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Preface

This book is about the science and technology of tiny structures that are
able to improve the quality of life while simultaneously achieving huge
reductions in the use of fossil fuels. The ultimate goal of this technology
is to reduce carbon dioxide emission and other waste for the preserva-
tion and improvement of the world’s ecosystems and for the well-being
of humanity.

Our current ways of building and powering the modern world are
damaging its atmosphere, oceans, lakes, forests, and fields. The threats
to people, animals, and plants are manifold; Figure P1 illustrates some
well-known aspects of these threats (based on selected references 1-6).
Over the past 100 years or so, mankind has gradually and often pain-
fully learned the importance of managing pollution and degrada-
tion of the environment due to deforestation, excessive irrigation, and
too-intense farming. As a consequence, some products and practices
have been modified or banned, and less-polluting new products have
emerged. Better farming and land management are also gradually evolv-
ing. Unfortunately, most of the beneficial changes have followed only
after serious environmental damage became obvious. We may be able to
break the current cycle of accelerating damage from climate change, but
climate is a hard nut to crack because it is influenced by so many factors
and has both global and local aspects.

The whole earth—atmosphere ecosystem is under threat. This sit-
uation is an unprecedented challenge for humanity, and one that has
implications for all aspects of our daily lives. Establishing better ways to
provide and use energy is at the core of the solution and is a multifaceted
task involving many products and most human activities.

And let us not forget that the world population is growing. Currently
(2010), it is somewhat below 7 billion and, according to the United
Nations, it is not expected to stabilize until it has exceeded 10 billion
sometime in the coming 100-200 years. The enormity of this popu-
lation growth cannot be understood without a historical perspective.
Demographers estimate that there may have been 170-400 million peo-
ple alive on earth in the year 1 A.D. It took more than one and a half

Xiii
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FIGURE P1 A color version of this figure follows page 200. Panorama
over climate changes and some of their impacts. Panel (a) shows increas-
ing global mean temperature and associated rise of global average sea
level since 1850. (Reproduced with permission from Climate Change
2007—The Physical Science Basis. Working Group I Contribution to
the Fourth Assessment Report of the IPCC [Intergovernmental Panel on
Climate Change], Cambridge University Press, Cambridge, U.K., 2007,
http://ipcc-wgl.ucar.edu/wgl/) Panel (b) indicates the increasing trend
of extreme rain events over India, specifically the mean rainfall during
the four highest rain events every season during 1951-2000. (From B. N.
Goswami et al., Science 314 (2006) 1442-1445. With permission.)
Continued
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Apparent average surface temperature on July 15, 2003, in the Montreal CMA
Classification according to the average temperature (26.22°C)
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FIGURE P1 Continued) Panorama over climate changes and some of
their impacts. Panel (c) depicts the urban heat island effect for the case
of Montreal, Canada; yellow, red, and violet denote temperatures 3, 6,
and more than 7°C above the mean temperature of 26.2°C as a result of
the built environment. (From http://www.urbanheatislands.com. With
permission.) Panel (d) indicates distribution shifts in marine fishes, spe-
cifically how North Sea fish distributions have moved to more northern
latitudes in the case of cod (A), anglerfish (B), and snake blenny (C) dur-
ing the period from 1977 to 2001. (From A. L. Perry et al., Science 308
(2005) 1912-1915. With permission.) Continued
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FIGURE P1 (Continued) Panorama over climate changes and some of
their impacts. Panel (e) is a satellite image of wildfires outside San Diego,
California. (From http://earthobservatory.nasa.gov/wildfires San Diego.
With permission.) Panel (f) shows the break-up of ice sheets in the Arctic
and the accompanying deterioration of the habitat for polar bears. (From
J. Zillman, G. Pearman, Climate Change: Global and Local Implications,
Presentation to the Australian Academy of Technological Sciences and
Engineering, March 1, 2007; http://www.atse.org.au/uploads/ccsb010307.
pdf. With permission.)
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Preface XVii

millennia, until 1650, for the figure to reach just 500 million. In the
following centuries, however, the population began to grow more rap-
idly, so that by around 1800 there were 1 billion people in the world.
By 1950, world population was over 2.5 billion, and in the following 50
years it more than doubled to 6 billion. As the population has exploded,
so also has the need for more food, water, housing, transportation, con-
sumer goods, social services, and energy.

The solutions to the energy problem lie in both technology and human
behavior. The way we influence these is through new basic and applied sci-
ence as well as global, national, and local community policies. Economists
and politicians seek policies that balance between future economic losses
as the environment degrades and the near-term costs and future economic
benefits of various actions. Both sides of this equation involve huge num-
bers, amounting to trillions of dollars on a global scale.

Of all possible mechanisms for reducing energy use, the economi-
cally most viable one—even far ahead of requiring payment for carbon
emissions—is the development and application of new low-cost tech-
nologies. These technologies must either drastically reduce emissions or
act as super-efficient carbon sinks, capabilities that are made possible
through green nanotechnology. This book is focused on the technolo-
gies to reduce emissions. The carbon sinks may be provided by new bio-
technologies that are being advanced by nanoscience-based techniques
enabling engineering and measurement at the level of the single cell.
Developing both technologies will require large R&D resources, and the
best scenario may include carbon trading in the near term to provide the
incentives for the transition. If these new technologies eventually take
over, future generations may look back and wonder why we ever put up
with the dirty systems we have now. Taxing carbon emission will then
be unnecessary. Indeed, we learned a long time ago that if one has the
option of a clean water supply, one does not use water from a polluted
stream. Once mankind experiences a new world based on clean systems,
the parallel choice in energy will also be obvious.

All technologies ultimately use molecules or materials. Nanoscience
is changing the world of materials, and hence its influence will be both
broad and deep. We have observed at various forums around the world
in the early 2000s that leading corporations and many governments and
international bodies are very alert to opportunities in “green” nanotech-
nologies and keen to invest in them. It is also apparent to us that research
efforts have tended to be too narrowly focused, with many scientists and
business people following trends and glamour, just as in the “fashion”
industry. This often means that media of various kinds—not exclud-
ing scientific journals—tend to emphasize costly and long-term solu-
tions at the expense of functional, affordable, and near-term options.
We hope this book can change this, and that it will open readers’ eyes
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to a fascinating vision of how technology and nanoscience can merge
and lead to commodity scale products to help preserve our planet.
Commodities, by definition, are widely used and affordable, so most
current solar technologies—including solar cells—do not yet qualify as
such. These technologies have a long way to go, but we hope they will
achieve commodity scale status with the help of nanotechnology.

A first step in imagining a clean and sustainable future is to think
differently about everyday products—in particular, how they influence
the amount of energy we utilize. Almost everything we use can be made
much more energy efficient. Steel plate can be replaced with stronger
lightweight porous panels; skyscrapers can be built in new ways; displays
for computers and TVs can be made super energy efficient. The second
step is to understand the role of nanotechnology in these changes, in the
modification or replacement of materials and products. With these two
steps, one can begin to appreciate the vast potential of nanotechnology
for meeting the “green” challenge.

A valuable side effect of most nanotechnologies is that they inherently
put us in closer touch with the natural world, which in itself has excellent
psychological and health benefits. In more natural environments, school
children learn faster, and workers enjoy their work more and are thus
more productive. Unfortunately, many 20th-century technologies—such
as fluorescent lamps and air conditioning—were sterile and depressing
and separated people from the external environment. In contrast, the
technologies we will cover in this book are dynamic, uplifting, and tuned
to the environment. Figure P2 illustrates some of these new options (based
on selected references 7-10).

Some words on terminology are in order. The title of this book
includes “nanotechnology,” and we have already used “nanoscience”
several times above. Of course, science can be viewed as enabling tech-
nology, but in many cases the terms nanotechnology and nanoscience
can be used interchangeably without loss of clarity. We see no need to be
rigid on this matter. There is also a tendency today toward “nano-any-
thing,” and we add our own little bit in all innocence by using “nano-
tortiglione” to describe some nanostructures. The interest in “nano” has
soared tremendously during the last 10-15 years. However, the field is
not as new as it may seem, and the apparent novelty is partly a result of
terminology. Today’s nanoparticles are often the same as the “ultrafine”
particles in earlier literature.

This book is broadly organized as follows: Chapter 1 introduces
“green nanotechnology” and explains what it means and why we are
interested in it, as well as indicating what it can accomplish. This chap-
ter is also intended as an invitation to those who want to enter studies of
a new technology that has lots to offer if applied wisely. Chapter 2 then
sets the scene for the bulk of the book by discussing the energy flows
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in nature—in particular, of solar and thermal radiation, and the light
that we perceive with our eyes. This discussion will lead to a number of
idealized properties of materials that make the most of what nature has
to offer in order to accomplish energy efficiency and the utilization of
solar energy and natural thermal flows, primarily for the built environ-
ment. We speak here of “materials in harmony with the environment.”
Chapter 3 takes us into the science of real materials and introduces their
optical properties with a focus on nano-based features. The main point
here is to demonstrate how real materials can mimic the idealized per-
formance put forward in Chapter 2. The remaining Chapters 4-8 are
topical and devoted to in-depth discussions of materials, and devices
based on them, for a number of buildings-related applications. Chapter
4 treats windows capable of giving good visual indoors—outdoors con-
tact, and Chapter 5 treats luminaires capable of illumination using elec-
tricity or daylight. Chapter 6 covers heat and electricity, and discusses
nanomaterials-based solar collectors and solar cells. In Chapter 7 we
then turn to coolness and how it is produced, which is an important
topic that has been sadly neglected in the past. Our emphasis here is on
surfaces with high albedo (“whiteness”) and on materials and devices
for using the clear sky as a heat sink. Chapter 8 contains brief discus-
sions of a number of supporting nanotechnologies, specifically for air
sensing using nanostructured oxides, air cleaning by photocatalysis,
thermal insulation with nanomaterials, and novel devices incorporat-
ing nanomaterials for electrical storage. There are a few minor over-
laps between the “basic” Chapters 2 and 3 and the “technical-topical”
Chapters 4-8; these overlaps are intentional and serve, we hope, to
facilitate the reading of the later chapters. Chapter 9 summarizes the
main results and attempts to define the elements of a scenario in which
we make good use of what green nanotechnology can offer to lessen
the burdens caused by increasing global and local temperatures and
waning natural resources of every kind. The book concludes with two
appendices, one on thin-film deposition and the other on abbreviations,
acronyms, and symbols.

The book can be read in different ways, and it does not have to be
studied from the first page to the last. Chapter 2 is a foundation for
most of what follows, though, so leaving out that part of the book is
not a good idea. Chapter 3 is mainly of interest to materials scientists
who want to understand how the optics of nanomaterials works from a
fundamental perspective, and it can be omitted if the purpose of reading
the book is to get an overview and not dig too deeply. The “topical-
technical” Chapters 4-8 can be read in any order without serious loss of
context. Throughout the chapters there are “boxes” devoted to discus-
sions of topics in particular depth or for discussing matters that presup-
pose that the reader has a solid background in science.
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This book represents the authors’ best attempt to bring together a
number of topics with a great deal of internal cohesion both for applica-
tions and for the significance of nanofeatures regarding the materials
that are involved. Some aspects may be given a more cursory discus-
sion than some readers would expect, whereas other aspects are cov-
ered in more detail than in earlier texts. For example, we do not discuss
nanostructured solar cells in much detail, and there are two reasons for
that. First, there are many excellent reviews already; second, large-scale
applications of solar cells in the built environment may be problematic
because they tend to heat up the air around the buildings and generate
a need for increased air conditioning. On the other hand, we do discuss
methods for preventing excessive temperatures and for passive cooling
more elaborately than has been done in earlier buildings-related litera-
ture. Windows and luminaires are discussed in considerable detail. We
cover air sensing and air cleaning by use of nanomaterials, although
perhaps not to the extent these topics might warrant, since these tech-
nologies are in the early stages of R&D. The same could be said for
nanomaterials-based thermal insulation.

FIGURE P2 (Facing Page) A color version of this figure follows
page 200. Panorama over some aspects of green nanotechnologies.
Panel (a) shows a low-energy commercial building in San Francisco
with energy-efficient glazing and natural ventilation. (From PIERS,
High Performance Commercial Building Systems, Lawrence Berkeley
Laboratory, Berkeley, California, 2003; http:/buildings.lbl.gov/hpcbs/
pubs/HPCBS-FinalProgPPT10-28-03.pdf.) Panel (b) illustrates part of
the roof of Melbourne’s airport; it is coated with a paint that strongly
reflects solar energy and also cools at night so that the air condition-
ing loads are much reduced. (From R. Lehmann, private communica-
tion (2009) and http://www.SkyCool.com.au.) Panel (c) depicts a daylit
section of the “Soltag” experimental building at Velux A/S, Hersholm,
Denmark; photo by Adam Merk. (From K. Valentin-Hansen, Velux A/S,
Heorsholm, Denmark, private communication. With permission.) Panel
(d) is an electrochromic smart window with electrically variable trans-
parency; two rows of panes are fully dark, and one row is fully trans-
parent. (From Sage Electrochromics, Inc. [2009]; http://www.sage-ec.
com/pages/projgallery_comm.html. With permission.) Panels (e) and (f)
show the authors of this book in action, specifically with GBS along-
side a spectrophotometer set up to measure optical properties of small
and large area nanostructured glazing and lighting panels, and CGG
in front of an “advanced gas evaporator” for making nanoparticles of
well-defined sizes. Equipment such as those in panels (¢) and (f) underpin
many aspects of green nanotechnology.
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XXii Preface

The scope of green nanotechnology is not limited to the one we
focus on in this book, namely, solar energy and energy efficiency in
buildings. Many human activities that we have not covered have large
energy-related and environmental footprints. These include chemical and
materials processing, water provision and quality, food production and
processing, transport, biomedical technology, and manufacturing of con-
struction materials. In these areas also, there is much scope for improve-
ment through the application of nanoscience and nanotechnology. For
example, metallic materials can have their properties enhanced by inclu-
sions on the nanoscale. It is also noteworthy that the most used of all
artificial materials, concrete, can be viewed as a nanocomposite, as can
most ceramic materials.
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CHAPTER 1

Green Nanotechnology
Introduction and Invitation

1.1 WHAT IS NANOTECHNOLOGY?

Nanotechnology makes use of materials whose structures have char-
acteristic features on the nanoscale (i.e., on the scale of 10~ meter [a
nanometer, nm|). Obviously, this size is a very small one compared to
objects we have around ourselves, but it is not particularly small on
an atomic scale [1]. Indeed, characteristic distances between atoms in a
solid are of the order of 10-1° meter (a tenth of a nanometer, also called
an Angstrém), so a piece of material whose side is one nm may con-
tain hundreds or up to a thousand atoms. This means that, normally,
a nanomaterial shows some resemblance to a normal solid comprising
the same atoms, but it is typically modified to achieve some superior
property such as higher strength, different electromagnetic properties,
permeability to a fluid, or some other quality. A higher strength may
mean that less material is needed to accomplish a given task; different
electromagnetic properties may mean that we can harness the sun’s rays
more efficiently in a solar energy conversion device or that we can build
better electrical generators, and achieving a desired permeability may
lead to improved filtering technology to remove undesired substances
from water or air. Of course, these examples can be multiplied almost
ad infinitum. Figure 1.1 illustrates the size of various things and sets
“nano” in the proper perspective.

Thus, nanotechnology enables us to achieve material properties that
were previously impossible, impractical, or too expensive for use on a scale
large enough to have a global impact on energy use and supply. Almost
certainly nanomaterials will continue to surprise us for years to come
with unexpected characteristics and new applications. This also makes
them attractive for scientists looking for stimulating research avenues.
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FIGURE 1.1 The size of nanoobjects in the context of the size of things in general. (From http://www.gly.uga.edu/railsback/
Sizeof Things.html. Used with permission of Professor Bruce Railsback, Department of Geology, University of Georgia.)
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two decades, thereby opening up new vistas and many opportunities for
materials design. This research field is so vast and diverse that at pres-
ent it is largely unexplored. Such diversity can be counter-productive,
though, and means that good scientific understanding and a strategic
approach to materials development are essential, because empirical pos-
sibilities at the nanoscale are almost endless. To draw an analogy, it is
as though we had suddenly developed the practical ability to travel the
universe and needed to decide where to head first, knowing little 