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Summary

The utility sector’s transition to renewable energy and the smart grid 

has already begun. The first step towards smart grid is microgrid, 

which is a smaller electricity grid with access to all the essential 

assets of a larger grid. This book provides a glimpse into an actual 

microgrid project. It supplies a system-level approach to the design 

of smart microgrids, covering the entire design process—from road-

map to realization. Detailing lessons learned and pitfalls to avoid 

in microgrid technology, the book provides an interdisciplinary  

approach to design and problem solving for smart microgrids.

Features

•	Provides a system-level approach to the design of  

	 smart microgrids  

•	Covers the entire design process from roadmap  

	 to realization  

•	Captures lessons learned and pitfalls to avoid in  

	 microgrid technology 

•	Presents an interdisciplinary approach to design and  

	 problem solving for smart microgrid

•	Supplies a firsthand account of a successful campus  

	 based on microgrid
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Disclaimer

This book was prepared as the result of research conducted by 
British Columbia Institute of Technology (BCIT) and its partners. 
Nevertheless, it does not necessarily represent the views of BCIT, 
its partners, or the funding agencies that have funded this work. As 
such, BCIT, its employees, contractors, and subcontractors make 
no warrant, express or implied, and assume no legal liability for the 
information in this book; nor does any party represent that the uses 
of this information will not infringe upon privately owned rights. 
This book has not been approved or disapproved by BCIT, nor has 
BCIT certified the accuracy or adequacy of the information in this 
book. Moreover, the information contained in this book is subject to 
future revisions. Important notes of limitations include the following: 
this book is not a replacement for electrical codes or other applicable 
standards; this book is not intended or provided by BCIT as design 
specification or as design guidelines for electrical installations; and 
the book shall not be used for any purpose other than education and 
training. Persons using this information do so at no risk to BCIT, 
and they rely solely upon themselves to ensure that their use of all or 
part of this book is appropriate in the particular circumstance.
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Yesterday I was young, so I wanted to change the world. 
Today I am wise, so I am changing myself.

Rumi

Dedicated to all those who strive to better the life of others 
by being better human beings themselves and who have the 

wisdom to strike a balance between progress and keeping 
this lonely planet habitable for the future generations.

… and to Sara and Aras
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Foreword

This book discusses an applied research initiative conducted at British 
Columbia Institute of Technology (BCIT) to design and realize a 
campus-wide smart microgrid as a living laboratory in its Burnaby 
campus in Vancouver, Canada. BCIT is an institute of higher educa-
tion, publicly funded to serve the citizens of British Columbia and its 
partners around the world and to educate and train graduates who are 
career-ready, are immediately productive in their chosen workplace, 
and are ongoing assets for their employers.

BCIT was established in 1964 in Burnaby (Greater Vancouver), 
British Columbia, Canada, as a professional school to train techni-
cians, technologists, and practitioners needed to serve the industry. 
Since its inception, BCIT has grown substantially to become one of 
the largest postsecondary academic institutes in Canada. BCIT has 
five large campuses around Greater Vancouver with many schools and 
departments, including the School of Business, School of Computing 
and Academic Studies, School of Construction and the Environment, 
School of Energy, School of Health Sciences, and School of Trans
portation. Approximately 18,000 full-time students and 28,000 part-
time students enroll and enter BCIT every year. It has more than 
1700 full-time and about 500 part-time faculty and staff.

BCIT’s technical education currency is assured through applied 
research. It conducts grant-funded and industry-sponsored applied 
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research and development focused on solving industry’s challenges. 
Bringing together multidisciplinary teams from a range of research 
areas and technical expertise, BCIT researchers create practical 
applied research solutions that can be transformed immediately into 
commercially relevant products, services, and applications. These 
activities often result in licensing opportunities, spin-off compa-
nies, and new start-ups and are primarily motivated by the creation 
of direct and indirect benefits for students and the public. Applied 
research provides students with practical learning opportunities and 
produces outcomes that further enhance the economic success of and 
employment opportunities for British Columbia.

The Smart Microgrid Applied Research Team (SMART) is a 
department within the Technology Centre of BCIT. It converges the 
information technology, communication engineering, electrical engi-
neering, and computing fields to develop technologies and solutions 
for complex applied research problems in the energy sector. SMART 
focuses on smart grid and cybersecurity research in collaboration with 
industry stakeholders.

In 2007, SMART, BC Hydro (British Columbia electric power 
authority), the government of British Columbia, and the govern-
ment of Canada began a joint research and development program for 
designing, constructing, and implementing Canada’s first campus-
based smart microgrid at BCIT’s Burnaby campus to deliver a “path 
from laboratory to field” through cost-effective solutions for emerging 
smart grids. As a result of this program, BCIT has amassed a unique 
technical expertise in delivering cost-effective solutions for smart grid 
living laboratory design and realization. Capitalizing on its success-
ful track record in developing smart grid technologies and solutions, 
BCIT strives to share its knowledge and expertise in this area with 
industry and academic stakeholders in Canada and the world. The 
present book is an attempt to disseminate and share that unique expe-
rience with the world.

Dr. Kim Dotto
Dean, Applied Research

British Columbia Institute of Technology
Burnaby, British Columbia, Canada
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Preface

This book is designed as a narrative on how a complex system, such as 
a microgrid, is designed, implemented, tested, and used. It captures 
the essence of experiences that our team at British Columbia Institute 
of Technology (BCIT) has accumulated through eight years of inten-
sive research in this area. As such, the book is meant to reflect our 
team’s thought processes in spec design, technology selection, inte-
gration methodology, and realization of various components of the 
microgrid and its larger system as a whole.

Discussions between BCIT and its partners about the need for a 
microgrid started in 2007. At the time, the void was felt for an envi-
ronment with sufficient scale and similar topology to a utility grid to 
enable our strategic partners to experiment with and qualify technol-
ogies, products, and solutions that targeted the utility environment. 
In that regard, one of the main drivers for the utility’s push to set up 
a microgrid was its initial application as a sandbox where competing 
technologies and solutions for a smart grid could be evaluated, quali-
fied, and tested.

Nevertheless, the partners soon realized that such an environment 
could also be used as a platform to develop new technologies and solu-
tions, as well as help with the education of the new generation of 
workforce, which utilities require to help them realize their smart grid 
development and rollout plans.
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Those early requirements convinced the design team of the merits 
to spend ample time in the early stages of the initiative to put together 
a microgrid strategic road map that captured the needs and objectives 
of partners and stakeholders. The road map enabled the design team 
to ensure that each component, subsystem, or capability that was 
implemented in the microgrid enabled and facilitated the emergence 
of the next set of capabilities and features of the system.

Chapter 1, entitled “Microgrid as the Building Block of Smart 
Grid,” authored by Hassan Farhangi, attempts to introduce the con-
cept of microgrid and its role in the evolution of the legacy grid toward 
a future smart grid and covers introductory topics such as definitions, 
architectures, and types of microgrids.

Chapter 2, entitled “Smart Grid System Integration,” authored by 
Hassan Farhangi, introduces models for a smart grid and what it takes 
to map such models, or parts thereof, within the existing utility grid. 
The approach in this chapter is to enable the reader to start from an 
abstract model of a smart grid and quickly move toward what is fea-
sible within the confines of the present legacy grid.

Chapter 3, entitled “Campus Microgrid,” authored by Hassan 
Farhangi, discusses the background of the BCIT microgrid initia-
tive, the drivers behind its development, and the interests and require-
ments of its stakeholders. An important section in this chapter covers 
the thought process behind the microgrid road map, the document 
that drove and oversaw the microgrid initiative from its start to pres-
ent day.

Chapter 4, entitled “Cogeneration Plants,” authored by Minoo 
Shariat-Zadeh, covers technology fundamentals in the design and 
implementation of a microgrid’s cogeneration plants. The role and the 
importance of applicable standards are also briefly covered.

Chapter 5, entitled “Electrical Storage System,” authored by Eric 
Hawthorne, provides an extensive overview of electrical storage 
fundamentals, technology choices. and its integration issues within 
microgrids. Given the specific nature of experiences the design team 
has accumulated in storage design and integration, a dedicated sec-
tion in this chapter is devoted to lessons learned by the design team in 
developing the BCIT microgrid’s electrical storage system.

Chapter 6, entitled “Energy Management System,” authored by 
Janet So, covers one of the most important technologies in microgrid 
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design of the same name. Often regarded as the lynchpin of smart 
microgrids, the energy management system is the central planning 
and control system that enables the microgrid to achieve its opera-
tional objectives and targets.

Chapter 7, entitled “Microgrid Communication and Control,” 
coauthored by Hassan Farhangi and Kelly Carmichael, provides an 
overview of a microgrid’s communication and data processing require-
ments, technologies, and networks. The chapter also covers different 
network domains implemented within the BCIT smart microgrid 
and their interactions with operational applications of the microgrid.

Chapter 8, entitled “Interconnection,” authored by Ali Palizban, 
covers the critical topic of a microgrid’s interconnection with the main 
grid and the processes involved in ensuring that grid-tied microgrids 
could safely interconnect with the larger grid.

Chapter 9, entitled “Microgrid Economic, Environmental, and 
Social Studies,” authored by Joey Dabell, covers the very first ques-
tion that microgrid planners need to answer, which is the economic 
justification of a microgrid. The chapter also covers the important 
topic of environmental assessments, which in turn is one of the first 
major reviews that the microgrid design has to pass before it could be 
investable. And last but not least, the chapter deals with the need for 
community outreach and consumer behavior.

Chapter 10, entitled “Microgrid Use Cases, Testing, and Valida
tion,” authored by Clay Howey, provides an overview of industry stan-
dard use cases, developed by the Electric Power Research Institute, 
and explains BCIT’s preferences for use cases implemented in our test 
plans and lessons learned in the process.

Chapter 11, entitled “Campus Microgrid Lessons Learned,” coau-
thored by Joey Dabell and Clay Howey, covers a wide variety of expe-
riences and lessons that the BCIT’s design team has accumulated in 
their eight years of design and implementation of the microgrid.

In addition to BCIT’s design team, who have authored this book, 
BCIT’s smart microgrid could have not been realized without the gen-
erous help, support, and contributions of many executives and research-
ers, both in industry and in academia, who provided their knowledge, 
expertise, and guidance to help us move forward. As a research team, 
we are thankful for their support and contributions and would like to 
dedicate this book to their generosity and selfless support.



xvi Preface

Among these, our sincere thanks go to Dr. Kim Dotto, BCIT’s 
dean for applied research, Dr. Don Wright, past BCIT president 
Paul Dangerfield, past BCIT vice president for education, and Kathy 
Kinloch, current BCIT president, who supported our efforts every 
step of the way, helping us to navigate the organizational complexities 
at BCIT.

Moreover, many departments and individuals within BCIT sup-
ported our work and collaborated extensively with the design team 
in the process of design and construction of our microgrid. Among 
these, our special thanks go to Joe Newton and his manager, Nancy 
Paris.

Furthermore, we would like to offer our sincere appreciations 
and gratitude to our industry partners, who helped us with guid-
ance, advice, and technology. Among these, our warmest thanks 
are reserved for Kip Morison, Helen Whittaker, and Giuseppe 
Stanciulescu of BC Hydro; John Gorjup and Dr. Felix Kwamena of 
Natural Resources Canada; Dr. Lisa Dignard of CanmetENERGY; 
Dr. Andrew Vallerand and Rodney Howes of Defence Research and 
Development Canada; and Jean Lassard of Hydro-Québec.

Last but not least, we have benefited tremendously from our discus-
sions with power system experts, including Dr. Geza Joos of McGill 
University, Dr. Reza Iravani of the University of Toronto, Dr. Chris 
Marnay of the Lawrence Berkeley National Laboratory, and Dr. Ali 
Palizban of BCIT’s School of Energy.

Dr. Hassan Farhangi
Editor
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1
Microgrid as the Building 

Block of Smart Grid

H A S S A N  FA R H A N G I

Environmental, economic, and political issues in the latter half of the 
last century have made it challenging for the electric utility industry 
to continue with the status quo. The rising cost of primary fuels is 
increasingly challenging the sustainability of generating power out 
of fossil-based sources in the long run. And given the role that fossil 
fuels play in electricity generation across the world, the utility indus-
try’s baseline costs and carbon footprints are on the rise. At the same 
time and since tariffs for the sale of electricity to consumers, set by 
utility commissions across most jurisdictions in the developed world, 
have not changed, utility companies face reduced revenues and there-
fore tighter operating budgets.

This means that utilities are unable to invest in the upgrade and 
modernization of their aging infrastructure, which has well passed 
its useful life span. An aging infrastructure reduces system reliability 
and efficiency, which in turn translates into higher technical losses 
and even lesser revenues for the utilities. And while the supply is 
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under pressure, the demand for electricity increases unabated due to 
mass electrification of life and economy. It is in this context that the 
reliability of the largest-ever human-made machine, and the marvel 
of engineering progress in the last century, i.e., the electrical grid, 
diminishes to a degree that errors and anomalies in one part of the 
system cause mass domino failures in the entire network. Blackouts 
experienced in eastern United States and Canada in 2003, and parts 
of Europe in the same year, affecting millions of people and costing 
billions of dollars, are but examples of how critical it is to address the 
reliability issues of the system sooner rather than later.

Considering the operational and economic challenges that the util-
ities are facing, the industry has begun looking beyond current tech-
nologies toward a future in which such issues would be resolved. That 
future is called intelligent grid or smart grid. In the smart grid of the 
future, generation will not follow consumption (as is the case today). 
In other words, when demand rises, the preferred solution would not 
be more generation. Rather, the utility will look at gaining more effi-
ciency with their existing assets (i.e., minimizing losses), managing 
end-user demand (i.e., load control), and partnering with consum-
ers to roll back the load (i.e., conservation). All of these approaches 
will ensure that consumption follows generation. That is a fundamen-
tal change of paradigm. The smart grid of the future will be able to 
optimize the use of its assets, reduce losses, curtail unnecessary load, 
and ensure sustainable rationality between what could be economi-
cally generated and the load that has to be serviced. And all of that 
has to be done with proactive commitment to environmental steward-
ship. The latter requires the industry to invest in renewable sources of 
energy and facilitate green cogeneration.

The problem, however, is that transition will not be smooth by any 
stretch of the imagination. In the absence of mature technologies, 
interoperable standards, and exhaustively qualified solutions, cash-
strapped utility companies cannot afford taking the risks involved 
in upgrading their electricity grid overnight. These companies pro-
vide a critical service to society, which cannot be put into jeopardy by 
rushing through the transition from the legacy grid to a smart grid. 
Instead, the industry in the developed world is taking steps to mod-
ernize the grid through strategic and gradual implantation of fully 
validated smart grid functions and features into the legacy system.
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It goes without saying that these solutions have to be part and 
parcel of a well-thought-out strategic smart grid road map, which 
identifies what functions are needed when and how these should be 
integrated with the larger system at hand. In other words, given the 
financial resources available to utility companies, the industry in the 
developed world has already begun adopting technologies for genera-
tion diversification, optimal deployment of expensive assets, demand 
response, energy conservation, reduction of the industry’s overall car-
bon footprint, etc. It is apparent that in this particular case, utilities in 
the less developed world have a clear advantage compared with their 
counterparts in the developed world. They do not have a legacy sys-
tem to worry about. In other words, they could start their smart grid 
implementation as greenfield projects. Removing the requirement for 
backward compatibility with the existing grid provides such utilities 
with a straightforward and a less costly path to a smart grid.

1.1 � Introduction to Smart Grid

The existing electricity grid is unidirectional in nature. It is practi-
cally built as the required plumbing to transport and distribute power 
from where it is generated (mainly far from load centers) to where it 
is needed by consumers (load centers). In other words, the existing 
grid is essentially a large pipe that connects electricity generators with 
electrical loads.

This large pipe assumes different forms and uses a variety of com-
plex technologies to ensure highest efficiency in the process of con-
verting the power contained in the primary sources of energy into 
electricity and subsequently minimal losses in the process of trans-
porting and distributing that energy to the consumers. Nevertheless, 
the existing electricity system at best converts only one-third of pri-
mary fuel energy into electricity without recovering the waste heat, 
which is mainly a by-product of the combustion process. Almost 8% 
of its output is lost along its transmission lines, while 20% of its gen-
eration capacity exists merely to meet peak demand only (i.e., 5% of 
the time). In addition to that, due to the hierarchical topology of its 
assets, the existing electricity grid suffers from domino effect failures.

The next-generation electricity grid, known as smart grid (or intel-
ligent grid), is expected to address the major shortcoming of the 
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existing grid. In essence, a smart grid needs to provide the utility 
companies with full visibility and pervasive control over their assets 
and services. A smart grid is required to be self-healing and resilient 
to system anomalies. And last but not least, a smart grid needs to 
empower its stakeholders to define and realize new ways of engage-
ment with each other and be proactive in various forms of energy 
transactions across the system.

To allow pervasive control and monitoring, the smart grid is emerg-
ing as a convergence of information technology (IT) and communica-
tion technology with power system engineering.

Figure 1.1 depicts the salient features of a smart grid in compari-
son with those of the existing grid [1]. This side-by-side comparison 
of the existing grid with a smart grid reveals that these entities use 
different hierarchies, technologies, and command/control strategies, 
which are in particular the following:

•	 The existing grid traditionally uses electromechanical switch-
gear, while a smart grid will see the replacement of such com-
ponents with equivalent digital components.

•	 For the most part, the existing grid relies on limited com-
munication with its field components, capturing few sensory 
data, status, and alarms from the field and applying limited 
remote control over some of its gear. A smart grid, on the 
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Figure 1.1  Comparison of a legacy grid and a smart grid. (From Farhangi, H., IEEE Power & 
Energy Magazine, 8, 18–28, 2010. © 2010 IEEE. With permission.)


