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Preface to the Second Edition

Twelve years have elapsed since the publication of the first edition of Physics of Solar
Energy. During the one dozen years, dramatic changes have emerged in solar energy
and related fields. A new edition is needed to reflect those advances.

First, from 2010 to 2022, the price of solar panels has dropped from $2 per watt to
$0.2 per watt, a full order of magnitude. The cost reduction made solar electricity the
least expensive of all energy sources in most places on the Earth. In the future, solely
based on economics, solar energy will become a main source of energy.

Second, around 2010, lithium-ion rechargeable battery was almost exclusively ap-
plied to portable electronics, such as laptop computers, cellular phones, digital cameras,
hand-held tools, etc. In 2020s, lithium-ion battery has been massively applied to au-
tomobiles and utility-scale energy storage. Because solar radiation is intermittent, to
make solar energy the main source, energy storage is a necessity. Lithium-ion battery is
the most versatile energy storage device. Logically, the 2019 Nobel Prize for chemistry
was awarded to John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino
for their contributions to the development of the lithium-ion battery. The Nobel Prize
press release concluded with “It can also store significant amounts of energy from solar
and wind power, making possible a fossil fuel-free society.”

Third, around 2010, light-emitting diodes (LED) accounted for less than 1% of
the illumination market. In 2022, it grew to more than 50%. It is expected to reach
almost 100% in 2025. As a reverse process of solar cells, LED is also based on a
semiconductor pn-junction. The efficiency of LED lights is more than 10 folds higher
than that incandescent light, and its lifetime is more than 10 times longer. Logically,
the 2014 Nobel Prize in Physics was awarded to Isamu Akasaki, Hiroshi Amano and
Shuji Nakamura “for the invention of efficient blue light-emitting diodes which has
enabled bright, long-lasting, and energy-saving white light sources”.

Last but not the least, in 2015, the United Nations Framework Convention on
Climate Change (UNFCCC) held the 21st Conference of the Parties in Paris, where
a legally binding international treaty on climate change was reached by 196 parties,
known as the “Paris Agreement”. Accordingly, all countries or regions signed up to
that treaty should propose and implement their nationally determined contributions to
reduce their greenhouse gas emissions in order to limit the increase of global average
temperature following the goals of the Paris Agreement. The implementation of the
above technological advances becomes a globally coordinated endeavor.

To reflect those advances, in the second edition of the book, several new sections
are added, including Section 1.1 entitled Shaping a More Livable World, Section 1.4
entitled A Rechargeable-Battery Primer, and Section 8.4 entitled Light- Emitting Diodes
for Illumination. Because of the importance and richness of contents, a new Chapter
Rechargeable Batteries is added. Accordingly, the title of the second edition of the
book is changed to Physics of Solar Energy and Energy Storage.

Besides adding new contents, in view of the recent advances in fundamental physics,
the presentation is also modernized. The common theoretical basis for solar cells, LEDs,
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and rechargeable batteries is quantum mechanics. 1t is the centerpiece of modern
physics. In the first edition, essential quantum mechanics was presented in Chapter 7
and Appendix C. It follows the traditional formulation based on Hilbert space, where
the dynamic variables of point particles are represented by Hermitian operators. The
crown jewelry of the traditional formulation, Wolfgang Pauli’s 1925 algebraic solution
of the hydrogen atom problem, was presented in detail because of its mathematical
beauty. Nevertheless, my teaching experience showed that the traditional formulation
of quantum mechanics was difficult to understand, and not useful to explain solid-state
physics and chemistry, as related to solar energy and energy storage.

The 2023 Nobel Prize in Physics elables a natural view of wavefuncions, the central
concept in quantum mechanics. Using attosecond light pulses, atomic and molecular
wavefunctions, also called as orbitals, were imaged experimentally in real space [74, 43].
It showed that Schrédinger’s wavefunction is a physical field, the same as electromag-
netic fields. Teaching quantum mechanics becomes much easier. The confusing and
paradoxical concepts such as Hilbert space, von Neumann axioms, complex operators,
uncertainty relations, Born statistical rule, and wave-particle duality, are eliminated.
All wavefunctions are real and they never collapse. Complex number is an optional
mathematical tool for time-dependent phenomena, same as in electromagnetics. In
Chapter 7, A Quantum Mechanics Primer, a conceptually and logically consistent ele-
mentary quantum mechanics is presented at a sophomore level for all natural scientists
and engineers. It is the foundation for the understanding of atomic physics, molecular
physics, solid-state physics, chemistry, molecular biology, including the interaction of
radiation with atomic systems. More mathematical details of Section 7.3, The Chem-
ical Bond, can be found in Chapter 4 of the third edition of Introduction to Scanning
Tunneling Microscopy, Oxford University Press 2021, entitled Atomic Forces. In Ap-
pendix G, entitled Quantum Measurement in Light of Experiments, some basic concepts
concerning the understanding of quantum mechanics are presented.

In Spring 2009, I started to teach a graduate-level course Physics of Solar Energy at
Columbia University. I sincerely thank Professors Irving Herman, Cevdet Noyan, and
Richard Osgood for assistance to establish the new course. The first edition of this book
was based on the lecture notes of that course. I especially thank Marina Zamalin, the
Associate Dean of Online Education of the School of Engineering and Applied Science,
to establish a Columbia Video Network (CVN) course. I sincerely thank Professor Marc
Spiegelman for assistance to establish an updated course, Physics of Solar Energy and
Energy Storage, for the Fall semester 2023 and on. For 14 consecutive years, the Physics
of Solar Energy course has attended by several hundreds of students, mostly graduates.
I heartily thank their valuable feedback to improve the course.

C. Julian Chen

Columbia University
in the City of New York

August 2023



Preface to the First Edition

One of the greatest challenges facing mankind in the twenty-first century is energy.
Starting with the industrial revolution in the 18th century, fossil fuels such as coal,
petroleum, and natural gas have been the main energy resources for everything vital
for human society: from steam engines to Otto and diesel engines, from electricity to
heating and cooling of buildings, from cooking and hot-water making, from lighting to
various electric and electronic gadgets, as well as for most of the transportation means.
However, fossil fuel resources as stored solar energy accumulated during hundreds of
millions of years are being rapidly depleted by excessive exploration. In addition, the
burning of fossil fuels has caused and is causing damage to the environment of Earth.

It is understandable that alternative or renewable energy resources, other than
fossil fuels, have been studied and utilized. Hydropower, a derivative of solar energy,
currently supplies about 2% of the world’s energy consumption. The technology has
matured, and the available resources are already heavily explored. Wind energy, also
a derivative of solar energy, is being utilized rapidly. The resource of such highly
intermittent energy is also limited. Nuclear energy is not renewable. The mineral
resource of uranium is limited. The problems of accident prevention and nuclear waste
management are still unresolved.

The most abundant energy resource available to human society is solar energy. At
4x10% EJ /year, it is ten thousand times the energy consumption of the world in 2007.
For example, if 50% of the sunlight shining on the state of New Mexico is converted
into useful energy, it can satisfy all the energy needs of the United States.

The utilization of solar energy is as old as human history. However, to date, among
various types of renewable energy resources, solar energy is the least utilized. Cur-
rently, it only supplies about 0.1% of the world’s energy consumption, or 0.00001% of
the available solar radiation. Nevertheless, as a result of intensive research and devel-
opment, the utilization of solar energy, especially solar photovoltaics, is enjoying an
amazingly rapid progress. Therefore, it is reasonable to expect that in the latter half
of the 21st century solar energy will become the main source of energy, surpassing all
fossil fuel energy resources.

Similar to other fields of technology, the first step to achieve success in solar en-
ergy utilization is to have a good understanding of its basic science. Three years ago,
Columbia University launched a master’s degree program in solar energy science and
engineering. I was asked to give a graduate-level course on the physics of solar en-
ergy. In the spring semester of 2009, when the first course was launched, 46 students
registered. Columbia’s CVN (Columbia Video Network) decided to record the lectures
and distribute them to outside students. Because of the high demand, the lectures
series for regular students repeated for two more semesters, and the CVN course on
the physics of solar energy was repeated for seven consecutive semesters. This book is
a compilation of lecture notes.

The basic design of the book is as follows. The first chapter summarizes the en-
ergy problem and compares various types of renewable energy resources, including
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hydropower and wind energy, with solar energy. Chapter 2, “Nature of Solar Radia-
tion,” presents the electromagnetic wave theory of Maxwell as well as the photon theory
of Einstein. Understanding of blackbody radiation is crucial to the understanding of
solar radiation, which is described in detail. Chapter 3, “Origin of Solar Energy,”
summarizes the astrophysics of solar energy, including the basic parameters and struc-
ture of the Sun. The gravitational contraction theory of Lord Kelvin and the nuclear
fusion theory of Hans Bethe for the origin of stellar energy are presented. Chapter
4, “Tracking Sunlight,” is a self-contained but elementary treatment of the positional
astronomy of the Sun for nonastronomy majors. It includes an elementary derivation
of the coordinate transformation formulas. It also includes a transparent derivation
of the equation of time, the difference between solar time and civil time, as the basis
for tracking sunlight based on time as we know it. This chapter is supplemented with
a brief summary of spherical trigonometry in Appendix B. The accumulated daily di-
rect solar radiation on various types of surfaces over a year is analyzed with graphics.
Chapter 5, “Interaction of Sunlight with Earth,” presents both the effect of the atmo-
sphere and the storage of solar energy in the ground, the basis for the so-called shallow
geothermal energy. A simplified model for scattered or diffuse sunlight is presented.
Chapter 6, “Thermodynamics of Solar Energy,” starts with a summary of the basics
of thermodynamics followed by several problems of the application of solar energy, in-
cluding basics of heat pump and refrigeration. Chapters 7-10 deal with basic physics
of solar photovoltaics and solar photochemistry. Chapter 7, “Quantum Transition,”
presents basic concepts of quantum mechanics in Dirac’s format, with examples of or-
ganic molecules and semiconductors, with a full derivation of the golden rule and the
principle of detailed balance. Chapter 8 is dedicated to the essential concept in solar
cells, the pn-junction. Chapter 9 deals with semiconductor solar cells, including a full
derivation of the Shockley—Queisser limit, with descriptions of the detailed structures
of crystalline, thin-film, and tandem solar cells. Chapter 10, “Solar Photochemistry,”
presents an analysis of photosynthesis in plants as well as research in artificial photo-
synthesis. Various organic solar cells are described, including dye-sensitized solar cells
and bilayer organic solar cells. Chapter 11 deals with solar thermal applications, in-
cluding solar water heaters and solar thermal electricity generators. The vacuum tube
collector and the thermosiphon solar heat collectors are emphasized. Concentration so-
lar energy is also presented, with four types of optical concentrators: trough, parabolic
dish, heliostat, and especially the compact linear Fresnel concentrator. Chapter 12
deals with energy storage, including sensible and phase-change thermal energy storage
systems and rechargeable batteries, especially lithium—ion batteries. The last chapter,
“Building with Sunshine,” introduces architectural principles of solar energy utilization
together with civil engineering elements.

Experience in teaching the course has shown me that the student backgrounds are
highly diversified, including physics, chemistry, electrical engineering, mechanical en-
gineering, chemical engineering, architecture, civil engineering, environmental science,
materials science, aerospace engineering, economy, and finance. Although it is a senior
undergraduate and beginning graduate-level course, it must accommodate a broad spec-
trum of student backgrounds. Therefore, necessary scientific background knowledge is
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part of the course. The book is designed with this in mind. For example, background
knowledge in positional astronomy, thermodynamics, and quantum mechanics is in-
cluded. For students who have already taken these courses, the background material
serves as a quick review and as a reference for the terminology and symbols used in this
book. The presentation of the background science is for the purpose of solar energy
utilization only, along a “fast track.” For example, quantum mechanics is presented
using an “empirical” approach, starting from direct perception of quantum states by
a scanning tunneling microscope; thus, the quantum states are not merely a mathe-
matical tool but a perceptible reality. The scanning tunneling microscope is also an
important tool in the research for novel devices in solar energy conversion.

At an insert of the book, a gallery of color graphics and photographs is constructed
and compiled. It serves as a visual introduction to the mostly mathematical presenta-
tion of the materials, which is useful for intuitive understanding of the concepts.

During the course of giving lectures and writing the lecture notes, I have encoun-
tered many unexpected difficulties. Solar energy is a multidisciplinary topic. The
subject fields comprise astronomy, thermodynamics, quantum mechanics, solid-state
physics, organic chemistry, solid-state electronics, environmental science, mechanical
engineering, architecture, and civil engineering. As a unified textbook and reference
book, a complete and consistent set of terminology and symbols must be designed which
should be as consistent as possible with the established terminology and symbols of the
individual fields, but yet be concise and self-consistent. A list of symbols is included
toward the end of the book.

I sincerely thank Professors Irving Herman, Richard Osgood, and Vijay Modi for
helping me setting up the solar energy course. I am especially grateful to many busi-
ness executives and researchers in the field of solar energy who provided valuable in-
formation: Steve O’Rourke, then Managing Director and Research Analyst of Deutsch
Bank, currently Chief Strategy Officer of MEMC Electronics, for detailed analysis of
solar photovoltaic industry. John Breckenridge, Managing Director of investment bank
Good Energies, for information on renewable energy investment in the world. Robert
David de Azevedo, Executive Director of Brazilian American Chamber of Commerce,
for information and contacts of renewable energy in Brazil. Loury A. Eldada, Chief
Technology Officer of HelioVolt, for manufacture technology of CIGS thin-film solar
cells. loannis Kymissis, a colleague professor at Columbia University, for two guest
lectures in the Solar Energy Course about organic solar cells. Section 10.5 is basically
based on literature suggested by him. Vasili Fthenakis, also a colleague professor at
Columbia University, for valuable information about economy and environment issues
of solar cells. John Perlin, a well-known solar energy historian, for kindly sending
me electronic versions of his two books. George Kitzmiller, owner of Miami Pluming
and Solar Heating Company, for showing me a number of 80-years-old solar hot water
heaters still working in Miami. Margaret O’Donoghue Castillo, President of American
Institute of Architects, for introducing me to the geothermal heating and cooling system
in ATA, New York City. Mitchell Thomashaw, President of Union College, Maine, for
letting me eyewitness the history of solar energy in the United States through brokering
the donation of a Carter-era White House solar panel to the Solar Energy Museum in
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Dézhou, China. Academician Hé Zuoxiu, a prominent advocate of renewable energy,
for helping me establish contacts in renewable-energy research and industry in China.
Li Shensheng, Professor Emeritus of Beijing Normal Institute, for kindly gifted me an
autographed copy of his out-of-print book Taiydngnéng Wulixué. Published in 1996,
it is probably the first book about the physics of solar energy in any language. Mr.
Huédng Ming, founder and CEO of Himin Solar Energy Group and Vice President of
International Solar Energy Association, for many inspiring discussions and a visit to
Himin Corp, including an impressive production line for vacuum tube solar collectors.
Professor Huang Xuéjié, a long-time researcher of lithium rechargeable batteries and
the founder of Phylion Battery Co., for many discussions about electric cars and a
tour to the production lines of Phylion. Mire Ma, Vice President of Yingli Green En-
ergy Group, for valuable information and a tour to the entire manufacturing process
of solar-grade silicon, solar cells and solar modules. Last but not least, the book could
not be written without the patience and support of my wife Liching.

C. Julian Chen

Columbia University
in the City of New York

April 2011



Chapter 1

Introduction

1.1 Shaping a More Livable World

The progress of human civilization depends critically on the utilization of energy. The
modern industrial revolution is intimately associated with the generation and conver-
sion of energy, as evidenced by the sequence of inventions that greatly improved the
living conditions of human society, see Table 1.1.

In the 18th century, the invention and improvement of steam engine not only drove
up the modern industry, but also revolutionized transportation, especially trains and
steamboats. The invention of light bulbs by Thomas Edison in 1878 started the era
of centralized generation and transmission of electrical power. The steam turbine was
invented. After the invention of the internal combustion engines (ICE), including the
Otto engine (gasoline engine) and the Diesel engine, the efficiency is increased to more
than 20%. And The ICE is significantly lighter than the steam engine. Transportation
was revolutionized. Petroleum-based liquid fuels took central stage.

In the 20th century, the worldwide industrialization made an explosive expansion
of energy generation and conversion. The invention of airplanes and the widespread
application of electricity accelerates that trend. Figure. 1.1 shows the annual consump-
tion of energy in different sectors, the data of 2015 in the United States. The total
energy consumption is 102.9 EJ. The largest sector of energy consumption is electricity,

Table 1.1: Inventions in energy conversion

Year Invention Inventor

1712 Original steam engine ~ Thomas Newcomen
1764 Improved steam engine James Watt

1807 Steam boat Robert Fulton
1814  Steam locomotive George Stephenson
1861 Gaseline engine Nicolaus Otto
1884  Steam turbine Charles Parsons
1898  Diesel engine Rudolph Diesel
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Figure 1.1 Energy consumption 6.86 EJ
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counts for about 10%.

accounts almost 40%. The second largest is transportation, roughly 28%. Residential
and commercial consumption account for about 10%.

1.1.1 Fossil Fuels and Beyond

In the early years of industrial revolution, up to late 19th century, coal was the main
source of energy. For example, in 1750, Britian was producing 5.2 million tons of coal
per year. By 1850, it was producing 62.5 million tons per year, more than 10 times
greater than 1750. The efficiency of steam engine is much less than 10%. Currently,
coal is still the main source of electrical energy in the world. Especially in many third-
world countries, coal is the dominating source of electricity. In advanced industrialized
countries, natural gas started to replace coal to become the main source of electrical
power generation. After the invention of the internal combustion engines in late 19th
century, an explosive growth of petroleum derivatives is seen.

Currently, fossil fuels are still the main source of energy, including coal, petroleum,
and natural gas. Figure 1.2 shows the global consumption of fossil fuels from 1800 to
2021. The numbers are shown in Table 1.2. The surge of coal burning in early 21st
century is because third-world countries like China and India are in an early stage of
industrialization, and coal is indispensable. Nevertheless, the reliance in fossil fuels
creates many problems detrimental to human civilization. Here is a short list.

1. The distribution of fossil fuel resource is extremely uneven over the world. Ac-
cording to a recent report by United Nations, about 80 percent of the global
population lives in countries that are net importers of fossil fuels — that is about
six billion people who are dependent on fossil fuels from other countries, which
makes then vulnerable to geopolitical shocks and crises.

2. The burning of fossil fuels generates pollutions detrimental to environment and
public health. One example is nitrogen oxides (NO,,). Because air contains about



