. this simple structure can be easily upgraded for most
existing distribution systems. In this case, the main converters
operate as ac/dc rectifiers. Power quality is an important issue
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figure 4. A prototype of the hybrid grid structure II.
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figure 5. A hybrid ac/dc microgrid at the WERL, NTU.

in the local distribution system with the increased penetration
of nonlinear loads due to their harmonic current injection into
the grid. one of the main functions of the main converter is to
control the harmonic injection to the ac bus. moreover, threephase unbalanced loads are ubiquitous in distribution systems
and can cause large negative sequence currents. the polluted
grid current will increase the loss and reduce the efficiency of
the network. therefore the second function of the main converter is to compensate harmonic and reactive power as well as
unbalanced loads on the ac side. a prototype of the hybrid grid
structure II and its control block diagram are shown in Figure 4.
the ac grid is represented by three-phase voltage sources vSA,
vSA and vSA. Unbalanced three-phase ac distribution with harmonics is represented by an unbalanced and nonlinear load.
the output of the main converter is the dc grid. the structure
will provide a clean and balanced three-phase current.

Main Advantages of Hybrid AC/DC Grids
From the analysis, multiple conversions have been reduced to a
minimum due to both dc and ac links in the hybrid structure. the
advantages of the hybrid grid can be summarized as follows:
✔ the elimination of unnecessary multiconversion processes means a reduction of total conversion loss.
✔ the elimination of embedded rectifiers for dc and acwc
loads in the current ac grid means the simplification of
equipment and cost reduction of electronic products.
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✔ the connection of all dc loads to the dc side of the

hybrid grid will make it easy to control harmonic
injections into the ac side through the main converters,
thus guaranteeing high-quality ac in the utility grid.
✔ the dc grid can solve negative and zero sequence current
problems caused by unbalanced loads in ac distribution
systems, and the neutral wire in subtransmission may be
eliminated and the related transmission losses reduced.

Existing DC and Hybrid DC/AC Grids
there are several dc and hybrid grids that have been proposed and tested for industrial systems, commercial facilities, residential buildings, and data centers around the world.
the efficiency of dc and ac transmission and distribution
considering multiconversions has been compared. the loss
of dc transmission is lower than that of ac, and dc grids also
have less of a conversion process compared with ac. When
combining both ac and dc in local distribution systems, the
conversion process can be further reduced to a minimum.
two pioneering demonstrations of dc systems have been
tested at the Lawrence berkeley national Laboratory, with
10% energy savings recorded for the entire data center, compared to a very efficient ac baseline case.
a hybrid dc/ac grid is under construction at the Water and
energy research Laboratory (WerL) with support from
schneider electric singapore and nanyang technological
may/june 2013

University (ntU), singapore. the illustration diagram of the
hybrid ac/dc grid is shown in Figure 5. the hybrid grid consists
of a 400-v, three-phase ac grid with eight nodes and a 380-v dc
grid with eight nodes. both ac and dc grids can be connected
into radial or ring configurations. two bidirectional converters
tie ac and dc grids together. an 18-kW ac source, 7.5-kW wind
turbine generator simulator, 4.5-kW programmable load, and
3.3-kW resistive load are connected to the ac grid. the ac grid
can also be connected to the utility grid and to the ac mG in the
ntU clean energy research laboratory. a 20-kW dc programmable source, 14.5-kW programmable load, a 3.3-kW resistive
load, 1.45-kW solar simulator, and 28.8-kWh battery storage are
connected to the dc grid. a 5-kW Pv system can be connected to
the ac grid by a dc/ac grid tied inverter and can also be switched
to the dc grid through a dc/dc booster converter. a 1.2-kW fuel
cell generator with a 5-kWh hydrogen tank as energy storage is
connected to the ac grid and can also be switched to the dc grid.
the illustrative hybrid system is shown in Figure 5.
the aim of this hybrid grid is to provide a test bed for
✔ investigating different hybrid grid infrastructures
✔ studying the individual and coordination control technologies for various inverters and converters
✔ testing suitable voltage levels for the dc grid, which
can facilitate the connection of various dc sources and
dc loads
✔ investigating new problems due to the connection of
dc sources and loads
✔ developing new inverters and converters for reliable
operation of the hybrid grid
✔ testing newly developed dc protection and metering
equipment
✔ developing energy management system(s) for hybrid
mGs.

Problems to Be Solved
for Future Implementation
although the hybrid grid can reduce the unnecessary processes
of dc/ac and ac/dc conversions compared with an individual ac
or dc grid, many practical problems exist for implementing it.
It is not economical and also difficult to build a new dc grid to
replace the existing ac distribution infrastructure. It takes time
to find the right way to upgrade the current ac distribution systems into hybrid ac/dc grids. the second problem is to define
standard voltages for the dc grid. standard dc voltages have to
be determined for easy connection of popular dc loads considering the current ac voltages. besides hybrid infrastructures,
home and office products also will have to be redesigned without the embedded ac/dc rectifiers. therefore it is a long-term
process for the implementation of the hybrid ac/dc grid. the
hybrid grids can be easily implemented in new buildings. For
the old buildings that need to upgrade distribution systems due
to the integration of Pv systems, new LeD lighting systems,
and ev charging systems, there exists a good opportunity to
use the hybrid grid. new metering, protection, and grounding
equipment are also required for the hybrid grid.
may/june 2013

Conclusion
For over 100 years, ac power systems have developed and
expanded to today’s scale and have provided tremendous
power and convenience for the rapid advancement of modern
society. electrical engineers have become used to building
various embedded conversion converters for various loads to
adapt to ac. Problems that have come to the fore due to global
warming and limited fossil fuel resources require electrical
engineers to rethink about efficiency of energy utilization
for conventional ac power systems and to reexamine current ac transmission and distribution structures. although it
is difficult to implement this new structure in current acdominated local distribution systems, hybrid ac/dc grids and
hybrid energy grids with dc/ac/thermal will be the future for
high-efficiency energy supply systems. Dc and ac systems
coexisting in harmony due to advanced power electronic
techniques will provide more green and high quality energy
with the highest efficiency.
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Toward a More Environmentally
Friendly, Efficient, and Effective
Integration of Energy Systems
in China

T

To fulfill The Chinese governmenT’s Targets for energy conservation and emission reductions, significant efforts to increase efficiency and reduce emissions in
the energy system have been made by developing combined
heat and power plants, expanding transmission, and incorporating renewables. These elements are not always compatible with each other, however. renewables in particular face
difficulties being integrated into the energy system, and a
significant portion of this generation is often curtailed, in
particular generation from wind. This article describes the
work currently being done in China to move toward better
energy system integration, including certain institutional
and regulatory changes, continental-scale grid connection,
microgrids, and storage. further opportunities for flexible
interaction between electricity and heat along with carbon
capture and storage and the potential for increased gas supply from shale resources are also discussed.

Energy Consumption and Supply
Back in the 1980s, total energy demand in China was less
than a quarter of what it was in the united states. after more
than 30 years of an economic boom, energy consumption
in China surpassed that of the united states in 2011, and
China found itself the world’s top energy-consuming nation.
its energy consumption is expected to keep growing over the
next few decades, despite the Chinese government’s determination to reduce energy intensity in the near future.

The generation of electricity accounts for 40% of total
energy demand in China, followed by energy needed for heating (about 20% of total demand), for transportation (about 10%),
and by other industrial sectors. electricity is mainly used in the
industrial sector (74%), while the commercial and residential
sectors account for another 14% and 12% of electricity use,
respectively. District heating has been installed in more than
300 cities in the northern part of China, serving 40% of China’s
population. space heating in rural areas, which is mainly supplied by inefficient combustion of coal and straw in stoves, consumes approximately 190 million tons of coal each year.
figure 1 shows current energy production and consumption in China at the national level. Coal provides 72% of the
total energy supply in China. it makes up 79% of the total
energy input in the electricity sector, which is supplemented
by hydropower (17%) and nuclear and various renewables,
mainly wind (2%). Coal is the nearly exclusive source of district heating: the two major heat sources, coal-fired boilers
and combined heat and power (ChP) units, generate more
than 90% of the steam and 95% of the hot water used for this
purpose. at the current rate of production, estimated coal
reserves are projected to last for only 38 more years, and the
situation is made worse by the fact that Chinese dependency
on foreign oil is more than 50%.
The geographical distribution between resources and
loads is another key concern in the Chinese energy system.
as shown in figure 2(a), the coastal areas in the eastern part
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150 gW in 2010. This ChP capacity
accounted for 70% and 54% of the total
Natural
thermal power capacity in northeastern
Coal
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18.02 PWh
5.01 PWh 1.15
China and northern China, respectively,
PWh
in 2010. for heat production, ChP units
Total: 24.18 PWh
are currently providing 81% of the hot
9.58 PWh
4.54 PWh
8.31 PWh
steam and 30% of the hot water used.
Hydro Power
The share is expected to continue growing during the next five years.
Household Industry
Thermal Plant
Combined cooling, heat, and power
Nuclear Power
1.75
3.33 722 TWh
(CChP), an energy-efficient method
PWh
PWh
of energy integration on the consumer
Total: 0.81 PWh
73.9 TWh
side, was not widely adopted in China
1.59 PWh
Wind Power
44.6 TWh
until five years ago because of high
initial investment costs and expensive
34.6 TWh
Other Power
gas. The total installed capacity of
CChP units in China was only 3.8 gW
in 2007. This situation started to change
Transport
Heat Demand Electricity Demand
when the government incentivized
1.75 PWh
2.40 PWh
4.21 PWh
improvements in the energy efficiency
of urban areas under the 11th fivefigure 1. Breakdown of energy production and consumption in China.
Year Plan (fYP). more than 1,000 gas
turbine–driven CChP systems were
installed in 2009, and ten demonstraof China represent 80% of the nation’s power demand, while tion projects have been successfully completed in a number of
the major coal reserves are mainly located in the northern and areas, including the university of shenzhen, shanghai airport,
northwestern regions. hydropower and wind resources are and the Wangfujing commercial district in Beijing. CChP will
located mainly in the western and northern parts of the coun- be further expanded to major cities in 2020, and by then the
try, respectively. Demand for heat is also distributed unevenly total capacity nationwide is projected to reach 50 gW.
Transmission expansion has been another major way for
across the country. as shown in figure 2(b), district heating (both steam and hot water) is in use only in the northern effectively using energy sources from widely dispersed geoprovinces in China. Beijing, shandong, and some northeast- graphical locations. China has six regional grids: the northern provinces consume more than 100 TWh of heat annually west, northeast, north China, Central, east China, and China
because these areas have relatively higher populations and southern grids. The backbone 500-kv and 750-kv system is
colder winters. heat demand in these northeastern provinces supplemented by 110-kv and 220-kv transmission networks.
The northeast, north, and Central grids are connected by
is close to (or even exceeds) electricity consumption.
500-kv ac transmission lines. The east, south, and northwest
grids are connected with the Central grid by dc interconnection.
Efforts Toward Sustainability
Developing variable renewables, especially wind power,
To reduce carbon emissions and increase overall energy
efficiency, China’s government has made significant efforts has become the top priority in China to diversify the energy
in the area of sustainable development. Targets have been supply away from fossil fuels and to reduce emissions. The
set to increase renewable energy’s share of primary energy total installed wind capacity increased at a rate of more than
production to 15% by 2020 and to reduce national carbon 90% annually from 2006 to 2011. By the end of 2011, China’s
intensity (measured in carbon emissions per unit of gDP) by installed wind power capacity had reached 62 gW, the highest
40–45% in 2020 relative to 2005. integrating heat and power in the world. eight wind bases have been planned across north
production to improve energy efficiency and diversifying the China and in two eastern provinces (Jiangsu and shandong),
energy supply with renewables are now top priorities for the each of which is to have an installed capacity of more than 10
gW by 2020, as shown in figure 2(a). China has also identimove toward sustainability in China.
in China’s coal-dominated energy system, the integration of fied 43 gW of potential offshore wind energy, and there are
heating into the electricity supply has been regarded for decades already 38 projects (totaling 16.5 gW) carrying out prepaas the principal means of improving the efficiency of the energy ratory work. according to China’s 12th fYP on renewable
system. While the installed capacity of thermal power plants energy development, the installed capacity of offshore wind
is growing at a rate of about 10% annually, ChP is growing power will reach 5 gW by 2015 and 30 gW by 2020. figure 3
faster: the national share of ChP units has risen from 10% in shows the planned wind capacities in comparison with the
1995 to around 20% in 2010, and total ChP capacity reached peak power demand in China’s major provinces.
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figure 2. Geographical distribution of electricity and heat in China: (a) Geographical distribution of electricity demand
and supply. (b) Geographical distribution of heating demand in 2010.
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figure 3. The current and future installed wind capacity (diameter) and power demand (altitude of circle center) of the
major provinces in China.

The Incompatible New Members
variable renewables are currently difficult to integrate into
the existing, inflexible energy system. China’s state electricity regulatory Commission (serC) reported that curtailment
reached 16% of the total wind power available from the system
in 2011, corresponding to a total economic loss of us$1 billion.
regional wind power capacities and curtailment rates are
shown in Table 1. The 7% drop in the utilization rate of wind
farms in 2011 as compared with 2010 drove down the revenue
of wind power producers significantly. such patterns not only
prevent the delivery of needed environmental benefits but also
discourage the continued development of wind power in China.
Despite the large installed capacity of wind, it only
accounted for 4% of national power capacity in 2011. in some
areas of China, the installed capacity as a share of the total
is much higher; it has, for example, reached 20%, 15.6%, and
21.4% in Jilin, gansu, and inner mongolia provinces, respectively. Transmission capacity from wind-rich provinces to
load centers is limited and thus constrains export of the excess
wind power. The power exchange on the tie line is also fixed
by the regional electricity trading contract, and the fluctuation
of wind power has to be balanced by thermal power plants
within the jurisdiction where wind power is produced.
The inflexible power generation structures of the provinces
with high wind penetration levels have been the bottleneck
preventing accommodation of the generation from variable
renewables. a regular thermal power plant has an output that
ranges from 50–100% of its total capacity and takes six to
nine hours to start up. The minimum output from the thermal generation satisfies the majority of the power demand
and leaves limited space for wind generation. The situation is
made worse by the large share of ChP units in the northern
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provinces, whose output range of electricity becomes more
narrow as the use of cogenerated heat increases. The wind
generation and heat demand normally peak at the same
time—on winter nights—and this results in a heavy curtailment of wind. The addition of variable renewables into the
energy system is often incompatible with the current operational methods of ChP plants. in order to address these issues
and increase the amount of variable renewables in China, a
more holistic view of energy systems integration is necessary.

On the Move
The Chinese government has already been on the move
toward more effective and efficient energy system integration with significant penetration of renewables. The national
energy Bureau (neB) was founded under the national
Development and reform Commission (nDrC) in 2008 to
regulate and coordinate a variety of energy sectors—from
oil to gas to coal to electricity and heat—that had been
regulated separately since 2003. a serC task force led by
the prime minister was formed two years later to oversee
energy-related affairs. The institutional changes largely
facilitate effective coordination among different energy sectors to accommodate wind power.
after the renewable energy law had exceptional success
in advancing the development of the Chinese wind and solar
industries to world-leading positions, the emphasis of policy at
neB gradually shifted to encouraging wind power integration
into the existing energy system. The subsidy that was originally given to wind power producers has been partly switched
to the grid companies to compensate for the additional cost of
integrating new wind power. Based on the feed-in tariff regulated by neB, a bilateral trading agreement between thermal
september/october 2013

table 1. Provincial wind power development and integration.
ID

Region

Wind Power (MW)

Wind Curtailment %
(Surveyed Wind Farms)

Utilization Hours

1

Gansu

5,551.6

16.99 (39)

1,824

2

East Inner Mongolia

14,384.4 (totally)

22.99 (98)

1,863

3

West Inner Mongolia

—

17.51 (129)

1,829

4

Jilin

2,936.3

20.49 (44)

1,610

5

Heilongjiang

2,625.5

14.49 (59)

2,008

6

Liaoning

4,039.5

10.34 (74)

1,802

7

Hebei

4,991.3

3.09 (74)

–

8

Xinjiang

1,659.8

3.21 (32)

2,317

5
2

4
6

8
3
7
1

units and wind power generators has been established in the ac transmission line, running 654 km from shanxi Province
region of east inner mongolia: the wind power producer now to hubei Province, has been operating successfully for nearly
must compensate the thermal unit owner for lowering its four years. During the 12th fYP, sgCC plans to invest more
power production level during off-peak periods in order to than us$80 billion to connect the Central, north, and east
integrate excess wind power at a negotiated price. The quota grids via such ultrahigh-voltage ac (uhv ac) lines into a
system originally targeting the generation capacity of renew- synchronized power grid that will interconnect 26 provinables is also switching to the user side: nonhydro renewable cial-level regions by 2015, as shown in figure 4. The major
energy quotas on electricity consumption were proposed in motivations for these system upgrades are to shift the energy
2012 for each province as well as the
grid companies.
integrating larger amounts of variable renewables across a greater geographical area via ultrahigh-voltage
(uhv) networks is a major strategy
promoted by state grid Corporation of
China (sgCC), a large, monopoly grid
company that in 2012 was a member of
DC: 800 KV
the fortune global 500. according to
DC: 1,100 KV
data provided by sgCC, the transmisAC: 1,000 KV
sion capacity of a !1,000-kv dc line is 6
Coal Base
gW, equivalent to five times the capacWind Base
ity of existing !500-kv dc power lines,
Nuclear Base
and its economical transmission disHydro Base
tance is also two to three times farther.
in addition to the planned ultrahighvoltage dc (uhv dc), the first 1,000-kv figure 4. The “supergrid” proposed by SGCC, to be completed in 2015.
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With the rapid development of the economy, energy
consumption in China is rising and now ranks
as the highest in the world.
supply from transportation of coal to “cleaner” transmission
of electricity and to better integrate fluctuating renewables. in
addition, three 1,100-kv dc transmission lines from Xinjiang
to henan, sichuan, and Chongqing will be constructed during the 12th fYP, according to sgCC. sgCC regards longdistance uhv dc transmission lines as the best way to export
wind power and hydropower to the central and coastal areas
from the remote northern and western areas of the country.

government’s determination to encourage the development
of distributed generation as well as microgrids.

Storage
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electrical storage, as a way to mitigate the fluctuation from
renewables, has received broad attention from all stakeholders in China. Pumped storage is strongly promoted by
the government and by grid companies. installed capacity reached 16.9 gW at 24 sites nationwide in 2010, with
another 13.8 gW (14 sites) to be finished by 2015; pumped
Microgrids
local accommodation of variable renewables via microgrids storage is projected to reach a total installed capacity of
is a major strategy promoted by neB. microgrids are 50 gW in 2020. such storage is growing faster in eastern
an effective way of integrating wind power, solar power, China (where it will total 10 gW by 2015) and southern
and storage to provide heat and power demand at the China (with 7.2 gW projected by 2015), where the share of
local level. The 12th fYP has arranged for 30 pilot microgrids nuclear in the energy mix is high and reliance on electricity
projects to be installed before 2015 to support renewable imports is growing. The pumped storage provides extra loadenergy. The pilot projects include the inner mongolia following capacity and emergency backup for long-distance
industrial microgrid, a citywide microgrid in Tianjin, transmission lines. The pumped storage capacity in northand a microgrid in Chengde integrating wind, solar, and ern, central, and northeastern China will reach 5.5 gW, 4.9
storage. on 25 December 2011, a national microgrid gW, and 2.7 gW, respectively, by 2015, as shown in figure
demonstration project consisting of wind, solar, and storage 5. such capacity will be critical to compensate for inflexible
in Zhangbei, hebei Province, was completed and put into thermal and variable wind power. The two largest pumped
operation, with the aim of finding an effective solution to the storage systems are both located in guangdong Province (in
problem of arriving at optimal energy dispatch principles. southern China), with capacities of 2.4 gW and 2.1 gW; 16
incentives for microgrids have been legislated in a pack- out of 38 pumped storage systems (including those existing
age of government documents. The most recent regulation, and under construction) have capacities that range from 0.8
published by sgCC on 1 march 2013, waives all fees in the to 1.2 gW to provide flexibility on the regional grid. another
grid-connection process for distributed energy sources. it ten sites have capacities below or around 100 mW. The lack
applies to all types of distributed generation, including solar, of a peak-valley differential pricing signal in the regulated
wind, and distributed gas turbines with capacities of less power industry is the major barrier to the operation of and
than 6 mW. This regulation is the strongest indication of the further investment in pumped storage. research on battery
storage is also extensive in the power
industry and at universities. utility16
Pumped Storage 2010
2015
2020 350
scale battery storage with a capacity
Power Demand 2010
2015
2020 300
of more than 10 mW has been demon14
strated in the southern China Power
12
250
grid, but further development of bat10
tery storage in China is limited by its
200
8
high cost.
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figure 5. Regional pumped storage capacity and the corresponding power
demand.
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Further Action
given the fact that institutional
changes, policy incentives, transmission expansion, microgrids, and storage are all contributing to an energy
system in China that is better integrated with renewables, increasing
september/october 2013

Electrical storage, as a way to mitigate the
fluctuation from renewables, has received broad
attention from all stakeholders in China.
the intrinsic flexibility of the system is still fundamental to
incorporating additional variable renewables. such efforts
have not been addressed sufficiently by current policy.
as mentioned earlier, decoupling the link between heat
and power production from ChP units is critical for the integration of variable renewables in northern China. But little
attention has been paid to this until very recently. adding
electrical boilers to increase the flexibility of ChP units
is starting to receive attention in China. electrical boilers could increase electricity consumption and reduce the
minimum electricity output from ChP by decreasing its
heat production, enabling it to take advantage of the otherwise curtailed wind power. Two neB pilot projects in inner
mongolia, each with a capacity of 4.95 mW, have been
exploring the integration and joint operation of heat boilers
and wind power since 2012. a research program funded by
sgCC and collaboratively conducted by gansu Province
and Tsinghua university is examining ways to increase the
flexibility of ChP units. switching part of the heat demand
from a ChP plant to electrified heating on the demand side
is another method. such electrified heating combines the
technology of a heat pump—a very efficient form of electrical heating—and electrical thermal storage, which is a relatively cheap form of storage. The preliminary research from
Tsinghua university and harvard China Project concludes
that increasing the wind component of the mix used to satisfy Beijing’s total electricity demand to 20% by 2020, combined with heat pumps to satisfy additional heating demand,
will result in lower costs and Co2 emissions than the integration of 40% wind into the system, illustrating the benefits of
an integrated approach.
To increase the flexibility of thermal generation and
assist with the integration of wind power, carbon capture
and storage (CCs) is another option. Carbon capture power
plants (CCPPs), with carbon capture systems, can separate
and treat Co2 in flue gas, thus aiding the sustainable use of
fossil fuels. recently, China has built three CCPPs, in Beijing, shanghai, and Chongqing. an integrated gasification
combined cycle (igCC) plant with CCs has also been constructed in Tianjin. With some ancillary facilities, such as
solvent storage tanks, CCPPs could be operated in coordination with wind power, using excess wind power to capture
Co2. Compared with conventional power plants, CCPPs
have a wider range of feasible power outputs and larger ramp
rates, and they can control power output and Co2 emissions
separately, which could potentially help them interact better
with wind power.
september/october 2013

information technology will also change the way energy
systems are integrated. under the framework of the smart grid,
smart metering and advanced measurement infrastructures
have been widely applied in China. The pilot projects cover
many areas, from smart homes to smart communities to smart
municipal districts. several communication technologies,
including mobile communication systems, power line carriers, and optical networks, have been tested and are ready to
deploy. sgCC estimates the upgrade of the communication
system alone will have incurred a cost of us$12 billion by
2020. Two-way communication systems and massive data
collection and analysis will enable more precise, real-time
control of the system. These systems will also let customers
become more involved and generate more intense interactions
between energy-consuming and energy-producing entities
that will change the way energy systems are integrated and
consequently improve the integration of renewables as well as
systemwide energy efficiency.
The inflexibility of the current generation mix is
largely restricted by limited gas supply, which leads to a
small share of generation capacity from gas turbines. This
situation could be altered by shale gas, which has led to a
sharp drop of gas prices in the united states since 2009.
The energy information association has reported that the
minable resource of shale gas in China is 36.1 trillion cubic
meters, ranking first in the world. although China is in the
infant stage in handling hydraulic fracturing (or “fracking”) technology for shale gas, the government is actively
promoting the development and utilization of shale gas.
neB issued a shale gas development plan in 2012 that targets shale gas production of 6.5 billion cubic meters in 2015
and 100–600 billion cubic meters in 2020, equivalent to the
present scale of natural gas production. The plan emphasizes
technical innovation, fundraising, and governmental regulation on mineral exploration. more than 50 experimental
wells have been developed in the sichuan basin, Xinjiang
Province, and inner mongolia, where the major reserve of
shale gas is located. of the 15 wells that have been tested,
nine successfully produced gas in 2011; this shows that a
good first step has been taken toward understanding the
fracking technology. even though developing shale gas will
mean dealing with water shortages, leakage of methane, and
fracking costs that are higher in China than elsewhere, it is
still expected to revolutionize the entire energy system. The
increased share of gas turbines could provide quick startup and a wider range of output and thus increase flexibility
in the generation mix so as to accommodate wind power.
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The development of shale gas in China may also revolutionize the
structure of energy supply, which will provide a more efficient and
flexible energy system capable of fully embracing renewables.
Consequently, the development of shale gas will not inhibit
but rather facilitate the integration of wind. Besides, gas
itself is cleaner than coal in terms of both air pollution and
greenhouse-gas emissions. The development of shale gas
will lead to a more efficient and effective integration of the
entire energy system.

Conclusions
With the rapid development of the economy, energy consumption in China is rising and now ranks as the highest
in the world. The Chinese government has made a serious
commitment to the reduction of carbon intensity. integrating electricity and heat demand via ChP units to achieve
higher energy efficiency and diversify the energy supply
with renewables are the two major paths toward sustainability in China. The problem is that the two pathways are not
compatible. variable renewables cannot be easily integrated
in the energy system because of the inflexible operation of
current ChP units, which causes large amounts of renewable
energy to be curtailed.
a variety of efforts have been made in China to
integrate renewables into the existing energy system, from
changing management structures at the institutional level
to providing greater incentives for integration via energy
policy to developing a uhv transmission system to encouraging microgrids and integrating renewables on the user
side to exploring the opportunities offered by large-scale
electricity storage. more steps are needed, however, to move
toward better energy systems integration with significant
levels of renewables. The first step would be to weaken
the link between heat and power supply through the introduction of several types of commercially available electrified heating systems. The second step is to take advantage
of carbon storage processes such as those offered by CCs
plants. in the long term, the development of a smarter grid
will fundamentally change the way that the integrated
energy system is organized. The development of shale gas
in China may also revolutionize the structure of energy supply, which will provide a more efficient and flexible energy
system capable of fully embracing renewables.
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in my view

Reprinted from March/April 2013 issue of IEEE Power & Energy magazine

Julia Hamm

from the year 2032
looking back at the solar industry

I

I’ve been Involved wIth the
solar industry since 1999 and have seen
many peaks and valleys throughout the
years. Fortunately, each peak has been
higher than the last, and each valley
never quite as low.
looking forward, there is no doubt
that the industry will continue to see its
ups and downs but that the overall trend
will be a sharp upward trajectory. Many
factors impact exactly how sharp that
incline will be, and thus, it’s impossible
to forecast exactly what the future will
hold. At the same time, I believe there’s
value in thinking through various scenarios and what things could happen that
might make those scenarios a reality. And
so, I share with you one scenario written
from the perspective of a Ceo of a fictional electric utility from the year 2032.
I admit this is one of my more optimistic
scenarios, but I’m confident that it is not
out of the realm of the possibility. enjoy
the journey!

A Glimpse
of the Solar Future
31 december 2032
dear Shareholders of tomorrow Power
and light,
our company, also known as tP&l,
has often been described as “average”
throughout the years. Compared to our
utility peers, our retail rates are average, the energy resources available in
our area of the country are average, and
Digital Object Identifier 10.1109/MPE.2012.2233595
Date of publication: 20 February 2013
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And so, I
share with
you one
scenario
written
from the
perspective
of a CEO of
a fictional
electric
utility from
the year
2032.

our customers’ electricity consumption is average. but I am thrilled
to declare that we have
become exceptional!
our company has
surpassed several significant milestones this year,
including the celebration
of our 125th anniversary.
the most significant milestone is that tP&l has
become the first major
utility in the continental
United States to have solar
power as the top resource
in its portfolio, with 30%
of our power supplied by
solar energy.
of course, we still
have a well-balanced and
diversified portfolio—with
natural gas, nuclear, wind,
and other energy resources—but solar
electricity is now at the top of the list.
this year also marks a personal
milestone—it is my 20th anniversary
with tP&l. when I started with the
company in 2012, our portfolio had
less than 1% solar, and the idea that
we could get 30% of our power from
solar seemed inconceivable. As I look
back on my 20 years with the utility, it
provides some perspective for how we
reached this great accomplishment.
today, we take for granted the role
of solar power in our economy, but it
wasn’t always that way. when I joined
tP&l, solar power wasn’t very high
on the list of national priorities and,
actually, neither was energy in general.
1540-7977/13/$31.00©2013IEEE

A recession, skyrocketing unemployment rates,
national debt, and global
security issues far overshadowed energy issues.
with all the changes
going on outside the utility world, not much attention was being paid to the
changes we were going
through within the industry
or those that were quickly
coming down the road.
Most utilities were
just beginning to become
aware of the increasing
role that solar energy
would play in our future.
hindsight is 20/20, but
looking back now, we can
see that 2012 was a real
turning point.

A Look 20 Years in the Past
let’s take a look at some of the solar developments that happened in 2012.
✔ Close to 3.5 Gw of solar electricity were added to the grid in
the United States that year. this
number compared to just over
4 Gw that had been installed in
the country up to that point.
✔ Second, solar was spreading—
and spreading fast—moving
beyond California, the Southwest, and the northeast, to
places like texas, Georgia,
Indiana, and Utah. It was quickly
evolving from a regional energy
resource to a truly national one.

ieee power & energy magazine

63

✔ The smart grid was also mov-

ing from concept to reality, with
smart meters paving the way for
utilities like us to maximize the
value of distributed photovoltaics on the grid.
✔ Finally, and probably most significantly, the price of solar had come
down substantially, with utilities
across the country signing purchase power agreements for solar
electricity for less than US$.10.

The Years Leading Up to Today
The momentum we saw building in
2012 continued as the next 20 years
brought changes that helped us get to
where we are today.
Not long after I joined the utility
in 2012, we began to focus on the fact
that on-site solar wasn’t an option for
many of our commercial and residential customers for a variety of reasons,
ranging from roof age to shading and
many other factors. In fact, many of
our largest commercial customers with
multiple facilities throughout our service territory had goals of 100% clean
power for their operations, but not all of
their buildings were suitable for solar.
In response, in 2013, we rolled out
a virtual net-metering program, which
allowed customers to offset load using
solar power plants that were located elsewhere within our service territory. It was
a challenge to change our metering and
billing systems to accommodate this new
configuration, and we had to work out a
way with our regulators and customers
to make sure that we covered our costs
for both the required upgrades and our
ongoing grid maintenance expenses. But
it was worth the effort because it resulted
in significantly improving our customer
satisfaction ratings. That change alone in
the coming years resulted in a ten-fold
increase in the amount of solar electricity in our resource mix.
Then, in 2015, the United States saw
its first comprehensive national energy
policy with the Energy Policy Act of
2015. This was the biggest driver in our
ability to reach the 30% solar we have
today at TP&L.
64

ieee power & energy magazine

In 2016, as a result of the Energy
Policy Act, the national Clean Energy
Bank was set up to provide long-term,
low-cost project financing for renewable energy projects, which helped to
transition solar away from reliance on
subsidies. All of TP&L’s commercial
and residential customers now had
access to low-cost capital to install solar
either on their own property or elsewhere in our service territory through
our virtual net-metering program.
By 2017, most of the smart grid
standards put in place by the Energy
Policy Act had taken effect. We were
seeing smarter use of energy throughout the electric grid, and customers
were using significantly less energy
because of both our and their ability to
make smarter energy decisions.
By 2018, solar was the lowest-cost
resource at the retail level for our customers and was quickly approaching
our wholesale costs. Our customers
could “go solar” cheaper than we could
provide them with electricity. For other
utilities in the United States, this point
had been reached even earlier.
This development came faster than
we expected in our service territory,
and, thus, we had to react quickly. In
response, in 2019, we acquired the largest solar installation company doing
business in our area. We worked closely
with the our state’s public utility commission to allow us to adapt our business
model to include offering our industrial,
commercial, and residential customers
the option of buying grid power from us
but also of buying solar electricity from
us that was generated on the customer’s
own property. With this development,
the true merger of solar into our utility
business was complete.
In 2020, Congress passed the Energy
Growth and Security Act of 2020, which,
in part, provided incentives for utilities
like ours to decouple energy sales from
fixed and capital costs. It also incented
us to structure rates, grid services, and
cost recovery in innovative ways. Today,
our sales of kilowatt-hours are half of
what they used to be, but our revenue has
kept pace with these changes, allowing

us to maintain and upgrade the electric
grid over time. Our business model has
shifted from one based purely on the sale
of electricity to one that includes offering and balancing on-site generation.
In 2022, the majority of cars
became primarily electric, again,
largely as a result of the Energy Policy
Act of 2015. This shifted transportation from a petroleum base to our more
diverse and domestic electricity portfolio. We adjusted rates to encourage
off-peak charging, and we didn’t need
significant new generating capacity—
the vehicles themselves became distributed power plants we could utilize
in conjunction with the smart grid.
Charging stations became standard in
all public parking lots, and we worked
in close collaboration with municipalities, retailers, and others who owned
parking lots to create business models
to ensure that both we and they were
receiving revenue fairly from these
charging stations.
By 2025, the price of storage technologies had come down enough that many
utilities had more available compressed
air and battery storage plants than gas
peaking plants, some of it dispatchable
from our customers’ electric vehicles,
some of it strategically sited on our distribution and transmission grids. Today,
we have more than 1 GW of storage that
can be dispatched on demand, ensuring
a highly reliable grid for our customers
despite the fact that we have a significant percentage of variable-generation
resources in our mix.
Over the years, the combination
of all of these factors has resulted in
solar becoming mainstream for both
consumers and utilities. It was only a
matter of time before solar became our
biggest generating resource, which, as
I’ve reported, happened this year.
The last 20 years have certainly been
full of change in the utility world. At
times, it was difficult, but we persevered.
The result is a TP&L portfolio that
shifted from less than 1% solar in 2012
to one that is over 30% today in 2032.
p&e
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