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Energy Consumption, 
Reserves, Depletion, and 
Environmental Issues 

I. I N T R O D U C T I O N  

It is well known that developed or industrialized nations consume more energy 
per capita than developing or Third World countries, and that there is a 
correlation between a country's living standards and energy consumption. In 
general, the higher the per-capita energy consumption, the higher the living 
standard. However, the rapid worldwide increase in the consumption of fossil 
fuels in the twentieth century to meet energy demand, mostly by industrialized 
nations, suggests that the time is not too distant before depletion begins to 
adversely affect petroleum and natural gas reserves. This is expected to result 
in increased usage of alternative biomass energy resources. 

The potentially damaging environmental effect of continued fossil fuel usage 
is another factor that will affect biomass energy usage. It has not been estab- 
lished with certainty that on a global basis, there is a specific relationship 
between fossil fuel consumption and environmental quality. There is also 
considerable disagreement as to whether increased fossil fuel consumption is 
the primary cause of global climate change. But most energy and environmental 
specialists agree that there is a strong relationship between localized and 
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regional air quality in terms of pollutant concentrations and fossil fuel con- 
sumption. The greater the consumption of fossil fuels, especially by motor 
vehicles and power plants, the greater the levels of air pollution in a given 
region. 

These issues are briefly examined in this chapter to provide a starting point 
and a foundation for development of the primary subject of this bookwenergy 
and fuels from virgin and waste biomass. Special emphasis is given to the 
United States because it utilizes about one quarter of the energy consumed in 
the world. 

If. H I S T O R I C A L  E N E R G Y  

C O N S U M P T I O N  P A T T E R N S  

It was not too many years ago that humans' basic survival depended in whole 
or in part on the availability of biomass as a source of foodstuffs for human 
and animal consumption, of building materials, and of energy for heating and 
cooking. Not much has changed in this regard in the Third World countries 
since preindustrial times. But industrial societies have modified and added to 
this list of necessities, particularly to the energy category. Biomass is now a 
minor source of energy and fuels in industrialized countries. It has been 
replaced by coal, petroleum crude oil, and natural gas, which have become 
the raw materials of choice for the manufacture and production of a host of 
derived products and energy as heat, steam, and electric power, as well as 
solid, liquid, and gaseous fuels. The fossil fuel era has indeed had a large 
impact on civilization and industrial development. But since the reserves of 
fossil fuels are depleted as they are consumed, and environmental issues, 
mainly those concerned with air quality problems, are perceived by many 
scientists to be directly related to fossil fuel consumption, biomass is expected 
to exhibit increasing usage as an energy resource and feedstock for the produc- 
tion of organic fuels and commodity chemicals. Biomass is one of the few 
renewable, indigenous, widely dispersed, natural resources that can be utilized 
to reduce both the amount of fossil fuels burned and several greenhouse gases 
emitted by or formed during fossil fuel combustion processes. Carbon dioxide, 
for example, is one of the primary products of fossil fuel combustion and is 
a greenhouse gas that is widely believed to be associated with global warming. 
It is removed from the atmosphere via carbon fixation by photosynthesis of 
the fixed carbon in biomass. 

A. ENERGY CONSUMPTION IN THE UNITED STATES 

The gradual change in the energy consumption pattern of the United States 
from 1860 to 1990 is illustrated in Fig. 1.1. In the mid-1800s, biomass, princi- 
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FIGURE 1.1 Historical energy consumption pattern for United States, 1860-1990. 

pally woody biomass, supplied over 90% of U.S. energy and fuel needs, after 
which biomass consumption began to decrease as fossil fuels became the 
preferred energy resources. For many years, a safe illuminant had been sought 
as a less expensive substitute for whale oils. By the mid-1800s, distillation of 
coal oils yielded naphthas, coal oil kerosines, lubricants, and waxes, while 
liquid fuels were manufactured by the distillation of petroleum, asphalt, and 
bituminous shales. Coal slowly displaced biomass and became the primary 
energy resource until natural gas and oil began to displace coal. In 1816, the 
first gas company was established in Baltimore, and by 1859, more than 300 
U.S. cities were lighted by gas. Natural gas was no longer a curiosity, but 
illuminating gas manufactured from coal by thermal gasification processes still 
ruled the burgeoning gas industry. Natural gas did not come to the fore 
until manufactured gas was widely adopted for cooking, space heating, water 
heating, and industrial uses. Installation of a nationwide pipeline grid system 
after World War II for transmission of natural gas eventually made it available 
in most urban areas. 

After the first oil well was drilled in 1859 in Titusville, Pennsylvania, for the 
specific purpose of bringing liquid petroleum to the surface in quantity, produc- 
ing oil wells were drilled in many states. The installation of long-distance 
pipelines for transport of oil from the producing_ re~ions to the refineries and 
the natural gas pipeline grid signaled the end of coal's dominance as an energy 
resource in the United States. As shown in Fig. 1.1, the percentage contributions 
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to total primary U.S. energy demand in the 1990s were about 70% for petroleum 
and natural gas and 20% for coal. Biomass, hydroelectric power, and nuclear 
power made up the balance. It is noteworthy that since the advent of nuclear 
power, its overall contribution to U.S. energy demand has remained rela- 
tively small. 

Over the period 1860 to 1990, U.S. fossil fuel consumption correlated well 
with the growth in population (Fig. 1.2), but more revealing is the trend over 
the same period, in annual and per-capita U.S. energy consumption (Fig. 1.3). 
As technology advanced, the efficiency of energy utilization increased. Less 
energy per capita was consumed even though living standards were dramati- 
cally improved. Large reductions in per-capita energy consumption occurred 
from over 600 GJ/capita-year (102 BOE/capita-year) in 1860 to a level of about 
200 GJ/capita-year in 1900. Per-capita energy consumption then remained 
relatively stable until the 1940s when it began to increase again. In the 1970s, 
energy consumption stabilized again at about 350 GJ/capita-year (59 BOE/ 
capita-year). This is undoubtedly due to the emphasis that has been given to 
energy conservation and the more efficient utilization of energy and because 
of improvements in energy-consuming processes and hardware. 

Because of the increasing efficiency of energy utilization, the energy con- 
sumed per U.S. gross national product dollar exhibited substantial reductions 
also over the period 1930 to the early 1990s (Fig. 1.4). The U.S. gross national 
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FIGURE 1.2 U.S. population and consumption of fossil fuels, 1860-1990. 
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product increased more than sixfold in 1994 dollars over this period, while 
energy consumption per dollar of gross national product decreased from about 
26 MJ/$ GNP to 14 MJ/$ GNP. 

B. GLOBAL ENERGY CONSUMPTION 

The relationship of gross national product per capita to energy consumption 
per capita for most countries of the world correlates very well with the status 
of economic and technological development. The World Bank defines devel- 
oping countries as low- and middle-income countries for which the annual 
gross national product is $5999 or less per capita (World Bank, 1989; U.S. 
Congress, 1991). With the exceptions of Brunei, Bahrain, Japan, Kuwait, 
Qatar, Saudi Arabia, Singapore, and the United Arab Emirates, it includes all 
countries in Africa, Asia, Latin America, and the Middle East, and Bulgaria, 
Greece, Hungary, Papua New Guinea, Poland, Turkey, and the former Yugoslavia. 
All of the developing countries that have annual gross national products of 
less than $5999 per capita also consume less than 25 BOE/capita-year (3300 
kg of oil equivalent/capita-year). In fact, there is a good correlation between 
the magnitude of annual energy consumption per capita and the correspond- 
ing gross national product per capita for both the developing and developed 
countries (Fig. 1.5). 

Annual global energy consumption statistics by region show that although 
fossil fuels supply the vast majority of energy demand, the developing areas 
of the world consume more biomass energy than the developed or more 
industrialized regions (Tables 1.1 and 1.2). More than one-third of the energy 
consumed in Africa, for example, is supplied by biomass. But examination of 
the energy consumption and population statistics in modern times of the 
world's 10 highest energy-consuming countries reveals some interesting trends 
that may not generally be intuitively realized. Excluding biomass energy con- 
sumption, these countries consumed about 65% of the world's primary energy 
demand in 1992 and contained about one-half of the world's population (Table 
1.3). The industrialized countries and some of the more populated countries 
of the world are responsible for most of the world's primary energy consump- 
tion (65%) and for most of the fossil fuel consumption. One extreme, however, 
is represented by the United States, which has only about 5% of the world's 
population, and yet consumes about one quarter of the total global primary 
energy demand. Coal, oil, and natural gas contributed 23, 41, and 25%, respec- 
tively, to total U.S. energy demand in 1992, about 80% of which was produced 
within the United States. Oil has been the single largest source of energy for 
many years. The U.S. per-capita energy consumption in 1992, 56.3 BOE/capita, 
was second only to that of Canada, 69.8 BOE/capita, in this group of countries. 
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FIGURE 1.5 Gross national product vs energy consumption of selected countries, 1990. 

Another extreme is represented by China and India, which rank first and 
second in population. Their respective per-capita energy consumptions were 
4.4 and 1.7 barrels of oil equivalent in 1992, the smallest in this group of 
countries. Of the three fossil fuels--coal, oil, and natural gas--coal contributed 
78 and 60% to energy demand in China and India, while natural gas contributed 
only 2 and 6%, respectively. This suggests that the indigenous reserves of coal 
are large and those of natural gas are small in these countries. 

Globally, total energy consumption exhibited an almost exponential increase 
from 1860 to 1990. Total consumption increased from 16 to 403 EJ, or by a 
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TABLE 1.1 Global Energy Consumption by Region and Energy Source in 1990 ~ 

Fossil fuel' (EJ) 

Region b Solids Liquids Gases Electricity a (EJ) Biomass ~ (EJ) Total (EJ) 

Africa 2.96 3.36 1.55 0.18 4.68 12.73 

America, N. 21.55 38.48 22.13 4.69 3.75 / 90.60 

America, S. 0.68 4.66 2.09 1.29 2.71 11.43 

Asia 35.52 27.58 8.38 2.57 8.89 82.94 

Europe 35.18 40.90 37.16 6.25 1.29 120.85 

Oceania 1.64 1.70 0.85 0.14 0.19 4.53 

World 97.52 116.68 72.18 15.13 21.51 323.02 

aAdapted from United Nations (1992). The sums of individual figures may not equal the totals 
because of rounding. 

bEurope includes the former U.S.S.R. 
CSolids are hard coal, lignite, peat, and oil shale. Liquids are crude petroleum and natural gas 
liquids. Gases are natural gas. 

dElectricity includes hydro, nuclear, and geothermal sources, but not fossil fuel-based electricity, 
which is included in fossil fuels. 

eBiomass includes fuelwood, charcoal, bagasse, and animal, crop, pulp, paper, and municipal solid 
wastes, but does not include derived biofuels. 

fEstimated by the author: 2.95 EJ for the U.S.A., 0.5 EJ for Canada, and 0.3 EJ for Mexico. More 
details are presented in Chapter 2. 

fac tor  of  a b o u t  25 (Klass ,  1992)  (Fig.  1.6). T h e  w o r l d ' s  p o p u l a t i o n  e x h i b i t e d  

a b o u t  a f ivefold inc rease  to 5.3 b i l l i on  p e o p l e  ove r  this  s a m e  pe r iod .  F r o m  

1860  to the  m i d - 1 9 3 0 s ,  the  w o r l d ' s  p o p u l a t i o n ,  to ta l  fossil  fuel  c o n s u m p t i o n ,  

TABLE 1.2 Global Energy Consumption in Percent by Region and Energy Source in 1990 ~ 

Area Fossil fuels (%) Nonfossil electricity (%) Biomass b (%) 

Africa 61.8 1.4 36.8 

America, N. 90.7 5.2 4.1 

America, S. 65.0 11.3 23.7 

Asia 86.2 3.1 10.7 

Europe 93.7 5.2 1.1 

Oceania 92.7 3.1 4.2 

World 88.6 4.7 6.7 

aDerived from Table 1.1. 
/'Does not include derived biofuels such as ethanol or methane. 
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FIGURE 1.6 World energy consumption by resource, 1860-1990. 

and per-capita fossil fuel consumption gradually increased, but then increased 
much more rapidly after the beginning of World War II (Figs. 1.7 and 1.8). 

Since the 1940s, fossil energy resources have clearly become the world's 
largest source of energy. Interestingly, the average overall per-capita fossil fuel 
consumption by the world's population started to level off in the range of 
60 GJ/capita-year (10 BOE/capita-year) in 1970 (Fig. 1.8). Meanwhile, the 
contribution of biomass energy, which was over 70% of the world's total energy 
demand in 1860, decreased to about 7% of total demand in the early 1990s. 

III. FOSSIL  F U E L  RESERVES A N D  D E P L E T I O N  

In 1955, Farrington Daniels, professor of chemistry at the University of 
Wisconsin from 1920 to 1959 and a pioneer in solar energy applications, stated 
(Daniels and Duffle, 1955): 
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World population and consumption of fossil fuels, 1860-1990. 
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�9 . . our fuels were produced millions of years ago and through geological 
accident preserved for us in the form of coal, oil, and gas. These are essentially 
irreplaceable, yet we are using them up at a rapid rate. Although exhaustion of our 
fossil fuels is not imminent, it is inevitable. 

Few people paid any attention to such remarks at that time. Many regarded 
them as the usual gloom-and-doom commentary of the day. 

Between 1860 and 1990, the world's population and the consumption of 
fossil fuels per capita sequentially doubled almost three times and four times, 
but over the same period of years, global consumption of fossil fuels passed 
through six sequential doubling cycles. The doubling times for global fossil 
fuel consumption, population, and fossil fuel consumption per capita in the 
mid-1990s were approximately 25, 35, and 50 years, respectively (Table 1.4). 
These trends suggest several features of a society whose gradual and then rapid 
industrialization has depended on the availability of energy and fuels, namely 
that fossil fuel consumption is disproportionately increasing as more and more 
of the world's population is industrialized despite the large improvements in 
the efficiency of energy utilization over the past 50 years. Human activity and 
interactions at all levels require the acquisition and consumption of energy 
and fuels, no matter what the living standards are. It is simply a matter of 
increasing population and the apparent preference for energy-rich, high-quality 
fossil fuels. Questions of where recoverable fossil fuel deposits are located and 
the size of these deposits are obvious. How long will it be, for example, before 
the world's supplies of petroleum crude oils begin to permanently fall short 

of demand? 
Energy specialists and reservoir engineers in the United States and several 

other countries use "proved reserves" to predict the amounts of coal, oil, and 
natural gas that can be produced and marketed. Proved reserves are defined 

TABLE 1.4 Approximate Times in Years for Sequential Doubling of World Population, 
Fossil Fuel Consumption, and Fossil Fuel Consumption Per Capita from 1860 to 1990 

Fossil fuel Fossil fuel 
Population consumption consumption/capita 

Doubling sequence Period Time Period Time Period 

First 1860-1945 85 1860-1875 15 1860-1880 

Second 1945-1980 35 1875-1895 20 1880-1900 

Third 1980-2015 35 est. 1895-1910 15 1900-1940 
Fourth 1910-1940 30 1940-1990 

Fifth 1940-1965 25 

Sixth 1965-1990 25 

Time 

20 

20 

40 

5O 
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as the es t imated  por t ion  of a na tura l  fossil fuel deposi t  that  is projec ted  from 
analysis of geological  and engineer ing  data wi th  a reasonably  high degree of 

certainty,  usual ly  a combina t ion  of exper imenta l  field data, model ing ,  and 
exper ience,  to be economica l ly  recoverable  in future years unde r  exist ing 
economic  and  opera t ing condi t ions .  Unfor tuna te ly ,  there are no in terna t ional  
s tandards  for es t imat ing or defining reserves,  and  there are m any  prob lems  
associated wi th  deve lopmen t  of accurate  p roved  reserves figures. They are, 

however ,  the best  r unn ing  accoun t ing  m e t h o d  available today to project  fossil 

energy supplies.  

Examina t ion  of the world 's  p roved  reserves of coal, c rude  oil, and  natura l  

gas and their  regional  locat ions shows that  well over half  of the world 's  crude 
oil and natura l  gas supplies  are located in the Middle  East and the former  

Soviet Union,  while  Nor th  America,  the Far East, and  the former  Soviet Un ion  

have over 70% of the coal reserves (Table 1.5, Fig. 1.9). 
Intuit ively,  these data suggest  that  count r ies  in those regions having large 

a m o u n t s  of specific p roved  fossil fuel reserves wou ld  tend,  because of p rox imi ty  

to these resources ,  to c o n s u m e  mo re  of the ind igenous  fossil fuels than those 

TABLE 1.5 Global Proved Coal, Oil, and Natural Gas Reserves by Region a 

Coal Oil Natural gas 

(10 9 (1012 

Region (106 ton) (EJ) bbl) (EJ) ft 3) (EJ) 

Africa 68,420 1716 75 441 326 344 

America, N. 276,285 5382 81 476 329 347 

America, S. and Central 10,703 224 74 439 189 199 

Eastern Europe and former U.S.S.R. 329,457 6444 189 1 1 1 3  2049 2160 

Far East and Oceania 334,947 6928 54 319 343 361 

Middle East 213 5 596 3520 1366 1440 

Western Europe 129,904 2185 24 142 216 227 

Total: 1,145,002 22,884 1 0 9 2  6449 4817 5078 

~The coal data are for the end of 1990 (World Energy Council, 1992). The oil and natural gas 
data are for January 1, 1993 (Gulf Publishing Company, 1993). The reserves data for coal, oil, 
and natural gas are indicated in tons, barrels, and cubic feet, respectively, as published and were 
not converted to SI units. The world average heating values for subbituminous, bituminous, 
and anthracite coals; lignite; oil; and natural gas are assumed to be 27.9 GJ/t (24 million 
Btu/ton), 16.3 GJ/t (14 million Btu/ton), 5.9 GJ/bbl (5.6 million Btu/bbl), and 39.3 MJ/m3(n) 
(1000 Btu/ft3), respectively. The result of multiplying the amount of reserves by the world 
average heating value may not equal the EJs in this table because of the variation in fuel value 
of specific reserves within a given fuel type. The sums of individual figures may not equal the 
totals because of rounding. 
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that are not within their confines. This is often the case, as illustrated by some 
of the data in Table 1.3 for the world's 10 highest energy-consuming countries. 
There are many exceptions. The proved reserves-to-annual consumption ratios 
calculated from the proved reserves and annual consumption data for coal, 
crude oil, and natural gas for a few selected countries illustrate some of these 
exceptions (Table 1.6). In theory, these ratios indicate the number of years 
until the proved reserves of a particular resource are exhausted, assuming no 
imports of fossil fuels, a constant rate of fuel consumption, and no further 
discoveries of economically recoverable coal, oil, or natural gas. According to 
these data, a 258-year supply of coal, the world's largest energy resource of 
the three conventional fossil fuels, is available in the United States, whereas 
oil and natural gas have much shorter depletion times. Nevertheless, coal 
currently contributes less to energy demand than either oil or natural gas. In 
contrast, other countries such as China, Germany, and India have large proved 
reserves of coal and consume relatively large amounts, while Saudi Arabia 
has essentially no proved coal reserves and consumes none. Worldwide, coal 
consumption grew at an annual rate of 1.4% between 1980 and 1993 and 
accounted for about 25% of the world's total energy use in 1993, so it continues 
to be an important energy resource. 

Oil is clearly a much smaller fossil energy resource than coal. Because of 
its intrinsic properties such as high energy density, ease of transport, storage, 
and conversion to storable liquid fuels, and an existing infrastructure that 
facilitates worldwide distribution of refined products to the consumer, it is 
the fossil fuel of choice for the manufacture of motor fuels. Some countries, 
such as Japan, that have little or no proved reserves of oil consume relatively 
large quantities and are therefore strongly dependent on imports to meet 
demand. Some countries, such as Saudi Arabia, have an abundance of proved 
oil reserves and supply their own demands as well as a large fraction of the 
world's markets. Global consumption of oil increased by 18.4 EJ between 1983 
and 1992 at an annual rate of growth of 1.5% (U.S. Dept. of Energy, 1994). 
Motor fuels from oil are expected to remain the dominant international trans- 
portation fuel for the foreseeable future. Other projections indicate that global 
consumption of oil will exhibit a growth rate of nearly 2% per year up to 2015 
(U.S. Dept. of Energy, 1996). While natural gas and renewables are making 
inroads into the energy markets of OECD (Organization for Economic Cooper- 
ation and Development) nations, leading to a decline in oil's share in those 

FIGURE 1.9 (a) World coal reserves by region, December 31, 1990. (b) World oil reserves by 
region, January 1, 1993. (c) World natural gas reserves by region, January 1, 1993. 
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TABLE 1.6 Proved Reserves-to-Annual Consumption Ratios for Fossil Fuels for Selected 

Countries and World ~ 

Country Proved reserves (EJ) Annual consumption (EJ) Ratio 

United States 
Coal 5144 20 258 
Oil 140 35 4 
Natural gas 174 21 8 

China 
Coal 2586 23 113 
Oil 175 5.9 30 
Natural gas 47 0.6 86 

Japan 
Coal 23 2.9 8 
Oil 0 12 0 
Natural gas 0 2.2 0 

Germany 
Coal 1581 4.3 371 
Oil 1.2 6.2 0.2 
Natural gas 8.2 2.5 3 

India 
Coal 1773 4.9 362 
Oil 35 2.8 13 
Natural gas 25 0.5 49 

Saudi Arabia 
Coal 0 0 0 
Oil 1541 2.4 647 
Natural gas 195 1.3 147 

World 

Coal 22,886 94 244 
Oil 6449 144 45 
Natural gas 5078 78 65 

aData adapted from U.S. Department of Energy (1994). 

markets, its share is rising in the developing nations as transportation, indus- 
trial, and other uses for oil expand. 

Natural gas is somewhat similar to oil in that it is a relatively clean-burning 
fuel compared to coal. Long-distance pipelines have been built in many devel- 
oped and developing countries to deliver gas from the producing areas to large 
urban markets where it is delivered to the consumer via local gas distribution 
networks. In modern combined-cycle, cogeneration systems, it is generally the 
fossil fuel of choice for electric power production and stationary applications. 
Again, a correlation does not necessarily exist between the location of indige- 
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nous proved reserves in a given country and energy consumption in that 
country. Japan is an example of a country that has no natural gas reserves, yet 
consumes considerable natural gas that is transported to Japan from producing 
countries as liquefied natural gas (LNG) in large cryogenic tankers. Another 
example is the utilization of the large reserves of natural gas in Eastern Europe. 
Consumption is high in Eastern Europe, but high-pressure pipelines are used 
to transport natural gas from producing regions in Eastern Europe to Western 
Europe where proved reserves are small. Natural gas is the fastest-growing 
fossil fuel in the world's energy mix. Its annual rate of growth in production 
was 3.7% from 1983 to 1992, and it contributed 22% to world energy demand 
in 1993. 

A somewhat more quantitative estimate of depletion times for fossil fuels 
can be calculated under specific conditions using a simple model that accounts 
for proved reserves and growth rates in consumption (Appendix B). Application 
of this model to the consumption of global proved reserves of petroleum crude 
oils is presented here. Calculation of global depletion times eliminates the 
problem of accounting for imports and exports. The conditions assumed 
for these calculations are those for 1992. The world's proved reserves are 
6448 EJ, the annual consumption is 144 EJ, and the average annual growth 
rate in consumption of petroleum products is assumed to be a conservative 
1.2%, which is projected by the U.S. Department of Energy to hold until 2010. 
Under these assumed conditions, the depletion time of the proved reserves of 
petroleum is 35 years, or the year 2027. 

Current estimates of proved reserves do not represent the ultimate recover- 
able reserves because of ongoing oil exploration activities and new discoveries, 
which have generally been able to sustain proved reserves for several decades. 
For this reason, and because changing economic conditions and technical 
improvements affect the assessment of proved reserves and the economic 
recoverability of oil from lower-grade reserves and unconventional reserves of 
tar sands and oil shales, calculation of the depletion time for several multiples 
of the proved reserves is also of interest. The depletion time for five times the 
proved reserves (32,240 EJ) at the same consumption rate is 108 years, or the 
year 2100. The ultimate recoverable reserves are believed to be closer to two 
times the world's proved reserves of oil and syncrudes (12,896 EJ) from 
unconventional sources (Institute of Gas Technology, 1989). Note that the 
depletion time of 108 years for five times the proved reserves is not a factor of 
five greater than that calculated for proved reserves of 6448 EJ because of the 
compounding effect of the growth rate in consumption of 1.2% per year; 
it is about three times greater. The changes in remaining reserves with time 
from these calculations are illustrated in Fig. 1.10. 

Despite the facts that world trade in the international oil and natural gas 
markets is flourishing and there is little sign of a significant reduction in energy 
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FIGURE 1.10 Global depletion of petroleum reserves at annual consumption growth rate of 1.2%. 

consumption, the limited data and simplified analysis presented here suggest 
that gradual depletion of oil and natural gas reserves can be expected to become 
a major problem by the middle of the twenty-first century. Without preparation 
and long-range planning to develop alternative fuels, particularly nonpolluting 
liquid motor fuels for large-scale worldwide distribution and clean-burning 
fuels for power production in stationary applications, energy and fuel shortages 
could become severe. The disruptions in energy and fuel supply and availability 
that occurred in the 1970s illustrate the potential impact on society. The 
oil marketing policies of the Organization of Petroleum Exporting Countries 
(OPEC) and the resulting First Oil Shock in 1973-74 had a lasting impact on 
the international oil markets and the energy policies of most industrialized 
nations. In 1973, Mideast light crude oil spot market prices rose to about $13 
per barrel from a low of about $2 per barrel. The Second Oil Shock began in 
1979 as a result of OPEC's curtailment of production until spot Mideast oil 
prices peaked in early 1980 at $38.63 per barrel. Major policy changes and 
legislative actions occurred in many industrialized countries to try to counteract 
these conditions. The First Oil Shock resulted in a flurry of legislative activities 
and executive orders by the executive and legislative branches of the U.S. 
Government, for example, that affected literally all energy-related sectors. This 
was actually the beginning of national policies in many countries to develop 
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new indigenous energy supplies. In the United States, the federal laws that 
have been enacted since the First and Second Oil Shocks have had a profound 
and continuing impact on all U.S. energy production and utilization. When 
it was realized that oil prices and availability could be manipulated or controlled 
to a significant extent by outside forces and how important these factors and 
their impact are for the U.S. economy, massive programs were undertaken to 
make the United States less dependent on imported oil. Other nations have 
taken similar actions. Many of these programs continue today. 

A few words of caution are warranted in dealing with depletion times and 
the proved reserves of fossil fuels, that is, the possibility of new discoveries, 
the variability of depletion time, the effects of new technologies, and the 
uncertainty of predictions. Detailed assessment of the proved reserves-to- 
consumption ratios for oil and natural gas over the past several decades shows 
that although there has been a slight decline in the values of specific proved 
reserves reported by some sources, new additions to proved reserves have 
been able to sustain market demands over many years while the calculations 
indicated that depletion should have occurred in just a few years. The estimated 
depletion times calculated in the mid-1970s showed, for example, that the 
global reserves of natural gas should have been depleted by about 1995. Discov- 
ery of large new reserves capable of economic production, the development 
of significantly improved gas producing and processing methods, higher gas 
utilization efficiencies by end-use equipment, and lower actual annual growth 
rates in consumption than those predicted have all contributed to prolong 
depletion and the time of depletion. Basically, the estimates of the world's 
total remaining recoverable reserves of oil and natural gas have been sustained 
and continue to keep pace with consumption. But given the extensive periods 
of time required to replenish finite supplies of fossil fuels, the earth is not an 
infinite source of these materials when considered in terms of world energy 
demand and population growth. Presuming Professor Daniels' prediction that 
depletion of coal, oil, and natural gas is truly inevitable, it is still prudent to 
use these natural resources wisely. This will help conserve our valuable fossil 
fuels and extend the time when depletion and the unavoidable rise in energy 
prices and shortages occur and become a fact of life. The coupling of fossil 
fuel usage and environmental problems may eventually result in the equivalent 
of mandated conservation of fossil fuels. 

IV. E N V I R O N M E N T A L  ISSUES 

A. THE GREENHOUSE EFFECT 

Since the early 1960s, climate change and air quality have become major 
and often controversial issues in many countries and among groups from 
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governments to various scientific communities. Prominent among these issues 
is the greenhouse effect, in which the gradually increasing tropospheric concen- 
trations of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N20) 
are believed to trap an excessive amount of solar radiation reflected from 
the earth. The trapped radiation is predicted to cause significant ambient 
temperature increases. Other issues include ozone (03) formation over popu- 
lated areas due to photochemical interactions of hydrocarbon, carbon monox- 
ide (CO), and nitrogen oxide (NOx) emissions, primarily from motor vehicles; 
natural ozone layer destruction in the stratosphere by photochemical reactions 
of organic chlorofluorocarbon compounds (CFCs) resulting in increased pene- 
tration to the earth's surface of shorter-wavelength ultraviolet light that can 
cause skin cancers; and acid rain, which has harmful effects on buildings and 
the growth of biomass and is caused by sulfur oxide (SOx) emissions from the 
combustion of sulfur-containing fossil fuels. The predictions of some of the 
resulting environmental effects are quite dramatic. In the U.S. National Re- 
search Council's first assessment of the greenhouse effect in 1979, one of the 
primary conclusions was that if the CO2 content of the atmosphere is doubled 
and thermal equilibrium is achieved, a global surface warming of between 2 
and 3.5~ can occur, with greater increases occurring at higher latitudes 
(National Research Council, 1979). Some of the earlier predictions indicated 
that this increase is sufficient to cause warming of the upper layers of the 
oceans and a substantial rise in sea level, a pronounced shift of the agricultural 
zones, and major but unknown changes in the polar ice caps. 

There has by no means been universal acceptance among the experts of 
many of the predictions that have been made, and there are many who have 
opposing views of the causes of some of the phenomena that have been observed 
and experimentally measured. However, several detailed reports were issued 
in the 1990s in which the consensus of large groups of experts is that human 
activities, largely the burning of fossil fuels, are affecting global climate. At 
any one location, annual variations can be large, but analyses of meteorologi- 
cal and other data over decades for large areas provide evidence of important 
systemic changes. 

One of the first comprehensive estimates of global mean, near-surface tem- 
perature over the earth's lands and oceans was reported in 1986 (Jones et al., 
1986). The data showed a long-timescale warming trend. The three warmest 
years were 1980, 1981, and 1983, and five of the nine warmest years in the 
entire 124-year record up to 1984 were found to have occurred after 1978. It 
was apparent from this study that over this period, annual mean temperature 
increased by about 0.6 to 0.7~ and that about 40 to 50% of this increase 
occurred since about 1975. According to many analysts, the warmest year on 
record up to 1995 is 1995, and recent years have been the warmest since 1860 
despite the cooling effect of the volcanic eruption of Mt. Pinatubo in 1991 
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(cf. Intergovernmental Panel on Climate Change, 1991 and 1995). Nighttime 
temperatures over land have generally increased more than daytime tempera- 
tures, and regional changes are also evident. Warming has been the greatest 
over the mid-latitude continents in winter and spring, with a few areas of 
cooling such as the North Atlantic Ocean. Precipitation has increased over 
land in the high latitudes of the Northern Hemisphere, especially during the 
cold season. Global mean surface temperature has increased by between 0.3 and 
0.6~ since the late nineteenth century and average global surface temperature 
increases of I to 3.5~ somewhat lower than originally predicted, are expected 
to occur by the middle of the twenty-first century. Global sea level has risen 
by between 10 and 25 cm over the past 100 years, and much of the rise may 
be related to the increase in global mean temperature. 

Since preindustrial times, ambient concentrations of the greenhouse gases 
have exhibited substantial increases, inter alia CO2 by 30% to about 360 parts 
per million (ppm), CH 4 by 145% to more than 1700 parts per billion (ppb), 
and N20 by 15% to more than 300 ppb. The growth rates in the concentrations 
of these gases in the early 1990s were lower than predicted, while subsequent 
data indicate that the growth rates are comparable to those averaged over the 
1980s. If CO2 emissions were maintained near mid-1990 levels, analysts have 
predicted that this would lead to a nearly constant increase in atmospheric 
concentrations for at least two centuries, reaching about 500 ppm by the 
end of the twenty-first century, and that stabilization of atmospheric CO2 
concentrations at 450 ppm could only be achieved if global anthropogenic 
emissions drop to 1990 levels by about 2035, and subsequently drop substan- 
tially below 1990 levels (Intergovernmental Panel on Climate Change, 1995). 
It is estimated that the corresponding atmospheric lifetimes of CO2, CH4, and 
N20 are about 50 to 200, 12, and 120 years, respectively, and that together 
with increasing emissions to the atmosphere, they account for the steadily 
rising ambient concentrations of the greenhouse gases. 

These gases are called greenhouse gases because they selectively allow more 
of the shorter wavelengths of solar radiation to reach the earth's surface, but 
absorb more of the reflected longer wavelength infrared radiation than that 
allowed to leave the atmosphere. The result is the greenhouse effect on reradia- 
tion of the absorbed energy. An example of the change in atmospheric concen- 
tration of CO2 at one measuring site is shown in Fig. 1.11 (Whorf, 1996). 
These data were accumulated from 1958 to 1995 by experimental measurement 
at Mauna Loa, Hawaii and show how the concentration increased from about 
315 to 360 ppm over the measurement period and how it varies during the 
biomass growing season. The data show an approximate proportionality be- 
tween the rising atmospheric concentrations and industrial CO2 emissions 
(Keeling et al., 1995). The distribution and a few properties of selected atmo- 
spheric gases that have infrared absorption in the atmospheric window (7 to 
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FIGURE 1.11 Monthly average concentration of carbon dioxide in dry air observed at Mauna 
Loa Observatory, Hawaii from March 1958 to April 1995. Note: The measurements were made 
with a continuously recording non-dispersive infrared gas analyzer. The smooth curve fit is a fit 
of the data to a four harmonic annual cycle which increases linearly with time plus a spline fit 
of the interannual component of the variation. From Whorf (1996). 

13 /~m)  are listed in Table 1.7. Carbon dioxide is by far the most abundant 
and is indicated in this table as the relative infrared standard. The gas-to- 
carbon dioxide infrared absorption ratios in the atmospheric window of CH4, 
N20, and the CFCs are much greater than 1.0. The effect of doubling the 
concentration of N20, CO, CH4, and CO2 on the earth's surface temperature 
is estimated to be 0.25, 0.6 to 0.9, 0.95, and 2 to 3~ respectively. 

Methane is present at much lower concentrations than CO2, but is estimated 
to increase the surface temperature by almost 1~ on doubling of its concentra- 
tion. This is predicted to occur because the methane-to-carbon dioxide infrared 
ratio in the atmospheric infrared window is about 25, and hence CH4 is a 
much stronger absorber of infrared radiation than CO2. Presuming the current 
rates of increase in ambient concentrations of the greenhouse gases continue, 
the doubling times can be estimated at which the surface temperature effects 
in Table 1.7 can be expected. For CO2, various studies indicate that its concen- 
tration will double by the latter part of the twenty-first century. Although 
there is disagreement as to the exact time of doubling, there is virtually no 
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TABLE 1.7 Distribution and Selected Properties of Some Atmospheric Polluting Gases 
Having Absorption in the Radiative Window ~ 

Concentration 

Current IR absorption AT on doubling 
Gas (Gt) (ppm) (ppm) (ratio gas/CO2) concentration b (~ 

CO2 2640 275 345 1 2-3 

CH4 4.9 0.75 1.65 25 0.95 

N20 2.5 0.25 0.35 250 0.25 

CO 0.6 0.12 0.6-0.9 

CCI2F2' 0.006 0 0.00038 20,000 0.02-0.05 

CCI3F a 0.004 0 0.00023 17,500 0.008-0.016 

Atmospheric mass Preindustrial 

aAdapted from Chamberlain et a|. (1982), Ramanathan (1988), International Energy Agency 
(1989), and Intergovernmental Panel on Climate Change (1995). 

bChange in earth's surface temperature resulting from doubling of concentration of indicated gas 
as estimated in Chamberlain et al. (1982). 

CFreon 12. 
aFreon 11. 

dispute among scientists that the concentrations of atmospheric CO2 have 
increased about 30% since 1850. 

A note of caution is necessary regarding the predictions that have been 
made regarding global temperature increases. The predictions made in the 
mid-1990s by the Intergovernmental Panel on Climate Change rely heavily 
on the use of computerized climate models. There is much uncertainty inherent 
in this technique because few models can reliably simulate even the present 
climate without "flux adjustments" (cf. Kerr, 1997). Consequently, there is 
considerable disagreement about the specific effects on global temperature of 
the greenhouse gases, and even clouds and pollutant hazes, and whether global 
warming can be correlated with human activities or is a natural phenomenon. 
Application of improved computer models that do not use flux adjustments 
indicates that global warming is occurring at the lower end of the many 
predictions that have been made. 

B. SOURCES OF GREENHOUSE GASES 

It is of interest to examine potential sources of atmospheric CO2 by analysis of 
the global distribution of carbon in all its forms. The data presented in Table 
1.8 show that atmospheric carbon, which can be assumed to be essentially all 
in the form of CO2 (i.e., 700 Gt carbon equals 2570 Gt of CO2) comprises 
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TABLE 1.8 Global Carbon Distribution* 

Percent of world total 

Location Mass (Gt) With lithosphere Without lithosphere 

Terrestrial 

Sediments (lithosphere) 20,000,000 99.780 
Live biomass 450 0.002 1.02 
Dead biomass 700 0.003 1.59 

Subtotal terrestrial: 20,001,150 99.785 2.61 

Atmosphere 700 0.003 1.59 

Oceans 

Deep sea (inorganic) 34,500 0.172 78.43 
Sea surface layers (dissolved) 500 0.002 1.14 
Live biomass 10 0.00005 0.02 
Dead biomass 3000 0.015 6.82 

Subtotal oceans: 38,010 0.189 86.41 

Fossil fuel deposits 
Coal 3510 0.018 7.98 
Oil 230 0.001 0.52 
Gas 140 0.0007 0.32 
Others 250 0.001 0.57 

Subtotal fossil fuel: 4130 0.021 9.39 

Total carbon deposits 20,043,990 

aAdapted from Watts (1982) and Klass (1983). 

only about 1.6% of total global carbon, excluding lithospheric carbon. Obvious 
sources of direct or indirect additions of CO2 to the atmosphere are therefore 
fossil fuel deposits, since portions of them are combusted each year as fuels, 
and terrestrial biomass. Biomass, the photosynthetic sink for removal of CO2 
from the atmosphere, is important because any changes that modify natural 
biomass growth can affect ambient CO2 concentration. Reducing the size of 
the photosynthetic sink by such practices as slash-and-bum agriculture, large- 
scale wood burning, and rain-forest destruction causes an overall reduction in 
the amount of natural photosynthesis. 

To develop more quantitative information regarding atmospheric CO2, the 
emissions on combustion of coal, oil, and natural gas per energy input unit 
(Appendix C) were used to calculate the CO2 generated from fossil fuel combus- 
tion for the world's regions and each of the top 10 energy-consuming countries 
(Table 1.9). Oil is the largest CO2 source, followed by coal and natural gas. 
It is obvious that the largest energy-consuming regions of the world generate 
relatively more fossil-based CO2, and that the world's 10 top energy-consuming 
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TABLE 1.9 Carbon Dioxide Generated from Fossil Fuel Combustion by World Region and 
the 10 Highest Energy-Consuming Countries a 

% of 
world total Total (Gt) Oil (Gt) Natural gas (Gt) Coal (Gt) 

3.5 0.79 0.35 0.09 0.35 

27.6 6.17 3.04 1.28 1.86 

3.4 0.76 0.56 0.12 0.08 

17.7 3.94 1.19 1.34 1.42 

Western Europe 17.7 3.94 2.13 0.58 1.23 

Middle East 3.7 0.82 0.58 0.22 0.02 

Far East and Oceania 26.4 5.90 2.36 0.35 3.20 

Total 22.34 10.21 3.98 8.15 

% of world total 45.7 17.8 36.5 

Country 

United States 23.9 5.33 2.51 1.09 1.73 

Russia 8.9 2.00 0.67 0.81 0.52 

China 10.9 2.44 0.42 0.03 2.00 

Japan 5.3 1.19 0.83 0.11 0.25 

Germany 4.2 0.94 0.44 0.13 0.37 

Canada 2.2 0.50 0.25 0.14 0.11 

France 2.0 0.44 0.30 0.07 0.08 

United Kingdom 2.9 0.64 0.27 0.12 0.25 

Ukraine 2.5 0.56 0.12 0.20 0.24 

India 2.9 0.65 0.20 0.03 0.43 

Total 14.69 6.00 2.71 5.97 

% of world total 65.7 26.9 12.1 26.7 

aAdapted from Klass (1992). The energy consumption data for the countries in Table 1.3 and for 
the world's regions (U.S. Department of Energy, 1994) were used for the calculations. The factors 
for converting energy consumption in EJ to carbon dioxide emissions for oil, natural gas, and 
coal are 0.07098, 0.05076, and 0.08690, respectively, and were derived from the data in Appendix 
C. The sums of individual figures may not equal the totals because of rounding. 

coun t r i e s  genera te  a lmos t  two- th i rd s  of the wor ld ' s  total  CO2 emi t t ed  on 

c o m b u s t i o n  of fossil fuels. This  k i n d  of i n f o r m a t i o n  has  led to several  na t i ona l  

p lans  and  i n t e rna t i ona l  a g r e e m e n t s  to a t t e m p t  to lower  or at least  m a i n t a i n  

a t m o s p h e r i c  CO2 by  r e d u c i n g  fossil fuel c o n s u m p t i o n  t h r o u g h  such  mech a -  

n i sms  as fossil c a r b o n  c o n s u m p t i o n  taxes and  h igher -e f f ic iency  ha rdware .  A 
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variety of technologies for removal of C02 from the environment have also 
been proposed. 

Although the position has been supported with limited and sometimes 
questionable data, it has come to be accepted as fact by many if not most 
climate change specialists that fossil fuel consumption is the major cause of 
atmospheric CO2 buildup. The CO2 in the atmosphere is estimated to have a 
mass of about 2640 Gt (Table 1.7). Uncertainty is a factor because it is only 
by inference that the mass is calculated. But many direct analyses of atmo- 
spheric CO2 have been made at different locations throughout the world. 
Analysis of air trapped in ancient ice cores shows that about 160,000 years 
ago, atmospheric CO2 concentration was about 200 ppm and then peaked at 
about 300 ppm 130,000 and 10,000 years ago. The concentration then began 
to increase from an apparent equilibrium value of about 280 ppm in the 
eighteenth century to its present level of about 360 ppm, the highest concentra- 
tion in the past 160,000 years. Atmospheric CO2 concentration has increased 
at least 50 ppm since 1860 and is currently increasing at an annual rate of 
about 1.5 ppm according to analyses carried out continuously over the last 
several decades. Presuming the atmospheric mass of 2640 Gt is correct, this 
corresponds to an annual increase of about 11.3 Gt/year. 

Compared to other carbon flows, CO2 emissions from fossil fuel consump- 
tion by country are perhaps the most accurate, large-scale carbon flux calcu- 
lations that can be performed. The reason for this is that detailed data on fos- 
sil fuel production and consumption are compiled and reported worldwide. 
Since the mid-1800s, fossil fuel usage has increased significantly, notably since 
World W'ar II as discussed earlier, to over 300 EJ/year (Fig. 1.6). Global CO2 
emissions from fossil fuel combustion have been calculated and reported to 
four significant figures for many years; the annual average from 1978 to 1987 
was 18.91 Gt/year (Klass, 1993) and is in the 22-Gt/year range in the 1990s 
(Table 1.9). So fossil fuel emissions are about twice the annual atmospheric 
CO2 buildup. This type of"factual data" comprises the essence of the argument 
that fossil fuel consumption is the primary cause of CO2 buildup in the atmo- 
sphere, and sic climate change. Much of the additional evidence is qualitative 
and uncertain because the study of global CO2 buildup is inextricably related 
to global carbon cycles and reservoirs and the myriad of processes that take 
place over time on a living planet. The problem from an investigative standpoint 
is extremely difficult to elaborate. Few direct measurements can be made with 
precision and then be reproduced. Broad use is made of modeling, and real- 
world confirmation of the conclusions is often anecdotal. As will be shown 
later (Chapter 2), biomass has a very important role in atmospheric CO2 fluxes 
and may affect ambient concentrations much more than fossil fuel consumption 
alone. Because of the environmental trends today, it appears that international 
agreements to limit fossil fuel consumption will be implemented sometime in 
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the twenty-first century. This will require much greater usage of alternative 
fuels, especially renewable biomass energy and biofuels manufactured from 
biomass. 

REFERENCES 

Chamberlain, J. C., Foley, H. M., MacDonald, G. J., and Ruderman, M. A. (1982). In "Carbon 
Dioxide Review 1982," (W. C. Clark, ed.), p. 255. Oxford University Press, New York. 

Daniels, F., and Duffle, J. A. (1955). In "Solar Energy Research," (F. Daniels and J. A. Duffle, 
eds.), p. 3. University of Wisconsin Press, Madison, WI. 

Gulf Publishing Company (August 1993). World Oil 214 (8). 
Institute of Gas Technology (1989). "IGT World Reserves Survey," (H. Feldkirchner, ed.). Institute 

of Gas Technology, Chicago. 
Intergovernmental Panel on Climate Change (August 1991). "Estimation of Greenhouse Gas 

Emissions and Sinks, Final Report from the OECD Experts Meeting, 18-21 February 1991 
[Paris]." ECD/OCDE, United Nations. 

Intergovernmental Panel on Climate Change (December 1995). "IPCC Working Group I 1995 
Summary for Policymakers," approved at 5th WGI Session, Madrid, Spain, 27-29 November 
1995, and associated detailed report. 

International Energy Agency (1989). "Energy and Environment: Policy Overview." OECD/IEA, 
Paris. 

Jones, P. D., Wigley, T. M. L., and Wright, P. B. (1986). Nature 322, 430. 
Keeling, C. D., Whorf, T. P., Wahle, M., and van der Plicht, J. (1995). Nature 375, 666. 
Kerr, R. A. (1997). Science 276(5315), 1040. 
Klass, D. L. (1983). In "Handbook of Energy Technology and Economics," (R. A. Meyers, ed.), 

p. 712. John Wiley, New York. 
Klass, D. L. (1992). Energy & Environment 3 (2), 109. 
Klass, D. L. (1993). Energy Policy 21 (11), 1076. 
National Research Council (1979). "Carbon Dioxide and Climate: A Scientific Assessment," Report 

of an Ad Hoc Study Group on Carbon Dioxide and Climate (J. G. Charney, Chairman). 
National Academy of Sciences, Washington, D.C. 

Ramanathan, V. (1988). Science 240 (4850), 293. 
United Nations (1992). "1990 Energy Statistics Yearbook," Department for Economic and Social 

Development, New York. 
U.S. Bureau of the Census (1994). "Statistical Abstract of the United States 1994," 114th Ed. 

Washington, D.C. 
U.S. Congress (January 1991). "Energy in Developing Countries," OTA-E-486. Office of Technol- 

ogy Assessment, Washington, D.C. 
U.S. Dept. of Energy (January 1994). "International Energy Annual 1992," DOE/EIA-0219(92). 

Energy Information Administration, Washington, D.C. 
U.S. Dept. of Energy (May 1996). "International Energy Annual 1996," DOF~IA-0484(96). Energy 

Information Administration, Washington, D.C. 
Watts,J. A. (1982). In "Carbon Dioxide Review 1982," (W. C. Clark, ed.), p. 432. Oxford University 

Press, New York. 
Whorl, T. P. (1996). Scripps Institution of Oceanography, University of California, San Diego, 

personal communication. 
World Bank (1989). In "World Development Report," p. 164. Oxford University Press, New York. 
World Bank (1991). "Social Indicators of Development 1990." The Johns Hopkins University 

Press, Baltimore. 
World Energy Council (1992). "1992 Survey of Energy Resources." World Energy Conference. 


