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Preface

In 2001 I went on vacation to Alaska and had the good fortune to be able to visit
quite a few glaciers, on foot, in kayaks and by small plane. I recall at one point
walking along a path from the parking lot towards the face of a glacier some two
miles away and seeing a sign that said, simply, ‘1951’. I began to pay attention to the
museum pictures, tour guides and signs at other glaciers and it dawned on me that,
of the many glaciers that I had seen, every single one had retreated by a substantial
amount in the past 60 to 100 years. When I returned home, curious as to exactly
what I had seen in Alaska, I began to investigate the scientific literature on climate
change and environmental issues much more intently. I had already taught a course
in environmental physics in 1999, focused mainly on energy, but I do not think the
magnitude or significance of climate change had really sunk in until I saw those
retreating glaciers. This gave me a much broader picture of the interconnectedness of
the environment and our global dependence on fossil fuels. My technical under-
standing has continued to deepen over the intervening years and I hope this book
conveys the significance of some of those connections.

When I was born there were about 2.5 billion people in the world. We are now at
7.4 billion. Furthermore, three quarters of the world has a much higher standard of
living than they did 65 years ago. This near tripling of the population and the
associated increase in per capita resource use is the basis of many environmental
issues facing the world today. Technology has given us vaccines, antibiotics and a
steep increase in agricultural productivity, which is part of the explanation for the
sharp increase in population. However this same technology has led to increased
pollution, contaminated water, destruction of natural biological systems, antibiotic
resistant bacteria, a dependence on mono-crop food sources and many other
undesirable environmental effects. Chapter 1 of this book is an introduction to
population dynamics and the associated problems for the environment.

From my readings since 2001 I have learned that the landscape encompassing
environmental issues changes quite rapidly. Few researchers 30 years ago would
have predicted the current boom in natural gas due to hydraulic fracturing, or that
electricity from wind energy in many parts of the US and elsewhere would become
cheaper than coal. These facts were not completely evident just ten years ago when I
wrote my first book on environmental physics1. However the physical principles
needed to understand these transformations have not changed and this idea—that
known physical laws can be applied to novel physical problems in the environment—
is a core theme of this book. The first and second laws of thermodynamics, introduced
in chapters 2 and 3, still limit the efficiencies of energy conversions to less than 100%.
Heat engines will always be limited by the Carnot cycle efficiency. However,
sometimes clever technology can enhance overall performance. Capturing the
forward kinetic energy of a slowing vehicle to be used later, examined in chapter 8,

1 Some of the material in this book is adapted (with permission) from my earlier book, Fundamentals of
Environmental Physics, Island Press, 2010, Copyright 2010, Kyle Forinash.
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is an example where the same fundamental concepts can be used to evaluate and
understand an old problem and extended to study a new solution, and perhaps
provide tools to improve on it.

Technologies using fossil fuel resources, the topic of chapter 4, are, for the most
part, mature and well developed. We are unlikely to see huge gains in the efficiency
of coal or natural gas power plants. Hydraulic fracturing and the retrieval of
petroleum from tar sands are examples of the application of new technology to the
retrieval of existing energy resources, but at the cost of a much smaller energy return
on energy invested in recovering those resources. The world still has dozens of years
of fossil fuels left, perhaps as many as 100 years, but eventually these sources will
have to be replaced. Their role in climate change ought to be an argument for their
replacement sooner rather than later.

Renewable resources, discussed in chapter 6, mostly involve new technologies
which are still under intense development. Cheap, commercially available photo-
voltaic solar cells have efficiencies of less than 20%, but laboratory efficiencies are
reaching 50% and these new technologies will reach the market in the near future.
But in order to make a smooth transition between non-renewable and renewable
energy it is important to become aware of many physical constraints. How many
new windmills or photovoltaic cells and with what efficiency and output are needed
to entirely replace global electricity from coal or natural gas? The answer depends on
the available technology but it is not a trivial number. Renewables, including
hydroelectricity, sill count for less than 20% of the global primary energy supply, so
if we want to phase out fossil fuels in the near term we need to start building more
renewable systems soon, and lots of them.

Do we have an efficient and large enough means to store renewable energy so that
it is available when renewable resources are not (chapter 7)? It should be clear given
the low energy density of all renewable resources that energy storage is a key factor
in consuming significant amounts of renewable energy. This is a core question which
remains unanswered but must be solved using the tools of science and engineering,
not opinion or politics.

Another core element of this book is to introduce some of the technical issues
surrounding nuclear energy (chapter 5). Some parts of the world (China) are busy
building dozens of nuclear power plants while others (Japan and Germany) are
seeking to move away from nuclear energy as fast as possible. Other places remain
undecided (the US). Having a basic understanding of how nuclear power plants
function is a prerequisite for any citizen to have an intelligent, well-formed opinion
either for or against nuclear power.

The basic features of why we have a climate (chapter 9) are easily understood
from a physics perspective, although there are many subtleties in the details. It is
clear from very simple calculations that changing the amount of carbon dioxide in
the atmosphere (which humans are doing quite rapidly on a geological time scale)
should cause changes in surface temperatures on the Earth or any planet or satellite
with an atmosphere. Paleo-climate and planetary data show this to be the case and
recent data also show a direct link between carbon dioxide and global temperatures,
confirming well-understood physical theory. Unfortunately temperature is not the
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only effect of human caused climate change. We are just now becoming aware of
many other potential problems having to do with additional carbon dioxide in the
air and oceans and many of these changes may have grave consequences.

A final consideration for evaluating a potential solution to any environmental
issue is a cost benefit analysis. To do this properly the physical risks must first be
assessed before any economic issues are introduced. In many cases a probabilistic
estimate of the physical risk is relatively straightforward and possesses a high degree
of accuracy. No environmental solution, no matter how clever from a technical
aspect, will succeed if there are cheaper alternatives, even if those alternatives have
undesirable features associated with them. The best way to internalize the external
costs of technology is often not obvious and these decisions suffer from political and
social biases but a first step is to accurately evaluate the cost of those externalities and
the associated risk involved. A brief overview of these issues is given in chapter 10.
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Chapter 1

Population and its effects

We can achieve no lasting solution to any of the major environmental problems
facing modern society without a thorough understanding of population demo-
graphics. The population of the world and how it lives has transformed radically in
the past 200 years, and these changes have had an enormous effect on the global
environment. This chapter relates a few basic statistical facts about the global
population to their impacts on natural resources and the global environment. Also
included is a brief discussion of how the amount of contact with a chemical
substance is determined in various situations and how to go about investigating
whether there is a statistically significant outcome related to that exposure.

1.1 Population
For the first time in human history a single generation has seen the global population
double in their own lifetime. There were about one billion people in the world in
1800 and it took 130 years for that number to double to two billion. It only took
45 years, starting in 1930, to reach four billion in 1975. The global population is now
7.4 billion, having added one billion people in the past 12 years (UN 2015). The
exponential growth in the world’s population is a major driver of today’s environ-
mental problems, from use of resources such as energy, food and water, to problems
associated with pollution, waste disposal and climate change (treated in chapter 9).

Where and how people live are also changing and this compounds the problems
caused by the steep increase in population1. In 1900 about 13% of the world’s
population lived in urban areas. By 2008 the number of urban dwellers passed the
number of rural residents and by 2050 the percentage of the global population living

1The IPAT equation was one of the first attempts to quantify the impact of population and consumption on
the environment. =I PAT where I is impact, P is population, A is affluence andT is technology (Commoner
1972). There are other, similar attempts to quantify the connection between population, technology and
environmental impact.

doi:10.1088/978-1-6817-4493-3ch1 1-1 ª Morgan & Claypool Publishers 2017
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in cities is expected to reach 60% (Weeks 2016). There are many implications of this
demographic shift. On one hand, this change marks an increase in general wellbeing;
urban populations commonly have better access to education, health services and
economic opportunities, especially for women. On the other hand, a rapidly
urbanizing population faces a lack of infrastructure to accommodate these new
city dwellers which results in poor sanitation, lack of basic services such as electricity
and water, and unsuitable living conditions. Unlike rural populations which
generally grow their own food, urban populations depend on large scale mono-
crop farming of hybrid varietals using modern farm equipment and fertilizers to feed
them. The large scale change from rural to urban was made possible in part by
repurposing of nitrogen after the Second World War from making explosives to
making fertilizer, resulting in a significant transformation in the way the world is fed.

Fertility rates are declining worldwide, in large part due to better access to
education and economic opportunities for women. The general fertility rate is
defined as the number of live births per 1000 women of childbearing age per year and
the total fertility rate is the average number of children born per woman. Depending
on the reporting source, childbearing ages may be assumed to be either 15–44 or
15–49. Due to infant mortality, the replacement rate (total fertility rate needed for
the population to remain static in number) is 2.1. Total fertility rates in the
developed world have dropped from three children per woman in 1950 to less
than two today. The population in the US and Europe is increasing due to
immigration, not new births, and populations in Russia and Japan are declining.
Total fertility rates in most of the developing world, except for the poorest countries,
have fallen from six children per woman in 1950 to less than three today. Total
fertility rates in some parts of Africa are still as high as five children per woman, but
are projected to drop to under three children per woman by 2050. Because the effect
of a decline in fertility rates does not become evident until the children who are born
reach child bearing age, the global population is not projected level off until after
2100 at around 11 billion people (UN 2015).

As a result of modern medicine people are also living longer, as can be seen by the
death rates shown in figure 1.1. The effect of modern medicine on children under one
year of age is particularly evident. Part of the increase in the global population is the
result of increased longevity and a healthier population, both of which have added
effects on society. The median age of the world’s population in 1950 was 24 but
today about half the global population is over the age of 30. By 2050 it is projected
that the global median age will be 37 with a median age of 50 in developed countries.
Older persons in general are not as productive as younger people and also need more
health care resources, adding to environmental problems.

There are now twice as many mouths to feed, twice as many beds needed, twice as
much housing, twice as many jobs needed, twice as much energy needed to stay
warm or cook, and twice as any articles of clothing needed due to a doubling of the
population in the last 60 years. If we still lived at the same level of consumption as
1960 we would need twice as many resources but because of shifting demographics
and a higher standard of living globally, we are using many more resources than
twice the amount used in 1960. Currently about 12% of the ice free land surface of
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the earth is farmed (Smil 2015). Estimates of the human appropriation of the global
net primary productivity (NPP—the total amount of plant mass photosynthesized in
a period of time, usually estimated as annual growth, minus respiration losses) range
from 3% up to 55% depending on the methods and assumptions used (Smil 2015).
The increase in population coupled with changes in the way most of the world lives
has had an outsized impact on the natural environment2.

1.2 Water and food
Prior to 1900 most water was used for farm irrigation and this is largely still the case
in developing countries. The developed world uses a much larger fraction of extracted
water for industry and domestic use and this has increased at a much faster rate than
the population. Personal water use has increased by about 25% over the past 100
years but total water extraction has increased by a factor of eight (McNeill 2000). Per
capita water for personal use in the US is highest globally at 217 m3 per person per
year compared to 38 m3 for the average citizen of India and 26 m3 for the average
Chinese citizen (Mekonnen and Hoekstra 2011), but the total water withdrawal (the
water footprint) and associated stress on renewable water resources of China and
India is higher than the US because of the larger number of people living there
(National Water Footprint 2016).
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Figure 1.1. Historical death rates in the US by age (CDC 2016). This chart will be discussed in more detail in
chapter 10.

2Approximately one billion people in the world still live at about the same level of development as 200 or more
years ago. However, the other six billion are much better off than 200 years ago (Collier 2007, Norberg 2016).
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The term green water is often applied to the water used in agriculture that falls as
rain and from rain runoff. More than half of the world’s agriculture production
depends on green water sources. The term blue water is used for water extracted from
lakes or aquifers which is used for a variety of purposes besides agriculture, with the
result that there is competition for its use3. Grey water is water that has been used and
so is polluted but could potentially be or is treated and reused. Many countries are
currently using all or nearly all of their renewable water resources (green, blue and
grey) and some countries import water. For example Egypt is using 92% of their
renewable resources, Iran 48%, Pakistan 73% and Saudi Arabia 643%; in other words
Saudi Arabia must import more than six times the water it has available (FAO 2016).

Imported and exported water is often in the form of virtual water, which is water
used for growing crops or required for the manufacture of an item. For example
about 140 liters of water is required to produce a cup of coffee, 3000 liters for a
kilogram of rice and 22 000 liters for a kilogram of beef. Roughly 49% of the water
withdrawn in the US goes to cooling thermal electric generation plants (coal, gas
and nuclear); transmitting electricity across a border in effect transfers water
consumption from where the electricity is generated to where the electricity is
used. Saudi Arabia imports virtual water in the form of food and manufactured
products which were created using water in other parts of the world; this contributes
to the consumption of 643% of its renewable resource. Virtual water imports are
important in the Middle East, Pakistan and North Africa as reflected in the data
shown in figure 1.2, increasing the percentage of renewable resource used.

If people lived the same way they did 60 years ago we would expect a doubling of
the consumption of livestock and marine products between 1960 and now to match
the doubling of the population that occurred in this time frame. However, more
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Figure 1.2. Freshwater withdrawal as a percentage of renewable water resources (FAO 2016). Asia includes
the Middle East which imports water as virtual water in the form of agricultural and manufactured products.

3 For example, recreation and industrial use.
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people today live in cities, are healthier, live longer and eat better than they did
60 years ago. Global marine production, which includes fish, shellfish, crustaceans
and other marine life has increased by a factor of eight, mostly due to aquaculture,
as seen in figure 1.3.

The standard of living in China, India and some parts of Africa has increased
greatly in the last 60 years resulting in a threefold increase in goat and pig
production, as seen in figure 1.4. Synthetic clothing has likely had an effect on
sheep production which did not double in the last 60 years. Cattle production
increased by 150% during this period although cattle are a more common food
supply in the developed world where population increases have been less than in the
developing world. We do not eat horses and no longer use them for transportation so
the global horse population has remained constant. The mass of all wild land
animals existing today is outweighed by the mass of living humans by a factor of 10
and domesticated animals by a factor of 24 (Smil 2015).
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Urbanization and economic development also bring broader use of modern
appliances. The number of refrigerators and Internet use have saturated in the
US market, remaining approximately constant since the early 2000s; everyone in the
US now has a refrigerator and access to the Internet. However cell phone ownership
just about doubled during this period, reflecting an expanding new market. The
developing world is still catching up however. During this same time frame, per
person Internet use, number of refrigerators and number of cell phones all tripled in
China (UN 2013). If the developing world, which constitutes more than 70% of the
world’s population, achieves the same standard of living as the developed world we
can expect the increase in resource use to continue to far outpace population growth
over the next few generations.

1.3 Pollution
It would seem logical that increasing populations will result in more pollution and
waste and this has been the case for many types of pollution, but there are a few
recent exceptions. Today outdoor air pollution is estimated to result in 3.3 million
premature deaths per year (Lelieveld et al 2015)4. Before regulations were put in
place in the 1980s in the US, lead was used in paint as an anti-mold and mildew
additive and in gasoline to make engines run smoother. This resulted in a large
amount of lead entering the environment and many urban areas near busy traffic
routes still have high levels of lead in the soil. Airborne metals travel globally before
being washed into the soil and in fact 70% of the lead found in surface water and soil
comes from air emissions. Even in Antarctica, where most air circulates in a
circumpolar configuration and does not mix well with other circulation patterns, ice
core data show a factor of four increase in lead contamination since 1900. As shown
in figure 1.5, however, heavy metal emissions around the globe are now decreasing
as the result of better regulations, especially in the developed world.
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4 Indoor air pollution from cooking over an open fire doubles this number.
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The average per capita waste generated by a person in the US has increased to
more than two kilograms of waste per day when industrial waste for manufacturing
consumer goods is included. This increasing per capita waste stream has led to a
tripling of municipal waste in the US since 1960, a higher rate than the doubling of
the population. Recycling in the US rose dramatically between 1960 and 2000,
for the most part because of economic incentives, but has leveled off since. Roughly
a third of the collected municipal waste is recycled in the US, 60% in Europe.
Automobile batteries are currently recycled at a rate of nearly 99% in the US
because of safety regulations and the fact that all of the material can be re-used in
making new batteries. Steel cans and yard waste are recycled at a rate of 60%,
aluminum cans at 45%, paper at 51%, and 30% for plastic and tires. The US
municipal waste stream is characterized in figure 1.6. There are significant energy
savings in recycling most metals (aluminum in particular because the pure metal’s
separation from bauxite ore is energy intensive) whereas paper and plastic recycling
use nearly the same energy as it takes to make the original product. Plastic recycling
is often problematic because different types of plastic melt at different temperatures
and have different thermal properties. A single bottle of the wrong type of plastic
can ruin an entire batch of a given type of plastic being melted down for a recycled
resource stream.

Electronic equipment, such as computers, cell phones, microwaves and television
sets, contains valuable metals which would seem to make them attractive for
recycling, however the procedure involved in separating these metals from their
components is currently done by hand and so is labor intensive. This makes
recycling electronics economically unattractive in the developed world where wages
tend to be high. As a result, a number of West African countries, where labor is
cheap, have become dumping grounds for electronic waste from the developed world
to be salvaged. Agbogbloshie, Ghana, is reported to be one of the most polluted
places on Earth because it has the second largest electronic waste dump in the world.
Electronic cast offs from developing countries are broken apart by hand and burned
in open fires to extract the precious metals inside, contaminating the surrounding
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environment with toxic heavy metals. This same type of process, performed by
unprotected low paid workers who are not aware of the danger of exposure to these
contaminants, occurs in many other developing countries as well (Biello 2013).

Alternatives to recycling include landfills and incineration but neither of these
options is without problems. Incineration can be used to generate energy but the
plants are costly to build. Much of the available land for landfills is now in use in the
developed world making it difficult to find enough room for the enormous amounts
of garbage being disposed of today. Both landfills and incineration lead to heavy
metals, dioxin and other contaminants being released into the environment.

An increasing amount of waste is being washed into rivers and oceans, significant
amounts of which are made of plastic which does not degrade rapidly. Ocean
currents sometimes push debris all the way across an ocean, as happened after the
Japan 2011 tsunami where some floating material, including living plants, crossed
the Pacific Ocean within a few months. Ocean circulation patterns can also form
gyres or convergence zones where trash tends to accumulate. These so called
‘garbage patches’ form in all the oceans and the plastic there gradually breaks
apart into tiny pieces that can be found in the upper few meters of the ocean (van
Sebille et al 2015). These colorful pieces sometimes harm bird and sea life which
mistake them for food. The garbage patch name is somewhat misleading as the
increase in plastic content by volume compared to pure water is relatively small but
all oceans today contain significant amounts of plastic (Litterbase 2017).

Coal was the first widely used fossil fuel and increase in the use of coal quickly led
to serious local pollution problems. In the London Fog episode of 1952 a temper-
ature inversion trapped fog and smoke in London leading to a sudden increase in
respiratory problems, including death. It is estimated that approximately 12 000
people died as a result of the sudden increase in pollutants in this single week-long
event. This unintended experiment was among the first to bring wide public
attention to the fact that air pollution is a significant health problem, not just a
nuisance (Nielson 2002). The burning of fossil fuels, coal in particular, constitutes
one of the largest sources of air pollution today.

Initial attempts to ameliorate local pollution from fossil fuel burning involved
building taller smoke stacks so that the pollution was spread over a larger area. The
taller stacks had the effect of changing the pollution from a local problem to a regional
problem, particularly for sulfur emissions which cause acid rain. The burning of coal
to generate electricity in the US is responsible for about 65% of the sulfur dioxide
(SO2) emissions and 30% of the various harmful nitrogen compounds (NOx where x is
a whole number) found in the atmosphere. The exact amount of sulfur emitted per
tonne of coal burned depends on the type of coal used, but generally some sulfur is
always present. Once oxidized into sulfur dioxide during the burning process the sulfur
compounds undergo the following reactions in the atmosphere:

+ →
+ →

2SO O 2SO
SO H O H SO .

(1.1)2 2 3

3 2 2 4

Sulfuric acid, H SO2 4, is in liquid droplet form and disassociates into the ions +2H and
−SO4

2 which can react with plants and building material as acid rain. The same
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reactions can occur for sulfate deposited directly onto the ground as particulates, a
process called dry deposition.

Acidity is measured as pH which is defined as the log of the hydrogen ion
concentration,

= − +pH log[H ]. (1.2)

Pure water has a +H concentration of −10 7 moles per liter and so has a pH of seven.
Liquids with a pH lower than seven are acids, those with higher pH are bases. Some
lakes in the northeastern part of the US have been measured to have a pH as low as
three (about that of vinegar) as the result of acid rain, killing all or most of the life in
them. The water appears very clear and clean but this is because no microorganisms,
which give large bodies of water most of their color, can live there.

The US the Environmental Protection Agency (EPA) put a cap and trade
program in place under a 1990 modification of the 1970 Clean Air Act whereby
emitters could buy and sell permits to emit fixed quantities of sulfur, thus creating a
market incentive to reduce emissions. This program has been very successful (a 69%
reductions in sulfur dioxide between 2005 and 2013) and demonstrates how the right
legislation can reduce pollution substantially (EPA 2016).

We often think of pollution problems as limited to geographic regions but
contamination of the air is a global phenomenon. Upper atmospheric air currents
move particulates including dust, bacteria, sulfur compounds and other pollutants in
a global circulation pattern. This has led to large areas of the globe being covered by
smog-like clouds containing industrial pollutants which can be measured from
space, for example the reoccurring Asian Brown cloud over India and the Indian
Ocean (Ramanathan et al 2001). Figure 1.7 shows a NASA projection of dust
moving from the Sahara towards Central and North America. The particulates
include bacteria and other microorganisms which have been collected in measurable
quantities in North America.

Dust is not the only thing that blows around the globe in significant quantities.
Figure 1.8 shows a forecast from satellite data and computer models of carbon
monoxide arriving in North America caused by biomass burning in Eastern Europe
and Asia. Similar projections and data exist for sulfur dioxide, carbon, ozone and
particulates, including microorganisms. We cannot solve environmental contami-
nation problems without considering them from a global perspective.

Some 80% of North Americans and 60% of Europeans live in locations where the
Milky Way cannot be seen at night due to light pollution (Falchil et al 2016). The
effects of too much artificial light on insects and animals has been established for
many species (Rich and Longcore 2005). Examples include sea turtles hatching at
night near the ocean which need a dark sky to orient properly and migratory birds
being confused by tall building with lights. It is now known that humans have non-
imaging sensors in the eye implicated in setting a circadian cycle of sleep and awake
times. It is believed that artificial blue light, prevalent in screens of electronic devices,
can affect this photo-sensor and the circadian rhythm it helps to control.

Similar to light pollution, our modern society exposes us to sound intensities
much higher than those with which we evolved. Sound intensity level (SIL) is a
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Figure 1.8. Forecast of carbon monoxide emissions caused by biomass burning in Asia and Eastern Europe,
arriving in North America from the west. Animated maps are available from NASA (2016). (NASA open
source image.)

Figure 1.7. Global particulate forecast based on satellite data and computer models. Dust from the Sahara is
moving westward and being deposited in Central and North America. Dust from Saudi Arabia is moving
south, and dust from the western Gobi desert is moving southwest into Pakistan. Animated maps are available
from NASA (2016). (NASA open source image.)
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logarithmic scale in decibels (dB) measuring the energy arriving per second in a

square meter area. The definition is = I
I

SIL 10 log
0
, where I is energy intensity of

the sound in W m−2 and I0 is a reference energy intensity of 10−12 W m−2. I0 is
considered the threshold of human hearing and represents the energy of a pressure
wave with rms5 pressure variations of 0.000 02 Pa. Normal conversation occurs at
about 60 dB but we are exposed daily to TVs (70 dB), rock bands (110 dB), car horns
(120 dB, which is considered the threshold of pain) and jet engines (140 dB) which
denotes an rms pressure variation at the eardrum of 200 Pa. Both wildlife and
humans experience many detrimental effects from over exposure to loud sounds, such
as hearing loss, stress and cardiovascular deterioration over time. There has been a
rise in hearing loss among adolescents in the past few decades, most likely as the
result of over exposure to personal music devices (Shargorodsky et al 2010). It is not
clear how to persuade ear-bud users to change habits which would avoid this damage.

1.3.1 Pollution scaling

General consensus agrees that larger cities tend to be more polluted in general than
smaller ones although one might rationally argue that for pollution sources which
are distributed uniformly per unit area the amount of pollution would not depend on
the size of the city. Scaling laws come into play leading to a result more familiar to
our experience even if the source is proportional to area.

We start with two rectangular shaped cities, one with a length on each side of
=L 4 kmsmall and the other with a side =L 40 kmbig . Assume both cities have the

same distribution of pollution sources per area, S. The ratio of their lengths is 40/4 =
10 or =L L10 ,big small

however their areas scale as =1600 km /16 km 102 2 2 or

=A A10big
2

small
. The rate of pollution production, Rproduction, for each city will be

the source per area, S, times the area, or =R SAproduction , so we have

=R R10 . (1.3)production(big)
2

production(small)

This would indicate that the cities have the same pollution density because the big
city is 100 times the area of the smaller one, however, other factors come into play to
change this conclusion.

Industrial pollutants and contamination from electricity generation tend to be
found in warmer air which will cool as it rises until it is the same temperature as the
surrounding atmosphere, after which it will not rise any further. This height is called
the inversion height, h, and depends on the geographical terrain, temperature and
weather patterns, but for the most part does not depend on the size of the city.

Each city would have the same amount of pollution if the rate of removal was the
same but pollution removal scales as the length of the side of the city and depends on
air speed, concentration and inversion height in the following way. Wind at velocity
v will blow pollution away from a city through a vertical cross sectional area
of ×L h where L is the length of one side of the city and h is the inversion height.

5Root mean square (rms) is the square root of the mean amplitude squared of an oscillating wave.
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The flux of pollution removal, f , in kg s−1m−2 at one edge of a city is =f vc, where c
is the concentration of the pollutant in kg m−3 so the rate of removal is

=R vcLhremoval in units of kg s−1.
On reaching equilibrium all the pollution in each city eventually gets blown away

so that the rate of production equals the rate of removal for each city, we have

= =R R vc L h (1.4)production(big) removal(big) big big

and

= =R R vc L h.production(small) removal(small) small small

Taking the ratio of these two equations and using the area scaling from equation
(1.3) we have

= =
R

R
vc L h

vc L h
10 . (1.5)

removal(small)

removal(big)

2 small small

big big

Using the length ratio =L L10big small and canceling like terms we have
=c c10big small; in other words the pollution concentration in the big city is ten times

the amount in the small city, even if each city has the same distribution, S, per area
of polluting sources (adopted from Hafemeister (2007)).

1.3.2 Ozone

Surface level or troposheric ozone (O3) is a strong oxidant that can cause respiratory
problems in animals, including humans, and damage plant growth. Automobile
exhaust and gas tank vapors are the largest source of CO, non-methane volatile
organic carbons (NMVOCs) and harmful nitrogen compounds (NOx where x is a
whole number representing different chemical structures) in the atmosphere and
photochemical oxidation of these compounds is the major source of surface level
ozone. Various strategies have been implemented in most developed countries to
reduce the amount of harmful surface level ozone, including gas pump collection
devices and local government recommendations to fill automobile tanks at night so
the petrol vapors have time to dissipate before being acted on by sunlight.

Stratospheric ozone is created by ionization of atmospheric molecules starting in
the lower stratosphere below 50 km and protects the Earth’s surface from harmful
ultraviolet (UV) radiation. This ozone forms in a process which can be summarized
by the following reactions:

+ → + →hf O O O O (1.6)C 2 2

and

+ + → +M MO O O ,2 3

where λ=hf hc/C represents the energy of a UVC photon (wavelengths between 220
and 290 nm) with frequency fC. Here c in the expression λhc/ is the speed of light and
h is Planck’s constant, × −6.6 10 34 Js, and λ is wavelength of the photon. The symbol
M represents any other available molecule (for example molecular nitrogen or
oxygen) and is required for momentum conservation when these molecules collide.
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When UVB radiation (with wavelengths between 280 and 320 nm) encounters an
ozone molecule it causes the ozone to disassociate into individual oxygen molecules.
The resulting chemical reactions are

+ → +
→

hf O O O,

2O 3O
(1.7)B 3 2

3 2

and

+ →O O 2O ,3 2

where hfB is a UVB photon.
The two above reactions partially block medium (UVB) and completely high

energy (UVC) UV radiation from reaching the Earth’s surface. This high energy UV
light kills phytoplankton in the ocean, which is an important part of the marine food
chain, and can kill or cause damage to living organisms by causing cataracts and
skin cancer. Low energy UV radiation (UVA with wavelengths between 320 and
400 nm) passes through the atmosphere and is useful to living organisms, activating
the biological synthesis of vitamin D in humans. Life on Earth did not colonize land
surfaces until 420 million years ago when sufficient ozone was created in the upper
atmosphere from oxygen generated by photosyntheses in the ocean to block the
damaging effects of UVB and UVC.

Until the 1930s the reaction shown in the equations, plus a related reaction
involving nitrogen oxide (N O2 ) and nitric oxide (NO), led to a stable layer of ozone
of varying thickness in a region between15 and 40 km above the Earth’s surface with
a mass of around ×5 109 tonnes. The early 1930s saw the introduction of the use of
compounds of carbon, fluorine, bromine and chlorine, called chlorofluorocarbons
(CFCs), as refrigerants, fire extinguisher propellants, solvents, aerosol propellants,
dry cleaning fluids and foam blowing agents. These compounds are remarkably
stable, chemically, and remain in the atmosphere for dozens of years.

In the 1960s it was discovered that these long lived CFCs were reaching the
stratosphere and participating in the following reactions:

+ → +
+ → +

hf CF Cl CF Cl Cl,

Cl O ClO O ,
(1.8)B 2 2 2

3 2

and

+ → +ClO O Cl O ,2

where fB is a UVB photon and CF Cl2 2 is a typical CFC. Because the chlorine
molecule remains at the end of the reaction it continues to act as a catalyst for the
destruction of more and more ozone. One CFC molecule is estimated to cause
millions of ozone molecules to turn into molecular oxygen, O2. This process was first
measured to have a significant effect over Antarctica where a hole in the ozone layer
was discovered and it was thought that, should this process continue, the protective
layer of ozone in the upper atmosphere would eventually disappear entirely.6

6An ozone hole does not occur over the Arctic because the Arctic is an ocean surrounded by land which
promotes the mixing of the upper layers of the atmosphere. The ocean surrounding Antarctica inhibits
atmospheric mixing, resulting in a cooler upper atmosphere where these reactions are more likely to occur.
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One encouraging success story of international cooperation on environmental
issues was the multinational signing of the Montreal Protocol in 1987 which
restricted the global use of CFCs and arranged for the phasing out of these
compounds. The ozone hole continued to increase until very recently because of
CFCs already in the air and their long lifetime. The hole fluctuates in size over the
year but the maximum size over the past few years has been stable and current
measurements show it may be starting to close, but this will not be definitively
proven for several more years.

1.4 The effects of pollution
Epidemiology is the study of patterns, causes and effects of disease in a given
population. In many cases this involves a calculation of the risk associated with
exposure to different doses of a given contaminant based on a combination of
animal studies and statistically analyzed historical data. Matching the effects of a
given exposure to a particular disease is often a complex task. For example, the
effects of smoking were not initially obvious because there is about a 20 year lag, on
average, between when a person starts to smoke and when they show signs of lung
cancer or cardiovascular disease. Although the exact mechanism of how smoking
causes cancer is still not completely understood, the statistical data are strong
enough to conclude that smoking causes cancer, the result of many epidemiological
studies. The complexity of the effects of different dosages is one reason the much
lower dose of carcinogens in second hand smoke has only recently been decisively
identified as a cancer agent. Often animal studies are used to validate and extend
data first revealed by epidemiological studies. Ideally there should be information
from both animal studies and statistical data to make a decision about limiting
exposure to a contaminant. In fact epidemiological data by themselves can never
establish cause, only a strong cause and effect relation, because they do not deal
directly with the underlying biochemistry.

Table 1.1 shows the life-cycle emission of six key atmospheric pollutants from
several alternative electricity production sources. Carbon dioxide and methane are
greenhouse gases, sulfur dioxide is a source of acid rain, and volatile organic
compounds and particulates7 cause asthma and respiratory problems in humans and
animals. Mercury emissions, not shown in the table, are highest for coal fired
electrical plants. Knowledge of the adverse health effects of these contaminates
comes from epidemiological studies.

As mentioned previously, one of the earliest connections made between health
and air pollution occurred in London in 1952. In the first week of December of that
year the level of smoke and soot rose from about 500 μg m−3 to 1500 μg m−3 and the
level of SO2 rose from about 0.15 ppm to 0.75 ppm due to a temperature inversion

7 Particulates smaller than 10 μm (termed PM10 particulates) are not filtered by the lungs’ cilia and can enter
the lungs and cause damage. Particles smaller than 2.5 micrometers (PM2.5) are the most dangerous because
they can penetrate all the way into the alveoli of the lungs and be absorbed into the blood.
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which trapped pollutants in the London area. In lock step with this tripling in
emissions the number of deaths increased from around 250 per day to 900 per day
during this one week period. Similar but less severe events occurred in London 1956,
1957 and 1960. This and comparable episodes occurring in other cities have made a
compelling argument for the connection between air pollution and health. We now
have a reasonable amount of epidemiological data related to air pollutants and
consequently air standards are now mandated in many countries.

The exact exposure rate of a population to emissions from a coal fired power plant or
other industrial sized contamination sourcewill dependon the location of the population
relative to the plant, but a realistic estimation for exposure to sulfur from a local coal
plant might be 5.0 μg m−3 of sulfur dioxide per person per tonne of sulfur dioxide
emitted8. As an example of the uncertainty of the dose response, estimations of the effect
of SO2 based on epidemiological studies varies between two excess deaths (National
Academy of Sciences estimate) to 37 excess deaths (Brookhaven National Laboratory)
per million persons exposed at a concentration of 1.0 μg m−3 per person. Suppose the
amount ofSO2 produced per year by a power plant is × −5.0 10 tonnes yr4 1. The lower

death estimate yields × × × =μ
× μ

− −

− −5.0 10 tonnes yr 0.55 g m

tonne SO yr

2 deaths

10 1 g m
4 1

3

2
1 6 3 excess

deaths per million persons per year, while the Brookhaven estimate gives 185 excess
deaths per million persons per year. Once the effect of a particular dose of a
pollutant is known, the effect on a given population with a known exposure can be
calculated.

Table 1.1. Pollutants emitted per kWh electricity production, including fuel cycle and construction of the plant
(Koch 2001, IPCC 2014, EPA 2014b). The ranges reflect the variability of fuel sources (for example low sulfur
versus high sulfur coal) and the variability of manufacturing processes (in the case of wind and solar).

Source
CO2

(g kWh−1)
SO2

(mg kWh−1)
NO

(mg kWh−1)
NMVOC
(mg kWh−1)

Particulates
(mg kWh−1)

Methane
(g CO2

equivalent
per kWh)

Hydropower 2–48 5–60 3–42 0 5 88

Nuclear 2–59 3–50 2–100 0 2 0

Wind 7–124 21–87 14–50 0 5–35 0

Solar 13–731 24–490 16–340 70 12–190 0

Biomass 15–101 12–140 701–1950 0 217–320 0

Natural gas
(combined
cycle)

385–511 4–15 000 13–1500 72–164 1–10 91

Coal (modern) 790–1182 700–32 321 700–5273 18–29 30–663 47

8 This is 10−5 times the US EPA mandated limit of 0.5 ppm (0.5 g m−3) for exposure to sulfur dioxide, a figure
that has clear negative health effects.

Physics and the Environment

1-15



Contact with a contaminant may come from airborne exposure, liquids in contact
with the skin or ingested substances such as food additives. Often it is not possible to
measure the actual exposure, possibly because it happened sometime in the past in
which case extrapolations of exposure rates are made from known data. Such a
calculation is based on a stock-flow model9, of which there are several versions,
depending on the situation. Exposure may be from a single event, the concentration
of which may or may not decrease over time or, alternatively, from a substance
which is continuously being emitted into and removed from a volume of air or
liquid. Examples of more or less continuous exposure are ambient pollutants from
nearby factories or power generation plants. Single events might include a single
radioactive leak from a nuclear power plant or a one-time chemical spill. Exposures
might also be periodic, for example food additives which are ingested on a daily
basis or occupational exposure which occurs on a daily or seasonal basis. Two
examples are given in the following, the reader is referred to the literature for more
details of extended stock-flow modeling (Kammen and Hassenzal (1999) and
references therein).

The equilibrium concentration in a closed space of a constantly emitted source
can be calculated if the emission rate is known. Suppose a room in a manufactur-
ing plant has an air exchange rate of once every 4 h but a chemical vapor is being
emitted from an industrial process at a rate of μ12.0 g min−1. At equilibrium
concentration the flow into the room from the source equals the flow out of the
room due to ventilation. The removal flow rate of the vapor out of the room is

= VCEflow , whereV is the volume of the room, E is the air exchange rate andC
is the concentration. For a 200.0 m3 room the concentration would be

= = μ −C 0.9 g m .
VE
flow 3

In many cases, however, the source flow rate is not a constant, either because the
source varies or the substance decays, chemically reacts or is absorbed. If the chemical
in the previous example is being removed by an air purifier, the flow out of the room is

= +VC E Rflow ( ), where R is the rate of removal by the purifier. The rate of
removal, R, could also be the exponential decay rate for a radioactive substance or a
chemical reaction rate for a chemical reaction which is absorbing the pollutant.

For a one time exposure the rate at which a toxin disappears is often proportional
to the concentration. This is true for substances introduced directly into the blood by
injection and by ingestion if the substance can easily cross the stomach lining, as well
as inhaled substances passing through the lung linings. As the body removes the
substance the rate of removal is proportional to the amount left. If C t( ) is the
concentration at time t then we have

= −C t t kC td ( )/d ( ), (1.9)

9 Stock refers to a constant amount whereas flow refers to a changing amount of some quantity. These concepts
can be applied to levels of contaminates in a building, chemical substances in the blood or stocks of capital
subject to flows of income or expenditures.
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where C t td ( )/d is the rate of change and k is the rate constant. The negative sign
indicates the concentration is decreasing. Equation (1.9) is the differential equation
for exponential decay and has solutions

= −C t C( ) (0)e , (1.10)kt

where C(0) is the initial concentration. For radioactive decay the decay constant is
related to the half-life of the decay process, =k tln (2/ )1/2 , where t1/2 is the half-life

10.
The length of time for a particular exposure is calculated the same way for an

undesired contact with a contaminant as for the desired exposure to a medicine. In
both cases the length of exposure depends on the rate of elimination of the substance
from the body. Suppose a person is injected with 1.2 g of a substance which is
eliminated from the body at an exponential decay rate of k = −0.6 h−1. An adult
human body has about 5.0 l of blood resulting in an initial concentration of =C(0)
1.2 g/5.0 l. Suppose that an effective dose (good in the case of medicine, bad in the
case of a poison) is −0.04 g l 1 in the blood. Equation (1.10) can be solved for the time
whenC t( ) drops below 0.04 g l−1 which is 3.0 h of exposure at a concentration above
the effective dose.

The assumption that the risk (or effect) is directly proportional to the dose (or
cause) is known as the linear default model. The death rate due to lung cancer among
miners exposed to radon (a short half-life radioactive daughter product of uranium
decay) is known to be between 200 and 600 deaths per million working-level month
(WLmo) and can be used to extrapolate risk to the general population. Working-level
month is a pre-determined exposure for a given amount of time. For radon the
exposure is −100 pCi l 1 of radon for 170 h a month as determined by the US EPA. The
average home level of radon in the US is 1.5 pCi l−1 11 and if we assume a person
spends three fourths of their time at home this constitutes × ×−0.75 1.5 pCi l 1

×− −365 day yr 24 h day1 1 × ×−1 WLmo/(170 h mo 1 =− −100 pCi l ) 0.58 WLmo yr1 1

for the average exposure in the US. Multiplying by a lifetime of 72 years gives
42 WLmo in a lifetime. The miner cancer rate of 200 per million working-level
months extrapolates to × =200 42 WLmo/10 WLmo 0.00846 or a 0.84% chance of
lung cancer for a North American exposed at the average rate for a lifetime.
For the higher death rate figure, 600 deaths per million WLmo, the chance is
2.5%. For an estimated population of 306 million we have × ×306 106

× =0.58 WLmo 200/10 WLmo 35 5006 deaths per year, close to the number of
people killed in traffic accidents per year in the US. The actual figure estimated by
the US EPA is slightly lower, around 21 000 deaths per year. This is because the
average level of −1.5 pCi l 1 does not account for the fact that many houses have no
radon whereas a small number of houses have a disproportionally high concentration
of radon, so the at-risk portion of the population is actually much smaller than the
entire population.

10Half-life, discussed in more detail in chapter five, is the time taken for half of a radioactive substance to
decay and is known for most radioactive substances.
11 pCi l−1 = pico-Curie per liter; see chapter 5.
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There are many examples of epidemiological data establishing linear connections
between varying exposure and a given health risk. In the case of smoking, cancer
rates among non-smokers, smokers with different smoking habits, and non-smokers
exposed to second hand smoke clearly show an increase in risk directly proportional
to the increase in exposure. The association between colon cancer and a high fat diet
came from studies involving immigrants coming to the US. Before changing their
diets to match those of people in the US these immigrants had lower rates of colon
cancer but the rates changed to match those of US citizens as their diets changed to
match those of North Americans in proportion to the extent of dietary substitutions.

In the US the Food and Drug Administration (FDA) or the EPA require animal
testing for new chemicals or food additives introduced to the public. New medical
treatments are similarly regulated. These studies are quite expensive some costing as
much as five million dollars for a study with a few hundred rats (Kammen and
Hassenzal 1999). Because of these costs newly produced chemicals not used for
medicinal purposes are sometimes not tested if there is little reason to think they might
be toxic or if the exposure is thought to be slight. If the epidemiological data begin to
indicate a problem after the chemical has been on the market for a while a regulatory
agent such as the EPA or FDAmay require the manufacturer to perform animal tests.

Special bred animals, typically rodents, are used for most animal testing.
Genetically identical animals, selected to be sensitive to carcinogens are preferred
in order to make any response more obvious. The procedure is to give identical
groups of animals varying amounts of the toxin under study and after some period
of time the animals are sacrificed (i.e. killed) and examined for tumors to see if
exposure correlates to increases in cancer rates. A second kind of test is to give
different groups of animals different amounts of a toxin and count how many die
prematurely during some set period of time. These results are reported as the LD50

dose, the dose that kills 50% of the test animals in some standard time interval,
possibly the animals’ normal, unexposed lifetime. LD10 values, which give the dose
that kills 10% of the animals, are also often reported. In some cases toxicity studies
can be performed on biological tissue or cell samples rather than live animals,
however, because of the complex interaction of various systems in a living organism,
animal studies are generally considered to be superior to tissue studies. A drawback
of animal study results is the fact that there is no guarantee that they will extrapolate
well to humans, particularly for chemicals that target specific tissues or organs which
may not function comparably in humans and animals.

The concept of a linear relation between dose and effect must be modified for
information from animal testing because the effects on small animals cannot be
assumed to extrapolate in a strictly linear way to humans with larger body mass. A
similar problem is encountered when determining appropriate dosage of medicine
for children when the effective dose for an adult is known. The average daily dosage,
dh for a human that has the same effect for a given animal dose, da is = ×d dsfh a,
where the scale factor, sf , is given by = −W Wsf ( / ) b

h a
1 . HereWh is the weight of the

human andWa is the weight of the animal, and b is usually taken to be approximately
0.75, a value based on historical data and used by the US EPA. Suppose the rats in
an exposure trial averaged 0.5 kg and had a normal lifetime of 2.5 yr. Further
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suppose a dose of 30.0 mg kg−1 per day for a group of 50 rats resulted in ten tumors
(a probability for tumor development of 0.20). Body weight is proportional to mass
so for a 65 kg human we have = × = × =− −d W W d( / ) (65.0/0.5) 30.0 kgb

h h a
1

a
0.25 1

−101.3 mg kg 1 per day for the human. Were a group of humans to be exposed to this
daily dose of the drug we would expect a 20% (0.20 probability) incidence of tumors.
The total dosage per day needed to produce this effect in a 65 kg person would be

×−101.3 mg kg 1 =65 kg 6.6 g (adapted from Kammen and Hassenzal (1999)).
In many risk analyses we want to evaluate whether the results of two different

datasets are significantly different in a statistical sense. For example, suppose one
group of test animals is exposed to a toxin and develops cancer at a rate of 20%
while an identical group is not exposed to the toxin but ends up with a 10% rate of
the same type cancer. Can we conclude that the toxin causes cancer and if so, with
what confidence? A full discussion of the statistics involved in making these kinds
of decisions is beyond the scope of this text but a simple method of hypothesis
testing in the case of only two possible outcomes (tumor or no tumor in this
example) is the z-test which is based on the standard deviation of the binomial
distribution. Other tests available for distinguishing possible cause and effect in
trials where the data are not obviously conclusive include the chi-squared test,
Student’s t-test and the f-test. These kinds of statistical tests can determine the
likelihood that exposure to a given contaminant is implicated in a disease outcome
as a percentage chance that the two are linked. The reader should consult more
advanced texts for further explanation of statistical methods (Bevinton and
Robinson 1992, Lyons 1991, StatSoft 2013).

There is a great temptation for the general population to demand a zero exposure
rate to any hazardous substance, but there are at least two reasons not to do this.
For most substances there is a threshold dose below which the effects cannot be
discerned from other causes of death in the general population. It is probably
impossible and not necessary to insist that public drinking water have completely
undetectable amounts of arsenic (Wilson and Crouch 2001). A more reasonable
approach is to try to reduce the risk to a reasonable level, for example one in 100
million. At this rate there would be fewer than three cases of cancer caused by
arsenic in the entire US per year which would be very difficult to distinguish from
other cancer causes. In effect lowering the arsenic exposure risk to one in 100 million
lowers it below the background of other causes of death and we can no longer be
sure that someone with cancer got it from their exposure to arsenic. The cost of
reducing detectable arsenic levels to zero is also prohibitive.

For exposure to many substances the effects (harmful or beneficial) may not be
linear. It is known, for example, that the human body continues to perform a certain
amount of repair to DNA and other important biological systems. Figure 1.9 shows
the linear dose model and several alternatives. In the figure a positive response may
indicate a beneficial or a detrimental effect depending on whether the substance is
a medical drug or toxin. Alcohol consumption is an example of hormesis where a
positive dose response is considered to be detrimental; drinking alcohol has
adverse risks (cancer, accidental death) if consumed at doses of more than three
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drinks per day. However it is also the case that people drinking less than one drink
per day have higher death rates than those drinking one to two drinks per day. The
death rate associated with alcohol is lowest for men drinking one and a half drinks
per day and for women drinking one drink a day, where one drink is defined to be
one 12 oz beer, one 5 oz glass of wine or one 1.5 oz shot of whisky. The probable
reason for this effect is that alcohol increases cancer risk and risk of accidents but
decreases risk from heart disease, and these two opposing effects intersect at around
one drink per day.

In the threshold or hockey stick model there is little or no reaction until a
threshold dose, sometimes called the maximum tolerated dose, is reached (arround
15 dose units in figure 1.9). Some types of carcinogens seem to fit this model; because
of repair mechanisms in the body low exposure rates have no apparent effect
over the lifetime of the subject. Tolerance (to good or bad drugs) due to constant
exposure fits the super dose response curve; initially the drug causes a large response
but taking more of the drug does not produce a proportional increase in response.
Differentiating between the various possible response curves requires sufficient data,
either from animal studies or historical data. For example, if only a few data points
at doses between 45 and 50 units in figure 1.9 were known, it would not be possible
to distinguish between the four dose curves.

Synergistic effects for exposure to two or more potentially harmful agents
simultaneously are very difficult to establish, particularly if there is a time delay
between exposure and effect. The interaction between radon and cigarette smoking,
for example, required a great deal of research since both cause lung cancer and until
recently the amount of radon exposure for various groups was not well established.
It is now known from epidemiological data from miners who often recieve larger
doses of radon, that smoking and radon together cause a greater risk than simply
multiplying the risk of each.
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Figure 1.9. Possible dose response curves in arbitrary units where ‘response’ may be considered to be bad (in
the event of toxins) or good (if the substance is a medication). From Forinash (2010). Copyright 2010, Kyle
Forinash. Reproduced by permission of Island Press, Washington DC.
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Projects
1. Pick one or several countries in the Food and Agricultural Organization of

the United Nations www.fao.org/home/en/ database. Analyze water, food
security, fisheries and agricultural resources by year for this country or
region. Compare the results of analysis between a developed country and a
developing country.

2. Investigate the problem of overdrawing from aquifers or some other water
resource somewhere in the world. Include a discussion of the local environ-
mental effects and legal aspects of any conflicts about who owns a water
resource, who gets to decide how a resource is used, etc. How does this
relate to green, blue, grey or virtual water?

3. Write a report on desalination of sea water. Find out what methods are
being used and compare costs in energy and dollars. Which are cost
effective compared to today’s cost of water?

4. Check mortality statistics for the US at the Centers for Disease Control and
Prevention (CDCP 2016). What are the leading causes of deaths? Write a
report explaining these and why they have changed over time.

5. Verify the claims in the text about population, fertility, mortality, aging,
migration and urbanization for a country or a region using the United
Nations Population Division www.un.org/en/development/desa/population/.
In particular, show that the increase in population is exponential for some
time span and find the exponential increase rate. (Hint: A quantity N t( ) is
said to be exponential if, at time t we have =N t N( ) (0)ert, where N(0) is the
original quantity at =t 0 and r is the (constant) growth rate. Taking a log of
this equation gives = +N t N rtln [ ( )] ln [ (0)] , which is a straight line with
slope r (it is much easier to plot a straight line than an exponential curve!).)

6. Use the hint in the previous question to show that some other commodity
such as cell phones, refrigerators, pet snakes, etc, has undergone an
exponential increase that matches or exceeds the exponential increase in
the population for some period of time. Discuss the factors involved.

7. In figure 1.3 the global fish catch is seen to level off after 1990. Find out if
this is because ocean fisheries around the world are collapsing due to
overfishing or if it is because of an increase in fish farming or from some
other effect, and write an essay explaining your conclusions.

8. Write a comprehensive report on bio-remediation for various pollutants or
some other novel technique of removing pollution from soil, air or water.

9. For some state or region in the US, analyze the trends in municipal waste,
air and water pollution, toxic chemicals and land recovery using US EPA
www3.epa.gov/data. What is being done (legally and physical mechanisms)
to reduce environmental pollution. Are some strategies more successful
than others? Why? Discuss how these factors interact in your analysis.

10. Go to Gapminder World; Health and Wealth of Nations www.gapminder.
org and examine some of the statistics in the animated chart. How does
energy use compare to per capita GDP over time? How about fertility rates
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and GDP per capita? Describe any other interesting correlations you find.
Are there global trends for different countries over time? Explain.

11. Write a report on the details of the IPAT equation and compare it to any
alternatives you might find.

12. Go to NASA’s Sulfur Dioxide monitoring web page https://so2.gsfc.nasa.
gov/index.html and report on current pollution trends. Many of these maps
are animated so that you can watch how pollution circulates around the
globe. Report on any interesting trends for sulfur dioxide and other global
pollutants.

13. Report on the latest information about CFCs, their replacements (which
are now being replaced by even newer compounds) and the status of the
ozone hole. Why are the original replacements now being phased out?

14. Find out how many of the following items are discarded each year (either
globally or in some specific country for which there are good statistics): cell
phones, computers, televisions, refrigerators, and some other item such as
ballpoint pens, toys, etc. Are these increases exponential? Link these figures
to recycling efforts of these objects.
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Chapter 2

Energy conservation and the first law
of thermodynamics

Energy is a fundamental property of the physical world that can be transferred
between objects to cause physical change such as mechanical work or temperature
changes. The first law of thermodynamics is equivalent to the law of conservation
of energy: energy cannot be created or destroyed; the total amount of energy in
the Universe is fixed. Energy can be transformed from one form to another or
transferred from one place to another but the total energy must remain unchanged.
In a closed mechanical system no energy is added or subtracted from the system while
a closed thermodynamic system conserves the physical material in the system and
known quantities of energy are allowed to enter and exit the system. Heat is defined
as an energy exchange as the result of a temperature difference between two objects
(temperature is defined in the following). The behavior of many environmental
and human designed systems can only be understood by examining heat energy
exchanges and conversions related to the functioning of those systems, which is the
topic of this chapter.

2.1 The first law of thermodynamics
The quantities work,W , heat, Q, and changes in internal energy, ΔU , are the most
useful for describing a thermodynamic system. If energy is added to the system and
work is done on the systemQ andW are positive and have the opposite signs for heat
leaving the system and work done by the system. These quantities are typically
measured in units of joules (J) or calories (cal) where 1.000 J = 0.2389 cal. The
simplest form of the first law of thermodynamics for processes where only energy
flows into or out of the system is

Δ = +U Q W . (2.1)

doi:10.1088/978-1-6817-4493-3ch2 2-1 ª Morgan & Claypool Publishers 2017

http://dx.doi.org/10.1088/978-1-6817-4493-3ch2

