IntechOpen

Energy Efficiency

A Bridge to Low Carbon Economy

Edited by Zoran Morvaj







ENERGY EFFICIENCY -
A BRIDGE TO

LOW CARBON ECONOMY

Edited by Zoran Morvaj




Energy Efficiency - A Bridge to Low Carbon Economy
http://dx.doi.org/10.5772/2505
Edited by Zoran Morvaj

Contributors

Worpong Sinsukthavorn, Egon Ortjohann, Sebastijan Repina, Alenka Kavkler, Mejra Festic, Juan José Vinagre-Diaz,
Francisco Javier Atero, Mark Wilby, Ana Belén Rodriguez Gonzélez, Pedro Dinis Gaspar, Rui Pedro Mendes, Luis
Carrilho Gongalves, Hisham Khatib, Qiaosheng Wu, Svetlana Maslyuk, Fulin Wang, Harunori Yoshida, Richard Vesel,
Serge Salat, Loeiz Bourdic, Yousef Alyousef, Johannes Reichl, Andrea Kollmann, Benoit Lange, William Puech, Nancy
Rodriguez, Tatiana Minav, Juha Pyrhonen, Lasse Laurila, Rune E Gustavsson, Seyed Hashem Mousavi Avval, Shahin
Rafiee, Alireza Keyhani, Zoran Morvaj

© The Editor(s) and the Author(s) 2012

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@)ev |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2012 by INTECH d.o.o.

eBook (PDF) Published by IN TECH d.o0.o.

Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.

Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Energy Efficiency - A Bridge to Low Carbon Economy
Edited by Zoran Morvaj

p.cm.
ISBN 978-953-51-0340-0
eBook (PDF) ISBN 978-953-51-6156-1



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

41®®+ 116,000+ 120M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editor

Dr Z. Morvaj, holds PhD in electrical engineering, and
has more than 20 years of teaching experience at univer-
sities in Croatia, UK and Thailand. During early nineties
he worked for an UK energy and environmental consul-
tancy firm, managing the projects for international de-
velopment banks and aid organizations, policy develop-
ment and capacity building projects to governments and
performance improvement consultancy projects for industry. He moved
to Thailand to manage local office just before the economic crises in South
East Asia in 1997. He developed, designed, and managed implementation
of a number of energy and environmental management projects for large
industrial international companies from Japan, USA, UK and Thailand,
which often transcended into a cost management projects because the
theme-of-day at that time was cost cutting. Besides, he has practical experi-
ence in supporting local green development, related change management,
training needs assessment, and setting up adequate institutional and finan-
cial support. He is an author of a number of professional papers, hand-
book and manuals, and author of a book on the energy and environmental
subjects published by renowned international publishers and translated
into Chines. Recently he developed and managed a large national multi-
million dollar energy efficiency project in Croatia. Currently he manages
energy and green development projects throughout South-east Europe and
Central Asia for major international development organizations.






Contents

Part 1

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Part 2

Chapter 6

Chapter 7

Preface Xl

Policy Issues 1

Smart Energy Cities - Transition
Towards a Low Carbon Society 3
Zoran Morvaj, Luka Lugari¢ and Boran Morvaj

Urban Complexity, Efficiency and Resilience 25
Serge Salat and Loeiz Bourdic

Evaluation of Energy Efficiency

Strategies in the Context of the European

Energy Service Directive: A Case Study for Austria 45
Andrea Kollmann and Johannes Reichl

Promoting Increased Energy Efficiency
in Smart Grids by Empowerment of Customers 67
Rune Gustavsson

Energy Consumption
Inequality and Human Development 101
Qiaosheng Wu, Svetlana Maslyuk and Valerie Clulow

Energy Efficiency on Demand Side 117

Effect of an Electric Motor on

the Energy Efficiency of

an Electro-Hydraulic Forklift 119

Tatiana Minav, Lasse Laurila and Juha Pyrhénen

Energy Efficiency Analysis

in Agricultural Productions: Parametric
and Non-Parametric Approaches 135

S. H. Mousavi Awval, Sh. Rafiee and A. Keyhani



X Contents

Part 3

Chapter 8

Chapter 9

Chapter 10

Part 4

Chapter 11

Chapter 12

Chapter 13

Chapter 14

Chapter 15

Chapter 16

Energy Efficiency in Buildings 159

Energy Consumption Improvement
Through a Visualization Software 161
Benoit Lange, Nancy Rodriguez and William Puech

Succeeding in Implementing

Energy Efficiency in Buildings 185

Mark Richard Wilby, Ana Belén Rodriguez Gonzalez,
Juan José Vinagre Diaz and Francisco Javier Atero Gomez

Improving Air-Conditioners’
Energy Efficiency Using Green Roof Plants 203
Fulin Wang and Harunori Yoshida

Energy Efficiency on Supply Side 225

Criteria Assessment
of Energy Carrier Systems Sustainability 227
Pedro Dinis Gaspar, Rui Pedro Mendes and Luis Carrilho Goncalves

The Need for Efficient Power Generation 255
Richard Vesel and Robert Martinez

Energy Efficiency Initiatives
for Saudi Arabia on Supply and Demand Sides 279
Y. Alyousef and M. Abu-ebid

A Comparison of Electricity Generation Reference Costs for
Different Technologies of Renewable Energy Sources 309
Alenka Kavkler, Sebastijan Repina and Mejra Festic

Recycling Hierarchical Control Strategy of Conventional
Grids for Decentralized Power Supply Systems 319
Egon Ortjohann, Worpong Sinsukthavorn, Max Lingemann,
Nedzad Hamsic, Marius Hoppe, Paramet Wirasanti,

Andreas Schmelter, Samer Jaloudi and Danny Morton

Energy Efficiency
and Electrical Power Generation 331
Hisham Khatib



Preface

Energy efficiency is finally a common sense term. Nowadays almost everyone knows
that using energy more efficiently saves money, reduces the emissions of greenhouse
gasses which cause climate change phenomena and lowers dependence on imported
fossil fuels like oil, gas and coal.

When we consider energy supply, energy efficiency is again the natural first step. By
eliminating wasteful consumption and losses in the supply chain, we are actually
increasing capacity of existing systems by creating so called 'negawatts', i.e. enabling
supply of more customers without additional investments into energy generation and
distribution capacities.

Therefore, whether we consider supply or demand side of an energy system, energy
efficiency is always the first thing to do.

However, after this step one should think off what follows? We are living in a fossil
age at the peak of its strength. Almost 90% of all primary energy used nowadays
comes from fossil fuels and nuclear. This is due to phenomenal increase in use of fossil
fuels as a consequence of rapid development of emerging economies. Competition for
securing resources for fuelling further economic development is increasing, price of
fuels will increase and geopolitical conflicts will become more likely as the availability
of fossils fuels would gradually decline.

All of these will make stable energy supply at predictable prices less and less likely.
We can see nowadays volatility of oil prices as a consequence of internal or external
struggles in the Middle East. There are threats to close mayor oil supply routes, new
energy partnerships are emerging, big oil companies are positioning themselves for
maintaining their leading position no matter what, renewables are on the rise although
not without hick ups, electric mobility is becoming more than eccentric dream, climate
change is finally accepted as the reality and an international agreement on facing these
challenges is emerging.

Evidently we are living in a rapidly changing word facing a multitude of challenges
caused by these processes of endless change, technological as well as geopolitical. One
consequence is growing complexity which has huge impact on society which requires



Preface

adequate policy response and timely implemented actions. The policy space that
climate change happily occupied for 5 to 10 years has temporarily been superseded by
other issues, like economic growth and bank recapitalization. We read so often there is
lack of leadership, lack of money, and so many challenges that are confronting us at
the same time. The bandwidth of political leaders is restricted, and short term
approach focusing mostly on the mandate at hand increases vulnerability of national
economies which are dependent on fossil fuel imports.

Small nations and small economies will be first to suffer if caught unprepared in the
midst of the struggle for resources among the large players. Here it is where energy
efficiency has a potential to lead toward the natural second step — transition from fossil
age into a bio-age!

This book aims to contribute to an increasing policy debate on transition from fossil
fuel based economies toward new low carbon bio-age. The book has 4 sections:

Section I Policy issues

Section II Energy efficiency on demand side
Section III Energy efficiency in buildings
Section IV Energy efficiency on supply side

Section I presents contemporary work on the EE and RES policies focusing on several
specific issues. Chapter 1 discusses smart energy cities in the context of transition
towards low carbon economy. Chapter 2 elaborates on urban complexity, efficiency
and resilience of the cites with implications on climate change mitigation and
adaptation. Chapter 3 evaluates energy efficiency strategies in Austria in the context of
the EU energy service directive. Chapter 4 approaches smart grids and energy
efficiency from the perspective of customers, while Chapter 5 looks into the issues of
energy consumption inequality and effects on human development.

Section II addresses the energy efficiency issues on the demand side of energy
systems. Chapter 6 presents a method for energy efficiency improvement of electro-
hydraulic working machines. Chapter 7 analyses energy efficiency of agricultural
production.

Section III looks into energy efficiency of buildings which are almost universally the
largest single category of energy end-users. Chapter 8 presents how to optimize an
energy management in buildings through visualization software, while Chapter 9
considers how to succeed in implementing energy efficiency in buildings. Chapter 10
presents in details the results of a research project focused on improving energy
efficiency of air conditioners using green roof plants.

Section IV deals with the EE issues on the supply side of energy systems. Chapter 11
presents criteria for assessment of energy carriers’ systems sustainability. Chapter 12
discusses energy efficient design of auxiliary systems in fossil fuel power plants.
Chapter 13 describes energy efficiency initiatives for Saudi Arabia both on supply and
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demand side. Chapter 14 provides cost comparison for electricity generation from
renewable energy sources for different technologies. Chapter 15 proposes efficient
control strategy for decentralized power supply systems. Chapter 16 discusses energy
efficiency and electrical power generation and gives a view on energy governance
issues.

Someone said that the only thing more harmefull then fossil fuel is fossilized thinking.
It is my sincere hope that some of chapters in this book will influnce you to take a
fresh look at the transtion to low carbon society and the role that energy efficeicny can
play in that process.

Dr. Zoran Morvaj,
United Nations Development Programme, New York
USA

X
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Smart Energy Cities - Transition
Towards a Low Carbon Society

Zoran Morvaj!, Luka Lugari¢? and Boran Morvaj?
United Nations Development Programme, New York
2University of Zagreb, Zagreb

IUSA

2Croatia

1. Introduction

We are living in a fossil age. More than 90% of energy nowadays comes from fossil fuels.
Fossil age still has some 100 years to go [1], but should we wait until the last moment before
we make a switch? Population is increasing, urbanization is increasing, price of oil will be
increasing, and eventually it will run out. The economies that delay transition to low carbon
society, especially if dependent on import of fossil fuels, are risking major upheavals.

The transition policies should be crafted now - and implementation should follow without
delay.

This of course entails a major shift in economies, and consequently there will be winners
and losers. The losers in this shift of focus would be the existing pro-status-quo groups,
lobbying to postpone changes. The winners may not even exist yet, which is why the
ongoing political debates are unbalanced because the losers know they will lose and fight
back now, but future winners still don't put up equally strong arguments.

The way out is by finding a long term roadmap, starting with national policies based on
local resources which could drive the transition away from imported fossil fuels. Authors
believe that this is a correct approach to a low carbon future, and should start in the cities -
the places where most people live and use energy for everyday life and business needs.

A multitude of policy and technology developments have emerged in the last 10-15 years
addressing sustainable development of cities, mitigation effects of climate change and
creating better living conditions for citizens. Large cities are using their vast resources to
search for their own development roadmap. However, a systematic approach does not exist
yet and cities develop their plans individually.

Small nations and developing economies will be first to suffer if caught unprepared in the
midst of the fast developing struggle for resources among the large players. Here it is where
smart energy cities have a potential to lead the transition - from fossil age into a bio-age!

This chapter proposes a way for transition to sustainable energy development focusing on
cities as implementing changes actors. The concept is created through the integration of
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practical experience from on-going projects and research results towards development of
energy resilient economies.

2. Definition of key terms and concepts
2.1 Pillars of the low carbon society

Throughout history, economic transformations occur when new communication technology
converges with new energy systems [2]. New forms of communication and new sources of
energy are cornerstones of managing complex civilizational challenges ahead. The fusion of
Internet, information and communication technologies (ICT) and renewable energy sources
(RES) enables development of nations toward a low carbon society, the focus of this chapter.

As outlined in Figure 1, there are 5 basic pillars of the low carbon society:

1. Energy efficiency: all energy losses must be either eliminated or minimized in
accordance with best available technologies;

2. Renewable energy sources: solar, wind, hydro, geothermal, biomass, ocean waves and
tides — their falling costs make them increasingly competitive;

3. Buildings as active consumers: Buildings that generate most of their energy needs from
locally available renewable energy sources;

4. Electro mobility: Electric vehicles, once deployed on a large scale will serve both as
means of transportation but also as energy storage units throughout the city;

5. Developing smart energy cities: An integrated effort of improving social, economic,
environmental systems in cities, with energy infrastructure transformed first, as an
enabler of further developments.

When these five pillars come together, they make up an indivisible sustainable development
platform —an emergent system, whose properties and functions are qualitatively different
than the sum of its parts.
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Fig. 1. Pillars of the low carbon society
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Interconnectedness between the pillars creates cross-industry relationships, a system called
distributed energy generation in which millions of existing and new businesses and
homeowners become energy players to the advantage of final beneficiaries - the citizens.

The citizens - people as shown by Figure 1, are the foundation of the approach. Transition
towards low carbon society must be consensual, involves change of behaviour and life style,
thus people participation is essential.

2.2 Smart energy city

The United Nations estimates that already over 50% of the global population lives in cities
[3]. Cities occupy only 2% of the Earth’s surface but are the point of use of 75% of all
resources required for everyday life and generate 75% of all waste [4]. Crucially, they
produce 80% of global greenhouse gas emissions. Energy use is responsible for
approximately 75% of these emissions, and 30-40% of that energy is used in buildings [5].
Sustainable future of the civilization depends to a great extent on changes in patterns of
energy use and supply in cities.

Taking all this into account, for a city to become a smart energy city, it needs to evolve and
address a multitude of technological and economic challenges in providing energy for basic
needs of their citizens.

A smart energy city satisfies all energy needs of its citizens and goes beyond to provide
innovative ways to increase the quality of life of its citizens in all areas. This is achieved by:

¢  Achieving the highest energy efficiency standards;

¢ Relying on local resources to provide for energy needs;

e Making all energy users active members of the local energy system;

¢  Developing smart homes and smart grids for demand management;

¢  Promoting electromobility;

¢  Using information to make insightful decisions on energy purchases or generation;
o  Getting foresight to resolve problems proactively;

e  Efficiently coordinating resources for effective operation of infrastructure systems.

An overview of key technologies and concepts which together comprise a smart energy city
is shown in Figure 2.

2.3 Smart grids
The basic energy infrastructure of a smart energy city is the smart grid.

A smart grid implies integration of generation, transmission and distribution operations,
monitoring and control functions, and suppliers and consumers through exchange of
information in real time. Some of the widely quoted features are still under development
while some have been implemented [6].

Buildings are the basic components of smart grids. The smart grid vision assumes all
buildings will have a small renewable energy source installed and in case of increase of
demand it can act as a small power plant, both externally to the grid and internally for its
own consumption. Levels of observation at the new power grid, along with pertinent
features are shown in Figure 3.
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Vital to creation of smart cities is advancing infrastructural systems by using knowledge and
technology in networking smart buildings.

2.4 Smart buildings

The definition of the term smart building has been used for more than two decades, and has
been constantly evolving. In the 1980s "smart" was a building with implemented passive
energy efficiency measures. In 1990s it was buildings with central, computer operated
energy management systems. Today it includes all previous meanings with the addition of
smart meters, networked appliances, advance energy management systems and renewable
energy sources.

Smart buildings communicate with its surroundings (i.e. the energy distribution networks),
and can adapt to conditions in the network, which building energy management systems
can monitor and receive signals from. Smart buildings communicate between themselves,
exchanging both information and energy, thus creating active microgrids . In general, the
key components of a smart building are [8]:

e Local energy generation - producing energy either to be used within the building or
injected to the grid;

e  Sensors - monitoring of selected parameters and submit data to actuators;

e  Actuators - which perform physical actions (i.e. open or close window shutters, turn on
appliance, etc.)

e  Controllers - monitoring inputs from sensors, managing units and devices based on
programmed rules set by user;

e  Central unit - used for programming and coordination of units in the system;

¢ Interface - the human-machine interface to the building automation system

e Network - communication between the units (RF, Bluetooth, wire);

¢  Smart meters - two-way, near or real-time communication between customer and utility
company.

Capabilities and features of a model smart building are illustrated in Figure 4.

A smart building acts as a grid node as an energy producer through installed renewables or
as an active participant in demand response management. Demand response (DR) programs
can be classified into three groups [9]:

¢ Incentive-Based: represents a contract between utility and customer to ensure demand
reductions from customers at critical times. This DR program gives participating
customers incentives to reduce load during the agreed period which may be fixed or
time-varying. Examples of the programs in this group are Direct Load Control and
Interruptible & Curtailable Load.

¢ Rate-Based: a voluntary program where the customer pays a higher price during the
peak hours and lower price during the off-peak hours. The price can vary in real time or
a day in advance.

¢ Demand Reduction Bids: refers to relatively large customers to reduce their
consumption. In this program customers send a demand reduction bid, containing
demand reduction capacity and the price asked for, to the utility.
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Fig. 4. Features of a smart building [6]

In an example given in [10], a demand response program based both on the price signal’s
value response and direct load control from the utility is considered. The imbalance of
supply and demand is interpreted as the result of increased or decreased consumption and
increased or decreased output of renewable energy resources. In case of shortage of supply,
the price signal’s value increases and buildings participating in the DR programme respond
by turning off controllable load(s).

Algorithms for reducing energy consumption and regaining energy capacities are shown in
Figure 5a and Figure 5b.

2.5 Energy management in cities
Energy management in cities can be defined as a continuous process aiming to [11, 12]:

e Avoid excessive and unnecessary use of energy through regulation and policy
measures that stimulate behavioural changes;

¢ Reduce energy losses by implementing energy efficiency improvement measures and
new technologies;

e  Monitor energy consumption of all major users based on direct measurements of
energy use (buildings, street lighting, water supply, public transport, etc.);

e Manage energy consumption by analysing energy consumption data and improving
operational and maintenance practices.

To ensure continuity of energy efficiency improvements, energy consumption has to be
managed as any other activity - an energy management system (EMS) must be
implemented.
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Essentially, energy management can be defined as a framework for ensuring continuous
improvement in efficiency of energy use. It is supported by a body of knowledge and
supported by measurements and ICT technology [13]. It does not only consider techno-
economic features of energy consumption but makes energy efficiency an on-going social
process calling for changes in behaviour and life style.

The energy management system (EMS) is a specific set of knowledge and skills based on
organizational structure incorporating the following elements:

¢  Motivated and trained people with assigned responsibilities;
e  Energy efficiency monitoring procedures inclusive of:

e  establishing baseline consumption;
¢  defining consumption indicators;

e setting improvement targets;

¢ Continuous measuring of energy use and improvement of efficiency until the best

practice is reached.
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The basic EMS concept and its key elements are shown in Figure 6.

A city’s energy management team is responsible for regular analysis of collected data
individually per building and aggregated analysis for all public buildings. The process of
regular energy use measurement and analysis, as shown in Figure 7, provides relevant
indicators that are needed for identification of measures that will lead to improved energy
performances of buildings.
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Fig. 6. Basic EMS concept in cities

2.6 Behaviour change

As said already, people are the foundation for introducing smart energy practices in cities
because they will need to adopt their habits and behaviour to new realities of sustainable
ways of energy use and supply.

The process of learning-while-doing and transfer of that knowledge from EE teams to the
citizens and provision of essential information feedback from the implementation level back
to the policy makers on national level in order to initiate policy adjustment is illustrated in
Figure 8. The information feedback provided through EE teams is essential for accurate and
objective analysis and evaluation of progress achieved and identification of needs for
adjustment and adaptation of EE policies being implemented.
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3. The contexts

When discussing any of the above definitions, terms or concepts, it is vital to put them in the
context of global energy supply situation, taking into account politics and technologies.

3.1 Geopolitics of energy supply

Global energy consumption will continue to rise regardless of the developed countries’
desire to see energy usage curbed. The reasons are that the population will continue to
increase, and emerging economies (notably the BRIC group - Brazil, Russia, India, and
China) would like to continue to grow. Available reserves of fossil fuels cannot grow at the
same rate and are also limited; consequently resource scarcity, especially energy, will
become an increasing reality.

In order to address this problem systematically, it is helpful to see [14, 15] what are the
world’s energy sources and energy sinks, and what are the underlying trends.

Figure 9 confirms the claim that we still live in a fossil age. Energy consumption is growing
at an accelerating rate in Asia (Figure 10) mostly because of the fast developing economy of
China and India. At the same time, these two economies are among the top 4 oil importers
(Table 1).

—=—Direct Solar Energy 0.1%=
/ —I— Dctan Engrgy 0.002%

2%

Huclsar
Energy 2.0% —
e Wind Energy 0.2%=

Hydropower 2.3%-

—— Geothermal Enengy 0.1%-

Fig. 9. Energy sources in total global primary energy supply [IEA, 16]
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Tables 1 and 2 show an imbalance between locations where the oil and gas resources are
found and extracted and where the major demand for these occurs. As a consequence, there
are is a multibillion dollar international energy commodity market, sensitive to speculations,
political manoeuvring, artificial intermittent shortages and gluts, conflicts and wars.

Most of the recent conflicts are caused by the desire to secure access to fossil fuels.

% of
Producers Mt world Net exporters Mt Net importers Mt

total
Russian Federation 502 12,6 | |Saudi Arabia 313 | [United States 510
Saudi Arabia 471 11,9 Russian Federation 247 People’s Rep. of China 199
United States 336 8,5 Islamic Rep. of Iran 124 | |Japan 179
Islamic Rep. of Iran 227 5,7 Nigeria 114 India 159
Peoples Rep. of China 200 5,0 United Arab Emirates 100 | |Korea 115
Canada 159 4,0 Iraq 94 | |Germany 98
Venezuela 149 3,8 Angola 89 Italy 80
Mexico 144 3,6 Norway 87 France 72
Nigeria 130 3,3 Venezuela 85 | |Netherlands 57
United Arab Emirates 129 3,2 Kuwait 68 Spain 56
Rest of the world 1.526 384 | [Others 574 | [Others 477
World 3.973 | 100,0 | [Total 1.895 | |Total 2.002
(2010 data) (2009 data) (2009 data)

Table 1. Global top crude oil producers, net exporters and importers

% of
Producers Mt world Net exporters Mt Net importers Mt

total
Russian Federation 637 19,4 Russian Federation 169 Japan 99
United States 613 18,7 Norway 101 Germany 83
Canada 160 4,9 Qatar 97 Italy 75
Islamic Rep. of Iran 145 4,4 Canada 72 United States 74
Qatar 121 3,7 Algeria 55 France 46
Norway 107 3,3 Indonesia 42 Korea 43
Peoples Rep. of China 97 3,0 Netherlands 34 Turkey 37
Netherlands 89 2,7 Malaysia 25 United Kingdom 37
Indonesia 88 2,7 Turkmenistan 24 Ukraine 37
Saudi Arabia 82 2,5 Nigeria 24 Spain 36
Rest of the world 1.143 34,7 Others 165 Others 253
World 3.282 | 100,0 Total 808 Total 820

Table 2. Global top natural gas producers, net exporters and importers
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Taking a longer term view, we are definitely facing two converging trends:

1. The consumption will continue to grow in most of the economies, including these that
are net exporters today (Tables 1 and 2);
2. The reserves of fossil fuels will gradually shrink.

As a consequence, net export capacity will shrink as well, making oil and gas more scares,
thus more costly, and thus even more potent tool for political blackmailing. Key players in
these games would be big economies who are still net importers (Tables 1 and 2). Small
economies and particularly developing ones should seek not to be a part of these future
struggles for resources.

But what are the alternatives?

3.2 Technologies

A view on current rising trend in utilization of renewable energy sources is given in Table 3.
According to a 2011 projection by the International Energy Agency, solar power generators
may produce most of the world’s electricity within 50 years, dramatically reducing the
emissions of greenhouse gases that harm the environment [17].Renewable energy sources,
although still only 1/10 of the global primary energy supply, are on the rise (Figure 11). At
the same time the costs of these new technologies were rapidly falling (Figure 12).

Indicator \ 2008 2009 2010
Global new investment in renewable energy (annual) billion USD 130 160 211
Renewables power capacity (existing, not including hydro) GW 200 250 312
Renewables power capacity (existing, including hydro) GW 1.150 1.230 1,320
Hydropower capacity (existing) GW 950 980 1,010
Wind power capacity (existing) GW 121 159 198
Solar PV capacity (existing) GW 16 23 40
Solar PV cell production (annual) GW 69 11 24
Solar hot water capacity (existing) GW-A 130 160 185
Ethanol production (annual) billion litres 67 76 86
Biodiesel production (annual) billion litres 12 17 19
Countries with policy targets # 79 89 98

Table 3. Selected global indicators of renewable energy sources [18]

The levelled costs of all RES technologies are approaching (some already are there) so called
grid parity with conventional power plants based on fossil fuels (Table 4).

Levelled cost is often cited as a convenient summary measure of the overall
competiveness of different generating technologies. Levelled cost represents the present
value of the total cost of building and operating a generating plant over an assumed
financial life and duty cycle, converted to equal annual payments and expressed in terms
of real dollars to remove the impact of inflation. Levelled cost reflects overnight capital
cost, fuel cost, fixed and variable O&M cost, financing costs, and an assumed utilization
rate for each plant type [19].
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Capacity U.S. Average Levelized Costs (2009 $/megaw atthour) for plants entering service in 2016
Plant Type i i i issi
yp Factor (%) Levelized Capital Fixed O&M Yarlat?le O&M Transmission Tota! System
Cost (including fuel) Investment Levelized Cost
Conventional Coal 85 65,3 3,9 24,3 1,2 94,8
Advanced Coal 85 74,6 7,9 25,7 1,2 109,4
Advanced Coal with CCS 85 92,7 9,2 33,1 1,2 136,2
Natural Gas-fired
Conventional Combined 87 175 1.9 456 12 66,1
Cycle
Advanced Combined 87 17,9 1,9 42,1 1,2 63,1
Cycle
Advanced CC with CCS 87 34,6 3,9 49,6 1,2 89,3
Con\{entlonal Combustion 30 458 37 715 35 1245
Turbine
Advanced Combustion 30 31,6 55 62,9 35 103,5
Turbine
Advanced Nuclear 90 90,1 11,1 11,7 1,0 113,9
Wind 34 83,9 9,6 - 3,5 97,0
Wind - Offshore 34 209,3 28,1 - 59 243,2
Solar PV' 25 194,6 12,1 - 4,0 210,7
Solar Thermal 18 259,4 46,6 - 58 311,8
Geothermal 92 79,3 11,9 9,5 1,0 101,7
Biomass 83 55,3 13,7 42,3 1,3 112,5
Hydro 52 74,5 3,8 6,3 1,9 86,4

Table 4. Estimated Levelled Cost of New Generation Resources [19]

For technologies such as solar and wind generation that have no fuel costs and relatively
small O&M costs, levelled cost changes rougly in proportion to the estimated overnight
capital cost of generation capacity. For technologies with significant fuel cost, both fuel cost
and overnight cost estimates significantly affect levelled cost. The availability of various
incentives including tax credits can also impact the calculation of levelled cost. The values
shown in the table 4 do not incorporate any such incentives. As with any projections, there
is an uncertainty about all of these factors and their values can vary regionally and across
time as technologies evolve.

However, making a long term energy policy decisions based on the current levelled cost of
technologies only is completely wrong.

Firstly, levelled will costs change in the future, but once we invested large amounts of funds
in a technology, we are trapped by the need to return the investment! There is no cheap and
easy way out.

Secondly, levelled costs do not show aggregated economic value of investing into local
renewable energy sources in the context of the national economy (even though renewables
are more expensive for the time being then fossil-based sources), especially against
importing fossil fuels to the value of 5-15% of GDP annually over some 30 years. With the
certainty of future price increases, prospects of insecurity of supply and eventual cease of
supply, set of decisions to make becomes increasingly difficult.

4. Proposed transition strategy for developing economies

The transition strategy proposed here addresses developing economies which depend on
imports of fossil fuels. For these economies, annual cost of total final energy consumed is
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generally above 10% of GDP, and very often around 20%. The cost of imported fuels is
anywhere between 30 and 70% of total energy costs, which corresponds with 5 - 15% of
GDP.

Introducing systematic energy efficiency increase programmes is the first step to be taken as
the transition away from imported fossil fuels because it could reduce national energy
expenditures by at least 20%. These significant funds can be reinvested back into the
economy and for further transition strategy implementation.

Further, over the long term perspective, as the global availability of fossil fuels shrinks,
prices of fuels will increase to unsustainable levels for developing economies, because the
competition for the resources will intensify. This affects security of supply, also increasing
the likelihood of international conflicts about resources would be more likely to happen, and
where developing countries are more likely to be put down by more powerful players.

Taking everything presented under consideration, renewable energy sources should be seen
nowadays as a credible alternative to the fossil fuels. Technologies are available, and prices
are falling. Every country has at least some of the renewable energy soureces in abundance.
The basic development path to be taken is that local development must be based on local
resources - natural and technological alike.

On the other hand, energy infrastructure development is time consuming and capital
intensive. Therefore the transition away from fossil fuels should be planned right now in
order to develop an energy resilient economy, able to face the more difficult situation
emerging some 40 years from now.

Based on these considerations, simple transition strategy objectives can be proposed:

Eliminate gradually the need for importing fossil fuels!
Base local development on local resources!

These goals can be achieved by most developing economies by 2050, if countries seriously
embark on this journey now. The goals have to be translated into sounds national policy
with a perspective of supporting policy implementation on local levels, in cities, counties
and regions.

Benefits from decreased energy consumption and decreased import costs for fossil fuels may
not be obvious for many policy makers at the national level and even more so in the cities.
Besides, eliminating imports of fossil fuels will require significant structural shifts in
economies. Therefore an Energy foresight study will need to be carried out in order to
charter a road map to a low carbon economy and elaborates impacts and necessary
adjustments on various economic sectors in the country.

The vantage point for considerations is the current energy mix, both at the supply and
demand sides (Figure 13). Total primary energy supply mix is taken into account, and
shares of individual energy sources are presented. The supply mix is dominated by fossil
fuels, which is still valid for all countries in the world. Increasing dependence on energy
imports is also a major factor, and system losses and other inefficiencies are accounted for
when determining final energy demand.

Further trends in both the supply mix and demand mix are calculated using traditional
analysis.
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Fig. 13. Planning the utilization and development of local resources in alignment with
national goals

Figure 13 represents a case that is quite common: 50% of total energy demands are fossil
fuels from imports; industrial energy consumption is at 20% of the total, transport is at 30%,
and buildings at 40% of total end use demand.

Targets for the transition strategy hereby are given as:

e implement a rigorous energy efficiency program aimed at improving EE in all sectors
by at least 20%;

¢ identify local natural resources and developed related technologies so that the energy
from RES can gradually eliminate all imported fossil fuels by 2050, which is 50% of
current demand;

e define transition targets for particular energy end-use sectors (Figure 14).
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We have underlined the word ‘imported’, because if a country has some fossil fuels of its
own, they should be used with care and saved as a strategic reserve.

The obvious sectors to target first for the transition are buildings and transport where
solutions are known and alternatives available. More difficulties are to be expected with
industrial sector. But that is why we put development of an Energy foresight study as a
mandatory step to get clear answers for structural changes in all sectors of the economy.
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LR ] compared to
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Low carbon
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Fig. 14. Targets for transition toward a low carbon society in key consumption sectors for
buildings

5. Smart energy cities - Implementation platform for transition

While concentrated action on the national level is required to develop and adopt energy
policy, policy implementation has to be performed at the local levels in the cities where
energy is consumed daily.

For cities which plan to apply local resource-based development approaches, the challenge
will be to translate the national transition strategy into local-level projects. For this is to
happen, an effective participatory local, city-level planning methodology is indispensable.
Through a consultative process, involving local stakeholders from the public and private
sectors, a territorial diagnosis should be carried out to assess resources, capacities and
economic opportunities that can facilitate transition process - a smart energy city action plan
must be produced.

The process has to optimize utilization of locally available resources and make use of the
competitive advantages of a locality to stimulate productivity in selected energy value
chains while promoting economic development and creating employment.

From the technology viewpoint, transition towards the smart energy city can be summed up
in three basic steps, as shown in figure 15:

1. Decreasing unnecessary energy loses by implementing an energy management system
and implementing measures to increase energy efficiency;

2. Managing demand to avoid consumption peaks;

3. Promoting distributed generation form renewable energy sources.

By installing smart grid technology such as home area networks, smart meters and demand
side management schemes, it is possible to control and optimize energy consumption so that
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the maximum value of the peak demand is decreased. Smart meters along with energy
management systems enable real time consumption monitoring both by consumers and
utilities and enable use of smart appliances. After installing smart meters, demand response
programs should be defined and implemented, which will enable an almost even
consumption throughout the day.

The next step is installing renewable energy sources such as roof-mounted PV, wind
turbines, biomass cogeneration plants, etc. as locally appropriate. They can be both local
micro energy sources installed in the buildings and larger energy sources built in the city or
nearby. This decreasew losses in transmission since energy sources are situated near the
consumption area. For installing smart meters and implementing demand response
programs, ICT needs to be combined with the electric grid, so it will be possible to control
and use the full potential of local distributed energy sources.

e Energy efficiency e Installing smart meters ¢ Building-size renewable
e Cutting unneccessary e Implementing demand sources
waste of energy inputs response program(s) e Local distributed
(electricity, gas, heat, ¢ Decreasing needed capacity energy generation
water) for peak demand e Energy storage for

power balancing

Fig. 15. Three groups of activities toward smart energy city

Monitoring the progress and verifying results are of paramount importance because this
should provide feedback data on success of the transition, and enable corrective policy
measures to be defined if required. Key aspect of the monitoring system is definition of
performance indicators to be measured. While the list of these could be quite extensive, key
performance indicators (KPI) are here simplified to the following:

e  KPI1: Total Energy consumption of building surface area (kWh/m?)

e  KPI2: Thermal non-fossil energy produced locally compared to total thermal energy
consumed in the city (MWh/MWh)

e  KPI3: Electrical energy locally produced compared to total electricity consumed in the
city (MWh/MWh)

e  KPI4: Use of non-fossil fuels for transport (renewable electricity, bio fuels) compared to
total energy use for transport in the city (%/ %)

While other indicators are also important, these four serve to monitor two basic policy
directions regarding smart energy - reducing energy consumption and increasing the share
of renewable energy sources for electricity generation, heat production and transport. The
presumed trend of change in accordance with the current policies in the EU of these KPI is
shown in Figure 16.

Performance measurement in any process will not improve performance by itself.
Performance data must be interpreted to plan and implement corrective policies and actions,
and more than anything - to change the way people use energy in order to achieve lasting
performance improvements.
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Since increasing energy efficiency at all levels is by a

ith current sustainability policies

1l means the first thing to do, and since it is

only natural that the public sector takes the lead, introduction of systematic energy management
in all public buildings should be the driver for implementation of transition strategy. This will
create necessary capacities in terms of organization, institutions, skills, competencies, awareness,
knowledge, IT and energy technologies infrastructure to serve as an implementation platform for
furthering the transition strategy towards achievement of its objectives (Figure 17).
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Fig. 17. Matrix structure of planning technology implementations for a smart energy city

Full implementation of energy management according to the smart building concept will
gradually remove these buildings from demand for fossil fuels. This is illustrated in Figure

18.



22 Energy Efficiency — A Bridge to Low Carbon Economy

Inception phase of
energy management

Installing
smart meters

programme

Energy and
financial savings

Investing
the savings

Implementing
demand response
programs

Price of meeting the
consumption

Optimizing
consumption

"X Kok

Collecting
data

H

@ Time[Years]

Implementing energy
efficiency in the buildings

[}
£
= 0
oo
2 £
v
gm
H

@ Installing local suistainable

energy sources

- Reducing the consumption by
30%
- Production equals actual

consumption
Collecting
data

Energy management
system
-Evaluating data
-Simulating possible
scenarios and plan of action
-Proposing solutions

- PV, wind turbines, biomass or
any other suitable source

- Local and/or large at the
outskirts of the city powerplants
- Installing energy storage for
power balancing

Fig. 18. Steps for transition to smart energy city with minimal initial investment

A well developed and functional energy management system in the city - inclusive of
adequate organizational structures, institutional support, competent people and appropriate
technology base, - presents a good foundation for transition towards the smart energy city
and low carbon economic development.

6. Conclusion

We are living in an energy fossil age at the peak of its strength. There are various forecasts
for how long it can still go on based on availability of fossil fuel reserves, but we believe this
is extraneous. If we know that sooner or later we will run out of oil and gas, should we wait
until the last drop dries out, or should we start acting earlier? Presumably, timely action is
advisable, particularly in the case of the energy sector, where restructuring of energy
infrastructure and changing of the energy mix is a time consuming and capital intensive
process.

Nowadays there is a general awareness of the environmentally harmful side effects of using
fossil fuels and geopolitical aspects of fossil fuel reserves and markets, inherent insecurity of
energy supply and volatility of prices. The further we go towards scarcity of fossil fuel
supplies, the greater the disturbances will be, and the higher the stakes in the struggle for
securing supply.

Smaller economies and developing nations will be first to lose in this struggle if caught
unprepared.
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But there is also an another aspect of this situation seldom emphasized: the cost of final
energy in developing economies is usually more than 15% of GDP, and often more than
20%. The money which goes for import of fossil fuels is anywhere between 30 -70% of the
annual energy bill which means around 5-15% of GDP. In addition, energy efficiency in
developing economies leaves a lot of potential for improvement - at least 20%. These two
facts are telling us that: firstly money is being wasted due to inefficient energy consumption,
and secondly there are significant capital outflows for import of fossil fuels.

With all the other concerns about the fossil fuels, these are the additional which should kick
us in the action - a transition towards low carbon economies, where imported fossil fuels
have to be gradually replaced by locally available renewable energy sources.

Appropriate national transition policies are required for the period of up to 2050, and cities
need to lead implementation of policies by transforming themselves into smart energy cites.
The first step can start now - by implementing systematic energy management in cities,
aiming at eliminating energy losses, further expanded by promoting distributed energy
generation from locally available renewable energy sources and finally introducing smart
meters, smart homes and smart grids.

Local natural and technological resources are the basis for local low carbon development - it
cannot be based on resources and technologies we don’t have. Charting the transition away
from imported fossil fuels and towards low carbon development, in the long run, has no
alternative.

The sooner we start, the better off we will be, because there is only one thing more harmful
than fossil fuels - fossilized thinking!
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1. Introduction

The relationships between urban forms and energy that are investigated in this chapter are
an example of a more general idea: the relationships between structures and energy. This
chapter aims at presenting structural laws that link urban-scale forms to their internal
organization and to their energy consequences, expressing them in a simple and innovative
way, and putting them in the broader context of complex systems energy. One of these
complex systems is life itself. Beyond their mathematical form, the structural laws of urban
energy deal with the relationship between forms and processes. If we want to create a
sustainable society, then each aspect of what we do must follow living systems structural
order. This structural order always results from a process. As Fritjof Capra explains in The
web of life (1996), systems thinking requires thinking in terms of relationships and patterns.

Urban form and spatial structure constrain cities’ functioning (individual spatial behaviours,
land use) and cities” flows (travel, energy, water) and, retroactively, their functioning
modifies both their morphology and their structure. The World Bank has recently pointed
out the need for more systemic approaches, taking into account both forms and flows
(World Bank, 2010). The Urban Morphology Lab works at dividing flows by a factor 2 to 4 -
and thus at the same time urban footprint - just by optimizing urban forms.

What are the urban morphology parameters that influence and determine the energy flows
going through cities? To answer this extraordinary difficult question, only a quantitative
analysis, based on a theory of urban structures can bring clarification. There is an urgent
need to address these issues. Cities are the main driver of climate change, the biggest energy
consumers, and the biggest greenhouse gas emitters. Urban structures are complex artefacts
that absorb energy and transform it into heat, according to thermodynamics laws.

When it comes to energy, one has to think in terms of making a more efficient use of
depleting resources instead of thinking in terms of replacing energy sources one by the
other. Any renewable energy cease being renewable if an intensive over-consumption is
made of it. The share of renewable energy in the global figure of urban energy supply has to
increase, but for renewable energy to be profitable, one should first increase energy
productivity in cities. A city four times denser consumes four times less land and sixteen
times less network infrastructure. And yet density variations between loose suburbs and
historical cores are within a factor 16...

But this chapter does not only question the spatial aspects of urban energy. On the contrary,
the approach encompasses a much broader scope. The temporal distribution of energy flows
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is at least as important as their spatial distribution. The temporal match between supply and
demand is for example critical to develop renewable energy. The distribution of energy
quantities and energy qualities is another aspect that is worth being investigated. Exergy-
based approaches that put a particular focus on energy quality and degradation provide
very beneficial insights to optimize energy flows within the city. Authors’ main objective in
this chapter is to encompass in a comprehensive way the structural parameters that make a
city be sustainable.

At the crossing between thermodynamics, industrial ecology and urban morphology, this
chapter summarises the lessons that can be drawn from several scientific fields and applied
to urban analysis. Section 2 aims at defining what urban structure is and introduces the
fundamental concept of urban complexity that is unfortunately rarely if never used -
perhaps because it is hard to handle. Authors particularly focus on the hierarchy of scales
within urban systems. Section 3 aims at highlighting the impact of urban structure and
complexity on cities’ structural efficiency and resilience. This dual approach rests upon
some major scientific breakthrough of the last decades, such as fractal theory or complex
systems thermodynamics. The approach though aims at a pragmatic objective, keeping in
mind that urban development is in the end primarily decided by policy-makers and urban
authorities. That is why authors eventually provide some examples showing the concrete
and practical implications that these results have on the real urban world: bioclimatic
comfort and passive urban structures, efficiency and resilience of urban transport networks.

2. About cities, urban structures and complexity
2.1 What makes a city a city?

There seems to be a great variety and complexity of cities around us. Yet approaching them
with a scientific spirit means looking for what is simple behind this seeming complication.
Paris and Tokyo, unlike Vienna, Barcelona or Kyoto, grew without a real general plan. But
their material structure, as impermeable as it may be to all forms of topographic regularity,
nonetheless evinces a very complex form of order, different for two cities, marking them
with the seal of an irreducible identity. Paris remains firstly “a gigantic mosaic”, closer to
the structure of Pergamon than to those of Le Corbusier “Contemporary City for Three
Million Inhabitants”. “A sort of bit territorial weave”, writes Bruno Fortier, “in which
passageways established on the land of former convents, quarries turned into gardens,
pagodas introduced into the civil fabric, remains of the World Map, connecting between
them a few of its monuments were found intact, playing a remote score that no project really
brought together.” (Fortier, 1989, p. 15)

Yet what emerges from plans of Paris, as of Tokyo, is never incoherent: on different scales,
the plans never cease to reveal stable structures, different for the two cities, where the course
of streets as deformed as it may be by the topography or simply by history, evidences
constants. The dense heart of Paris, like those of Hong Kong or Melbourne, that were
conceived by Europeans, present a grid with an average distance of 120 meters between
intersections, when it 50 m is more finely articulated urban settings such as Tokyo and
Kyoto. In both cases, the pattern is immediately picked up, on the interior this time, by a
remarkably dense interior. In every period, these cities chose in different manners, adapted
to their culture, to have recourse to a limited number of schemes whose presence structure
their cityscape.
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If we turn our attention to these cities without preconceived plans but which, beneath the
extreme variability of accidental forms, evidence astonishingly stable subjacent topological
and metric structures, along with “signatures” each time that identify their natures, we can
attempt to explore two questions. The first consists in asking if the invention of the city,
rather than investing in isolated projects, is not firstly a matter of “defining rules of
assembly and coexistence of a living, constantly open range of elements” (Fortier, 1989, p.
16). Today, the complexity of these rules of assembly has been lost in formal
impoverishment of modernism that has reduced the city to isolated objects. The ideal stock
of objects in the historical city had its own coherence that organized its interplay of full and
empty spaces, of breaks and continuities, of sequences and views. Modernism bequeathed
to us de-structured anti-forms that fail to give coherence to the city, and stand in the way of
its representation. But this view of the city, this hypothesis of a pragmatics of procreation
based on a coherent grammar of forms by no means excludes the considerable variations of
these grammars over time and space. This then is a second level of study that opens up and
that will be developed here, that of understanding the minimal threshold of complexity and
of articulation that makes for rule of organization of these urban wholes that constitute an
intelligible language and not a disorder of confused sounds, that produce a human
environment and not a bursting where a non-qualified void distends the discordant notes of
an urban harmony that seems forever lost. It is ultimately in search of these minimal rules of
organization of urban areas that we must go, not to copy the past but to move toward
morphologies that are at once vaster and more intimate, integrating scales never before seen,
of human concentrations of tens of millions of inhabitants, in urban areas that nonetheless
succeed in giving everyone the reassuring intimacy of a comprehensible neighbouring
space. These rules are those of complexity

2.2 Urban complexity

“What is complexity? At first glance, complexity is a fabric (complexus: that which is woven
together) of heterogeneous constituents that are inseparably associated: complexity poses
the paradox of the one and the many. Next, complexity is in fact the fabric of events, actions,
interactions, retroactions, determinations, and chance that constitute our phenomenal
world.” (Morin, 1990, p. 21). Two illusions, discussed by Edgar Morin, are to be avoided.
The first would be to think that the complexity is such that it is impossible to draw out
urban facts, clarity and distinct knowledge from the confusing and sometimes nebulous
cluster.! The second would be to conflate complexity and completeness. We know from the
start that a complete knowledge of the city is impossible: one of the axioms of complexity is
the impossibility, even in theory, of omniscience.

However, the aim of a complex approach to the city is to bring together different forms of
knowledge whose connections have been broken by disjunctive thinking. We are looking for
a multidimensional analysis integrated by overarching universal laws that govern cities as
well as the size and the distribution of clusters of galaxies, the evolutionary tree for species
or the frequency and amplitude of economic cycles (Nottale et al., 2000). Complex thinking
strives to establish the greatest possible number of connections between entities that must be

! Le Corbusier thought, by simplifying and classifying, atomizes the city into independent elements like
those of a machine. Complex thought on the contrary refuses the mutilating and unidimensional
conception of modernist simplification.
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distinguished from one another but not isolates. In this it has the same structure as the cities
that Nikos Salingaros (2006) showed to be living only if they establish a very great number
of connections. In the realm of thought, Edgar Morin observed that Pascal had posited
precisely that “all things being caused and causing, assisted and assisting, mediate and
immediate, and all of them joined by an intangible natural bond that connects the most
distant and the most variant.” (Morin, 1990)

This general bond between all things brings us to pose the problem of the relationship of the
whole and the parts and the links that they establish on different scales. Recent
morphological theories conceive of forms not only as autonomous entities but also and
especially globally as totalities irreducible to the sum of their parts. This is a point that
Salingaros stresses: complex systems ordered by a hierarchy of coupling forces of short and
long range, cannot be broken down into parts (Salingaros, 2006). This is also a point on
which Ilya Prigogine insists. “One of the most interesting aspects of dissipative structures is
their coherence. The system behaves as a whole, as if it were the site of long-range forces.”
(Prigogine & Stenger, 1984, p. 171)

Urban complexity can be understood as successive urban scales, revealing hierarchical
levels of organization within a city. In these hierarchies, some sets of consecutive levels
display a much better determined arrangement than others, which are much looser. The
description of a “well structured” set generally introduces the notion of structure: the higher
level element is broken down into lower order elements according to a well-defined scheme
that can often be predicted to a great extent beforehand. The hierarchical order linking the
frequency of appearance of elements to their size is, as we will see, a fractal order (see
section 3.1). Generally speaking, fractal theory is a theory concerning the broken, the
fractured, the scattered or yet about the granular, the porous, the tangled. But the strength
of the theory is to have identified an order beneath the disorderly appearance of these
irregular forms: the complex order of objects folded in multiple ways.

Urban limits, and the size and distribution of land uses and networks obey fractal laws
(Frankhauser, 1994). The notion of fractal structure accounts for the economic localization of
urban activities. On a still higher scale, it makes it possible to synthesize the analysis of
urban density with the notion of the hierarchy of central places. Urban geography and in
particular the theory of central places underscore the fact that cities exist not in isolation but
rather as part of hierarchic systems that Batty and Longley (1994) demonstrate obey in rank
and size a fractal distribution.

The hierarchy between urban scales, from the neighbourhood to the city, from the brick to
the building, is a fundamental aspect of urban complexity.

3. Complexity, efficiency and resilience

Urban world is experiencing a never before seen growth. When put into perspective with
climate change issues, fossil energy scarcity and poverty issues, this growth highlights the
crucial need for more sustainable cities, be it on the energy or socio-economic side.
Concerning climate change, two concepts play the major role: mitigation and adaptation to
climate change. Mitigation aims at decreasing the amount of greenhouse gas emitted in the
atmosphere to reduce the effects of climate change. On the other hand, adaptation is an
anticipated approach to prepare to the inevitable effects of climate change.
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The Urban Morphology Lab investigates these two concepts, putting them into perspective
with two related ones: urban efficiency and urban resilience. Cities’ efficiency is closely
related to climate change mitigation. Considering cities, how can one get better services and
more well-being with less resource consumption and less negative impacts? Urban resilience
is related to climate change adaptation: what is the ability of a given city to resist to a series
of endogenous and exogenous stresses (increase in resource prices, socio-economic
instability, rise in temperature, and rise in sea level...)? Both will be crucial in the century to
come in the climate change and resource scarcity compelling context.

3.1 Efficient cities

Various prisms allow investigating cities” structural energy requirements. Thermodynamics
is one of them. However, using thermodynamics to assess cities energy efficiency appears to
be everything but easy. Classical thermodynamics, that is widely based on the second law of
thermodynamics (entropy maximization principles), fails to properly assess cities (Salat &
Bourdic, 2011). Classical thermodynamics is fundamentally based on reductionist
assumptions: any system can be analyzed as the sum of its elements. As authors have been
explaining throughout this chapter, this reductionist approach is nothing but adequate for
cities. Another reason for this failure is that classical thermodynamics has been developed to
analyze closed systems. But cities are mainly driven by external flows: energy flows,
material flows, information flows, etc. Cities are not closed systems. Cities exist because of
their openness. As such, applying classical thermodynamics to cities is a nonsense.
Fortunately, recent developments in thermodynamics provide interesting insights for open
flow-driven systems such as cities.

Building on these recent developments, the Urban Morphology Lab bridges the gap
between several fields of thermodynamics and shows essential results that have direct
implications on urban energy efficiency issues. Salat and Bourdic (2011) base their
demonstration on three main scientific areas:

e Prigogine’s non-linear thermodynamics applied to open flow-driven systems
(Prigogine, 1962, 1980)

¢ Kay’s work on industrial ecology (Kay, 2002), analysing order emergence as a response
from the system to make a more effective use of the available energy flows

e Bejan’s “constructal theory”, predicting the type of structure the most likely to emerge
in a complex flow-driven system (Bejan & Lorente, 2010).

This chapter is not the place for digging into very theoretical aspects of thermodynamics
and complex systems theory. That is why authors invite the reader interested in these
fundamental aspects to refer to Salat and Bourdic (2011). To make a long story short, these
three approaches are converging into a very same idea: open complex systems tend to be
structured in the most energy-efficient way that is based on a power law distribution. In an
open complex system, energy considerations impose a relationship between the different
scales of the system. It imposes a mathematical relationship between the size of a given
element and the number of elements of this size: few big elements, more medium-size
elements, and a big number of small elements.

This power law distribution gives the number of elements (multiplicity) as a function of
their size, as shown in Figure 1.
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Fig. 1. Power law distribution, linking the multiplicity to the size of elements in a system.

The mathematical formula for such a power law distribution is given in Equation (1), where
A is a constant and m the fractal dimension of the distribution?.

multiplicity =

size™ @
Power laws have a tremendous importance in many natural phenomena. They allow
describing a wide range of distributions with analogue properties: many small objects and
few large objects, many small events, and few large events. This structural law is
omnipresent in natural phenomena involving flows: lung and river basin structures, blood
system, trees... But these types of distribution are also omnipresent in man-made
phenomena - under the name of Pareto distributions -, be they social, economic or cultural:
size of cities, wealth within a society, or even the number of visits to internet websites.
Interestingly, these types of distributions, the one structuring natural flows, the other
unconsciously structuring man-made organizations, are two sides of the same coin.

After a long time of evolution, after numerous processes of construction and destruction, a
whole series of systems have become more and more efficient over time, by moving toward
more efficient structures. This motion has been an increase in structural complexity. To
become efficient, systems have complexified at each and every scale, from the biggest
elements to the smallest ones. For this purpose, authors introduce the concept of scale free
complexity which speaks for itself: concerning complexity, there is no predominant scale.

Making good use of these hard-core science theories, the Urban Morphology Lab applies
them to cities. There is in fact no reason why this law that applies to all complex systems

2 It is fundamental for the reader to notice that this relationship is non-linear. If there are X elements of
size 100, the adequate multiplicity for the elements of size 50 is not simply 2X. On the contrary, it is
given by the equation (1). For a detailed analysis of this formula in urban context, see Salat (2011).
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should not be used to improve urban efficiency. This fundamental law can indeed help
make urban systems structurally more efficient, by respecting the right hierarchy of scales in
urban systems: some big elements, a medium number of medium-size elements, and a very
big number of small elements. As it will be shown later on in this chapter, this framework is
a generic one, that applies to a wide range of parameters: transport networks, size of
courtyards and buildings, socio-economic structure... To easily handle this structural law,
the Urban Morphology Lab has created an innovative tool-box aiming at assessing the
structural efficiency of urban structures (see section 4).

3.2 Resilient cities

Another interesting insight from the theory of complex systems deals with resilience.
Understood as the ability to overcome endogenous or exogenous stresses, crisis and shocks,
cities’ resilience is an issue that is worth being investigated in current context. Cities will be
confronted to a whole series of stresses throughout the century to come: water stress,
increase in urban population, socio-economic crisis, natural resources scarcity, climate
change, etc. This section aims at presenting the influence of urban structures on cities’
resilience.

For this purpose, let us briefly open a parenthesis to introduce and explain the difference
between a tree and a leaf. Mathematically speaking, a tree and a leaf have extremely
different structures. Let us consider a small branch in a tree. It belongs to one, and only one
bigger branch (see Figure 2). If you cut the bigger branch, the small branch falls and dies.
The leaf structure on the contrary gives rise to a much bigger complexity. A small vein does
not only “belong” to one bigger vein in the leaf, but to several (see Figure 3). A leaf is
entirely structured by interconnected loops at every scale: there is a scale-free feedback
looping. This point constitutes the fundamental difference between leaves and trees. If you
cut a vein in leaf, the sap flow will be entirely compensated through the upper and lower
levels of veins: the leaf survives.

Fig. 2. A tree structure (Portoghesi, 1999).
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Fig. 3. A leaf structure (Portoghesi, 1999).

Surprisingly, this point has direct implications on cities and urban networks. Since Edison,
electricity and energy networks have classically been structured like trees: a big remote
power plant unit pouring the electricity flow into overhead high voltage power transmission
lines, eventually reaching the consumer after having been cascaded into a series of lower
voltage power lines. Tree-like structures are not resilient: cutting a branch in the tree leads
to the loss of all the small branches belonging to this branch. Damage in the big remote
power plant or in the high voltage line impacts a whole part of the network. On the
contrary, leaf-like structures are resilient: damage in a vein of the leaf is immediately
compensated by flows in parallel circuits, causing less if not no damage in the rest of the
leaf. Analyzing leaves and trees’ structures, Corson (2010) shows that redundancy?® within
leaves’ venations improves the tolerance to damages.

This result has direct implication on transport networks (Dodds, 2010; Katifori et al., 2010)
and can also be transposed to all sorts of urban networks: electricity, energy, water, waste,
etc. The tolerance to damages and shocks can be interpreted as the adaptation and resilience
ability of urban systems. Multi-scale interconnected loops, redundancy and connectivity
could thus lead to an improvement of the resilience and adaptability of urban networks. In
the climate change and resource scarcity context, instabilities and shocks will become more
and more frequent, and adaptability and resilience become all the more crucial
Theoretically speaking, creating interconnected loops at every scale of urban networks
correspond to a move toward a leaf-like structure at the urban scale, and therefore a move
toward more adaptive and resilient structures.

Urban tissues resilience is an indicator for cities” stability and has therefore a strong
influence on long term economic value. Resilience of urban systems is heavily dependent on
its level of redundancy. In a highly dense and connected city with high levels of complexity,
functional mix allows sparing significant amounts of inputs (materials, energy...).
Furthermore, high levels of complexity and density make it easier to manage residual needs
in a circular economy structured by feedback loops at every scale.

3 Redundancy stands for the multiplication of elements or functions of a system to improve its stability
and its reliability. Since each element rarely fails, and is supposed to fail independently from the others,
the probability of all redundant elements failing is extremely small.
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4. Concrete implications for the urban world

The investigations presented earlier in this chapter may appear dry and theoretical to the
reader. However, they have very sound, concrete and direct implications on cities.

4.1 Bioclimatic comfort, heating and cooling energy efficiency

Heating and cooling requirements represent a very significant part of urban energy
consumption, respectively in cold and hot climates. The current trend is to foster energy
efficiency of systems (heating and cooling systems) and buildings (insulation and glazing).
The approach of the Urban Morphology Lab rests on a wider understanding of urban
efficiency. This approach, inspired from von Weiszicker et al. (1997), is based on 4 leverages
to improve urban efficiency, as shown in Figure 4.

, Urban Building Form and
Climate > Morphology > Technology
|
hd
Energy Systems' Individual Final energy
E?ffkfmcy > Behaviors — consumption

Fig. 4. Four leverages to improve urban energy efficiency (displayed in italics).

Whereas most of the current efforts aim at improving buildings’ technology and energy
systems’ efficiency, very significant reductions in final energy consumption can be achieved
by tackling the two other leverages that are urban morphology and individual behaviours.
The Urban Morphology Lab mainly focuses on the first leverage that is responsible for a
factor 2 to 2.5 in the final energy consumption. In other words, everything else being equal,
a city with an appropriate urban morphology has a structural energy consumption that is 50
to 60% smaller than another city with a “bad” urban morphology. This section shows how
complex urban structures can be structurally more efficient than simple ones.

Taken as a whole, a city is nothing else but a membrane exchanging a wide range of flows
with the outside: air, heat, solar radiations, etc... The following analysis aims at showing
how fractal theory can help optimize the interface between the building and the outside,
with the example of passive zones. The concept of passive zone is described in the LT-
method (Baker & Steemers, 1996) as being the area in the building within a distance from a
perimeter wall, usually between 6 and 8 meters, depending on the floor to ceiling height (see
Figure 5). These passive zones benefit from natural lighting and natural ventilation, but also
from useful solar gains in winter. The energy consumption associated with lighting and
ventilation is thus expected to be lower in these zones, an important part of lighting and
ventilation being ‘free’. On the contrary, these zones suffer from heat loss through the
envelope and from unwanted solar gains in summer.
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Passive zone : bm

Fig. 5. The passive zone is located less than 6 meters from the facade (Ratti et al., 2005).

But as building technologies improve significantly at the present time, notably concerning
glazing and insulation, the share of this unwanted phenomenon in the overall energy
consumption figure will tend to diminish significantly in the future. In the office buildings,
energy consumption is mostly associated with lighting, ventilating and cooling, even
though the outside temperature is low. Concerning residential buildings, improved glazing
and insulation will diminish the share of heating in the overall energy consumption figure
in a close future. As it is already the case in office buildings, the share of ventilation, lighting
and cooling will increase.

Strategically speaking, the role of passive zones will become more and more significant in
the coming years and decades, as the benefits from improvements of insulation and glazing
will become marginal. The more passive zones in the building, the better. Unfortunately, it
is much harder to improve the passive volume ratio* of a building than its insulation. This
ratio entirely depends on the original form of the building. If the passive volume ratio of a
building is low, it is almost impossible to change it, but to destroy and rebuilt. Whereas
improving insulation or glazing is a matter of months or years, improving passive volume
ratios is a matter of several decades, i.e. the lifespan of the building.

The approach defended by the Urban Morphology Lab though rests upon an ability to scale
up urban issues. Passive volume ratios are a characteristic on the building scale. But
considering this issue from the neighbourhood or the district scale provides interesting
insights. The following analysis is based on the neighbourhood scale. It aims at showing
how passive volume ratio may increase as urban fabric becomes more complex. In the six
situations, the zone under consideration is a 200x200m square, in which the building
occupies 70% of the available floor area. The first three examples display simple urban
organizations on which most of modernist cities have been based.

Figure 6 displays a mono-block structure, typically a tower. Passive zones are in green
whereas non-passive zones are in black. The passive volume ratio (PVR) is only 17%, which
is extremely low and leads to high energy consumptions notably for lighting, ventilation

4 The passive volume ratio corresponds to the ratio of the volume of passive zones within a building
over the total volume of the building.
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and cooling (even in cold climates). The reader will certainly notice that unfortunately most
of the office buildings - where energy consumption is mainly associated with lighting,
ventilation and cooling - are towers...

Fig. 6. One block, PVR=17%.

Figure 7 and Figure 8 display two other structures, with the exact same floor area ratio. The
passive volume ratio remains below 60% in both cases.

Fig. 7.9 blocks, PVR=46%.

Fig. 8. Linear buildings, PVR= 58%.

Figure 9, Figure 10 and Figure 11 show three structures based on square courtyards, with a
growing complexity. The construction is directly inspired from fractal theory, and more
precisely from a Sierpinski carpetS. Figur