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Preface: The Future of Energy

This is a book about the future of energy. Even without a deep analysis of the energy industry, most people fundamentally understand that our current energy system is ultimately unsustainable and that renewable energy (including solar energy) will be an inevitable part of our common future. Global economic, environmental, and social pressures are driving our species and our economies to change how we harness vital energy, and these pressures will intensify as we approach the middle of the twenty-first century and expand to an estimated population of ten billion inhabitants on the planet

Many of the greatest hurdles we will face in the next fifty years will be a direct result of how we currently and eventually decide to procure the energy necessary to sustain our lives and our standard of living. Human-induced climate change, resource wars over energy supplies, and cycles of deforestation, famine, and poverty that result from our insatiable appetite for energy are not new problems. Humans have grappled with these problems for centuries. The difference today is that these problems have accelerated in scale and potential repercussions to global proportions.

Inevitably, the threats that our relationship to energy creates will be mitigated when motivation and opportunity collide. This could happen when businesses and government compensate for the risks and costs of our current energy system with effective foresight and coordinated planning or, alternatively, when we are forced to change in response to a 1970s-style energy crisis. Whatever the catalyst, the industrialized and developing nations of the world will eventually address these issues by using energy more efficiently and by developing and deploying local, sustainable, renewable energy sources.

Many such energy-generation solutions are being pursued, including nuclear power and renewable wind, biomass, and geothermal energies. Businesses and policy makers are currently pursuing choices based on their respective natural-resource endowments, technical expertise, and political will. For example, Iceland is tapping into its vast stores of geothermal and hydroelectric energy in an attempt to become the world’s first fossil fuel-free economy. The countries of northern and western Europe (including the United Kingdom, Denmark, and Germany) are taking advantage of their ample wind resources to lead the world in wind-power deployment. Land-rich but oil-poor Brazil is deploying bio-fuels to power its transportation infrastructure at a lower cost than traditional gasoline or diesel fuel. Each of these developing energy sources has a role to play worldwide, and many will be components of the solutions that are ultimately employed.

Various solar-energy-generation technologies—including direct electricity generation from photovoltaic (PV) cells—also continue to be researched and deployed. Although PV technology is conceptually simple—harnessing the sun’s energy on a solid-state device—generating electricity with PV cells is generally assumed to be both too expensive and too far behind in terms of market penetration to have a meaningful impact on the juggernaut of the world energy infrastructure. Partially because of solar energy’s false promises in the 1970s, the technology is widely seen as a desirable but uncompetitive energy source in all but niche markets and remote small-scale power applications. However, developments in the PV industry over the last ten years have quietly transformed solar energy into a cost-effective and viable energy solution today.

In many markets such as Japan, Germany, and the American Southwest, PV electricity has already become the energy choice of hundreds of thousands of users. From this established base, the technology of PV is poised to transform the energy landscape within the next decade as relative prices of this technology versus existing sources make it increasingly competitive. PV technology’s relative cost-effectiveness when compared to traditional energy choices and even many of the “new renewables” such as geothermal, wind, biomass, or ocean power will ensure its continued market penetration. Although it will be many years before solar energy provides a substantial amount of the world’s energy generation, awareness of the inevitability of the solar solution will have a surprisingly dramatic impact on electric utilities, government policy makers, and end users much sooner than most predict.

At its root, the shift to solar energy will be due to two complementary economic drivers in the energy industry that affect the configuration of energy supply and demand. The first driver relates to what types of energy source are used to power modern industrialized and developing economies. Pressure to develop sources of clean, renewable energy is growing because of the increasing costs and risks of securing traditional energy supplies, the increasing need for more energy as countries like China and India industrialize, and a growing understanding of the environmental effects of traditional sources of energy.

The second driver relates to how and where energy is being generated. Over the next few decades, industrial economies will shift away from large, centralized energy production toward smaller, distributed energy generators, primarily because end users will increasingly have cost-effective options to avoid the embedded costs of the existing energy infrastructure. This trend toward distributed energy is also true for the billions of people who live in developing economies (where most of the global growth in energy use is projected to occur) and who do not currently have access to large, centralized electricity grids and distribution systems. As these two drivers combine to change the economics of energy, much of the world will find it economic to use locally generated, clean, renewable energy. This book discusses the inevitable conclusion of these two trends—when, where, and why they will occur.

The research that led to this book did not begin with the supposition that such a clear energy path existed. It began with the broader question of where the natural momentum of the global energy industry has been leading and what trends would determine its future. The inevitabilities regarding solar energy became apparent only through an understanding of the natural economic forces that were transforming the industry, the changing relative costs and risks inherent in the various energy technologies, and the surprisingly close proximity of transition points for various energy users that would alter their decision making. But while inevitability alone is an interesting concept, it is not particularly useful without the answers to three pivotal questions: when will this inevitability arise, what challenges stand in the way between today’s status quo and the inevitable configuration, and is such inevitability desirable enough that efforts should be made to accelerate it?

To answer these questions, this book examines the entire energy cycle that dictates our relationship through energy to other people and to the planet rather than just the energy infrastructure that utility providers and fossil-fuel suppliers typically describe. Only by placing global energy use in this greater context can we properly evaluate the decisions that we as individuals and as a society will ultimately make. In determining which energy options will prevail, a reasonable analysis must look beyond preconceptions about which one “should” succeed or which one would be “the best” solution for society. Such analysis relies too much on wishful thinking amid disparate and conflicting political and economic agendas. Instead, responsible analysis should determine how, in the course of day-to-day life and trillions of individual uncoordinated decisions, energy solutions will unfold naturally.

Forecasts of this nature are always risky. However, constructing models of the future is critical for sound decision making on important topics, and various forecasting approaches can be applied. Some people build mathematical models, some use broad philosophy, and still others take a business approach. The forecasts herein use a combination of economic and business modeling because, in the end, the relevant question is how the global energy industry and its economic agents will behave. In business, when managers are attempting to forecast market conditions over long periods of time, specific forecasts are not always possible or even useful. Understanding and predicting key market drivers and the ways that they will change over time are how the underlying tectonic, and eventually determinative, forces are detected. Correctly assessing these key drivers and using them to economic advantage is what separates highly successful businesspeople from the pack. When the key drivers in the global energy industry are identified, they expose the fallacy of the conventional logic that states that solar power is destined to be a marginal player in our energy future.

The inevitability of solar power itself is a powerful concept, and a clear vision of the inevitable will help guide decision making today and in the years ahead. Although the size of the existing energy infrastructure and the long life of the assets employed may mean that it will be many years before the world is dominated by clean, virtually unlimited solar energy, the increasing momentum in that direction will transform the world and our expectations long before. In the end, perhaps that is the only change that is needed. It may be sufficient for now to realize that alternative paths do exist, that the goals of promoting business and the environment need not be mutually exclusive, and that progress toward a practical, sustainable relationship with our planet is not only achievable but inevitable.
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A New Path on the Horizon

Energy is hot again. Not since the oil-price shocks of the 1970s has there been such a buzz about energy or its impact on the world economy. Newspapers and news programs increasingly focus on the issues surrounding the world’s energy needs and the consequences of current global production and consumption patterns. Yet this crescendo of media stories and reports issued by the United Nations, nongovernmental organizations (NGOs), and policy think tanks has not been able to convince people and businesses that viable alternative solutions or pathways yet exist.

A growing number of environmentalists, scientists, economists, policy experts, and citizens understand that current energy dynamics dictate that the world will soon run short of relatively cheap, easily accessible oil—to be followed quickly by natural gas and coal—and that energy alternatives must be developed quickly. Because it is impossible to predict all of the variables that will drive these future changes, the consequences of delaying development of energy alternatives can be discussed only in terms of a range of possible scenarios. According to the best scenario, industrial economies will see sagging economic output and productivity and massive wealth transfers to the oil-rich countries of the Middle East by the mid-twenty-first century. The worst scenario includes global ecological melt-down and human suffering on an unimaginable scale.

However, deploying sufficient energy alternatives to help us to avoid economic and environmental crisis is a massive and daunting task that is made more difficult by inertia. Today more than 6 billion people make daily decisions about what to eat, what to wear, or what to drive. When they decide between the immediacy of a household budget and an uncertain energy and ecological future, most people frankly do not understand and cannot afford to care about the long-term impacts of their decisions. Globally, most people lack the necessary information or day-to-day economic security that would allow them to understand and act on the long-term effects of small, daily choices. Their priorities are feeding themselves and their families, staying warm and safe, and carving out whatever security they can. To meet their vital needs, people and the societies they comprise will continue to absorb trees, fossil fuels, and food stocks unless and until accessible and cost-effective energy choices exist. The history of our species, not unlike the history of algae blooms, is a repetition of this story. It is the story of a species trying to improve its lot and, through ingenuity or chance, tapping into a new source of food or energy. This species eats and multiplies until the available food and energy are dwarfed by the population, followed by a painful adjustment in lives and economic livelihood until a new equilibrium is found. This pattern, described most eloquently by the English economist Thomas Malthus in 1798,1 has been repeated many times in human affairs from ancient Babylon to the Roman empire to imperial China to modern Africa.

Throughout history, human beings have cleverly harnessed available energy sources in the environment by adapting sources of stored energy—first wood, then animal power, then agriculture, and finally the miracle of fossil fuels. As Malthus predicted, this improvement in our standard of living has led to a corresponding increase in human population to unprecedented levels. Historically, when resources became scarce or depleted in one geographic area, humans adapted and migrated to other areas where resources remained, often involving a costly or painful transition. In the last round of population expansion, the industrial age of fossil fuels of the nineteenth and twentieth centuries, the human race finally managed to come full circle around the globe. We have extended our reach to nearly every useful location, populated nearly every worthwhile parcel of land, and are steadily depleting the remaining energy resources. There is nowhere left to run.

Today, leaders of the industrialized world are again facing rising threats from volatile energy prices, adequate access to fuel supplies, and insecurity arising from potential nuclear states. There are new larger threats this time around, however. Since the early 1980s, a growing awareness of the causes and effects of global climate change, of the risks of resource peaking in oil and natural gas reserves, and of an aging energy infrastructure has added to the urgency of the problem. Growth in energy demand is projected to continue unabated, with much of the growth expected to occur in the burgeoning industrial societies of China, India, and other countries of the developing world.2 Growing global demand, perpetually risky supply, and volatile prices are leading to a potential “perfect storm” of threats that weigh heavily on governments, businesses, and consumers throughout the world.

A Bankrupt Energy System

Fossil fuels in the earth’s crust are a result of millions of years of layer upon layer of the detritus from oceans, swamps, forests, and ecosystems that accumulated and then was covered over to slowly transform into what we now mine or drill in the form of coal, oil, and natural gas. The vast energy latent in these substances is both portable and easily harnessed, which has allowed for the development of an industrial society based on energy-intensive devices ranging from microchips to street lights, laptops to supertankers, and V-8 rockets to 747 airplanes. Fossil fuels have enabled societies to extend life and reduce suffering but also to wage war on ever more devastating scales. Modern economies have avoided many of the pitfalls of unconstrained growth because they have been able to switch among fuel sources as necessary or useful or because they have tapped into new sources of energy to facilitate technological and economic expansion. By implicitly relying on continuing technology and productivity growth to outpace population growth and energy demand, trained economists have declared for two centuries that the theories of Malthus are “dead.” Changing energy dynamics may yet prove that view overly optimistic.

To understand modern society’s relationship to energy, it is helpful to think of energy as money, with corresponding categories of income, savings, and expenditures. The world’s annual energy income is all the energy captured each year from new sources. Trees and other plants collect energy income from the sun, as do renewable-energy technologies like hydro, solar, and wind, either directly or indirectly. Renewables are renewable because they draw primarily on the earth’s solar paycheck, as long as the sun shines. Yet energy income effectively shrinks if the ability to capture energy is diminished. This happens when forests are cut down faster than they can grow back and arable soils are allowed to wash away, limiting the amount of energy capture available to farmers.

The world’s energy savings consist of all the energy that is stored, in whatever form, in various reservoirs. These reservoirs include standing forests, the thermal energy in large bodies of water, and the earth’s vast (but mostly inaccessible) inner heat, uranium, and other fissionable metals. Our most accessible energy savings include the millions of years of solar energy stored in the form of fossil fuels. The energy savings of the earth, especially in its fossil fuels, are vast but finite. Despite claims to the opposite, fossil-fuel energy is not likely to be totally exhausted under any future scenario. Some amount of fossil fuel will always be available at some level of processing and at some cost. However, the looming threat of energy depletion is not about total fossil-fuel exhaustion but rather is about its impending scarcity and the resulting effects on price and availability. As the point of global peak production of fossil fuels—primarily oil and natural gas—is passed within the next decade, the vital fuels on which our global economy is founded will rapidly get more expensive. The repercussions will reverberate throughout the entire industrial infrastructure. The fact that some coal or oil is left in the ground will not be economically meaningful if the global cost for extracting useful industrial energy becomes increasingly expensive.

Energy expenditure in this context is simply the sum of all energy used within the global economy. The world’s rate of energy expenditure is a function of global population and the average energy used by each person, and under nearly all scenarios it is expected to increase. With global population expected to reach almost 10 billion by midcentury and China and India (together comprising over a third of the world’s population) expected to increase their per capita energy usage by three to five times over the next thirty years, it appears certain that global energy expenditure will continue to grow for the rest of the twenty-first century. Technology advancements will improve our ability to extract the remaining energy stored in the earth’s reservoirs economically and use it productively, just as technology has done since the beginning of the industrial revolution. Unfortunately, the increasing demand for global energy expenditures continues to surpass even technology’s ability to compensate.3

With global energy savings falling and energy expenditures rising, our global energy system is facing a real risk of bankruptcy. The global economy is drawing more rapidly on its diminishing stores of trees, soil, fossil fuels, and everything else, and its unrestrained growth in energy demand is becoming unsustainable using current energy solutions. With its global energy expenses unlikely to decrease and cheap and accessible energy stores equally unlikely to be discovered, the world must increase its energy income by finding renewable alternatives that can meet its vast needs. To be effective, such a solution—or blend of solutions—must offer a source of energy that is widely accessible and that will be chosen naturally as people obey the logic of short-term self-interest, cost, and efficiency.

Back to the Basics

For reasons that this book explores in full, solar energy will inevitably become the most economic solution for most energy applications and the only viable energy option for many throughout the world. Currently, sunlight is the only renewable-energy source that is ubiquitous enough to serve as the foundation of a global energy economy in all of the locations where energy will be required, from the industrialized world to the developing one. The evolving economics of energy reveals that electricity from solar sources has certain projected cost advantages compared to other forms of generating electricity that ensure its major role in meeting the world’s energy challenge. Looking at the gap between the amount of direct solar energy being harnessed today and the amount of energy that will be required to meet increasing energy demand and replace dwindling fossil-fuel sources over the next fifty years hints at the likelihood for unprecedented growth in the solar-energy industry.

Obviously, the world will never be powered entirely by direct solar sources. Energy will always be supplied by a portfolio of technologies, including those traditionally harnessed from fossil fuels. Increasingly and dramatically over the next few decades, however, consumers will turn directly to the sun for their energy. This will happen not because solar power is clean and green but because basic economic and political reasons compel us to make this choice. At the point that the out-of-pocket real cash cost of solar electricity drops below the costs of current conventional energy alternatives (a situation already occurring in the Japanese residential electricity market), the adoption speed of solar energy will rival nearly every technological leap in history, even the rapid and transformative adoption of computers, information technology, and telecommunications in the late twentieth century. Eventually, solar energy will become a major portion of the electricity infrastructure (both the utility grid and local distributed generation) and contribute substantially to energy used in the transportation infrastructure.

Many people in government, economics, and ecology might initially find this claim difficult to accept. Conventional thought is dominated by the view that solar energy is still a long way from being cost-effective or efficient and will be doomed for decades to play catch-up with cheaper alternatives such as wind, nuclear, and biomass energies. But these assumptions rely on the traditional framework of energy cost analysis and embedded assumptions about the future that are derived by extrapolating historical trends incorrectly. Such analyses are examined in detail later in this book and shown to be incorrect and incomplete.

Understanding the nature of this transformation toward dramatically increased use of solar energy requires clear definitions of the terms of the discussion. As a first step, let us consider electricity rather than energy, which is a much broader category. Though electricity consumes roughly one third of the primary energy used in the world, it plays a fundamental role in the productivity of industrial economies and provides a vehicle for addressing similar energy issues in other energy sectors, such as transportation and heating applications.4

Electricity is a particularly pure and versatile form of energy. It runs computers, lights, transportation systems, and factories. Economies depend on the quality, reliability, and quantity of electricity available to them and the efficiency with which it is used. Electricity’s contributions to the modern world currently rely on the large-scale electricity-distribution systems that were begun around the turn of the twentieth century by inventors and entrepreneurs like Thomas Edison and George Westinghouse. The electricity grid, through which all modern economies are powered, was dubbed the greatest invention of the twentieth century by the National Academy of Engineering in 2000, surpassing even the automobile, the airplane, and the computer in importance.5 Over the last one hundred years, the cost-effectiveness, versatility, and reliability inherent in this grid technology led to an increase in wealth and productivity that rapidly brought lights and other appliances to many homes and businesses around the world. The grid could deliver energy to the user more cheaply—and in a far more versatile form—than coal or other forms of fuel hauled to each user’s location and consumed on site. Electricity generation became less expensive over time because of the economies of scale made possible by centralized generating plants. For over a hundred years, industrialized nations have relied increasingly on the grid to supply all but the largest industrial energy users (who sometimes generate their own electricity) and in doing so have reaped substantial benefits in reduced energy costs and increased reliability of the energy sources necessary to promote industrial development.

Today—thanks to the sheer size of and number of people connected to the electricity infrastructure, a century of accumulated technical experience, and substantial government subsidies—retail prices for electricity are at their lowest levels ever. The United States, for example, has some of the lowest electricity prices in the industrial world. The cost of its residential electricity averages around nine or ten cents per kilowatt hour (kWh), the standard measurement for electricity usage and flow.6 In other industrial countries, electricity costs vary due to differences in the mix of fuels used, fewer economies of scale, and lower government subsidies. In Japan, for instance, the retail price of electricity is about twentyone cents per kWh, while in Germany it is twenty cents per kWh.7 These average prices can be misleading, however, and can distort analysis because local electricity prices can vary widely within a country depending on local economic factors and the type of power being generated.

A useful way to begin exploring electricity economics is to break its cost into two pieces—the cost to make the electricity (generation) and the cost to get it from the point of generation to where it is needed (delivery).8 Different places and producers have different cost structures, but a basic rule of thumb is that residential electricity costs divide more or less evenly between generation and delivery. Using the U.S. example of nine cents per kWh, this results in 4.5 cents per kWh for the fuel and plants to make the electricity and another 4.5 cents per kWh for the grid to transmit it.9

These numbers represent the actual cost paid by consumers of electric power but are not fully loaded, using the term of accountants and economists. Fully loaded costs include the costs that are sometimes transferred to and paid by outside parties, such as costs of subsidies or pollution control. Fully loaded costs also consider the total cost of replacing the industry’s capital base (including its power plants, infrastructure, and equipment), which depreciates or deteriorates every year. Worldwide, current electricity prices do not fully account for these costs, and if they did, retail electricity prices would be substantially higher. One reason they do not is that governments often take on some of the costs of building, financing, and protecting the energy business and pass on those costs to consumers in the form of taxation rather than in the cost of delivered power.

Another reason that prices do not reflect costs is that since the wave of deregulation in many industrial electricity markets in the 1980s and 1990s, newly privatized and deregulated utilities around the world have relied on the existing installed infrastructure and have underinvested in maintaining the electricity grid. The consequences, as the last few years have shown, are increasingly frequent and dramatic blackouts and brownouts and eventually will be higher costs to consumers and utilities as additional capacity is added to adequately replace this aging infrastructure. In the end, though, consumers and businesses make decisions based on out-of-pocket costs, not those that society must bear. Independent of the policies that allow these costs to be less than fully loaded, any analysis of the future of the energy industry must recognize the economic reality that out-of-pocket costs are the relevant factors. A responsible analysis of electricity-industry economics must assume that the cash price that energy users pay is the primary variable that users consider as they make decisions.

Historically, most analyses of electricity economics have looked at costs from the utility’s vantage point, primarily because utilities in industrial economies currently generate well over 90 percent of all electricity.10 Since delivery cost is essentially fixed for grid-based electricity regardless of the utility’s method of generation, the standard approach to comparing the economics of various electricity sources has traditionally focused on differences in generation costs. Under this methodology, each new technology or new installation of an existing technology must show that it can generate electricity more cheaply than the installed base of electricity generators. From this perspective, only the established technologies of coal, oil, natural gas, hydropower, and nuclear energies had any hope of being economically competitive because alternative-energy technologies, with their limited scale, were perceived as too expensive or too risky to be considered by the large utility companies. As a result, economies of scale in the traditional technologies continued to be reinforced. The landscape has begun to change in the last decade, however, as a new breed of alternatives has reached the level of technical sophistication and cost to require a fundamental reexamination of electricity economics.

A Portfolio of Alternatives to Choose From

Some of the greatest optimism in the field of renewable energy has come in the last twenty years as the cost of generating utility-scale electricity through cleaner and more efficient wind power has dropped by a factor of five.11 Today wind power, using the largest windmills at the best locations, is cost-competitive with electricity generated by many fossil-fuel plants. Globally, 6 percent of the electricity-generation capacity installed during 2004 was wind-based, and the wind-power industry is growing at more than 20 percent annually worldwide.12 While the developments in wind power are both encouraging and exciting, wind power has limitations in its ability to supplant the bulk power needs of today’s industrial economies mostly because wind is inherently unpredictable and a limited number locations have sufficient wind resources. In addition, resistance by many local communities to having wind farms in residents’ line of sight has slowed the rate of adoption of wind power even when the economics are compelling.

With uneven global distribution of fossil-fuel resources and few economical, renewable resources for utility-scale electricity, nuclear power is also being revived as a potential source of electricity generation. Propelled by intense technological optimism and large government subsidies, nuclear power climbed from 2 percent of world electricity supply in 1971 before leveling off to nearly 17 percent in 1988.13 Even before the headline-grabbing accidents at Three Mile Island (1979) and Chernobyl (1986), nuclear plant orders had dried up in the United States—the world’s largest generator of nuclear power—based on the high cost of electricity generated by nuclear power.14 While advocates of nuclear power argue that it could be made cheaper, safer, and cleaner, no credible plans are in place to accomplish any of these objectives. Nuclear-waste repositories are hotly contested as are reprocessing facilities. Some industrial nations, such as Germany, have committed to the reduction and elimination of their nuclear-power capacity. However, other governments, such as South Korea and France, are extending the life of their existing nuclear facilities and considering a revival of nuclear-power-plant construction despite the risks it may pose to the environment and global security.

Hydropower is another potential solution for global energy needs, but there are not enough commercially viable hydropower opportunities to meet rising global demand. While most industrialized nations have already developed their economic hydroelectric opportunities, many developing nations are increasingly relying on hydropower projects to meet domestic energy demand. One example is China’s Three Gorges Dam, which will create a reservoir nearly 400 miles long and will displace 1.2 million people when it is finished filling in 2009.15 Even where remaining hydropower resources can be harnessed, scientists are increasingly recognizing that the costs to the environment and the communities that are displaced by these projects are more severe than previously understood.16

Regardless of which traditional or alternative electricity energy technology is being evaluated, the standard operating procedure of comparing only generation costs represents an incomplete and therefore inaccurate analysis. Traditional analyses, performed from a utility’s vantage point, assume that all electricity technologies rely on the electricity grid to deliver their power to homes and businesses. To assume otherwise would assume away the utility’s own future in electricity delivery. Industry analysts, governments, and NGOs, either because of inertia or tacit agreement, continue to use the same assumptions and analytic tools. However, this analysis neglects the understanding that electricity users desire only to receive reliable power at the lowest cost and effort; whether they do so through the grid or not is irrelevant to them, other things being equal. If an energy source can bypass the traditional infrastructure and delivery system, delivering its power directly to the end user, then methods of comparing costs among them must reflect this change. Although solar electricity can be generated centrally and distributed over the grid, more cost-effectively than commonly appreciated, it need not be. Solar electricity can be generated almost as cheaply and easily on an individual rooftop (known as on-site distributed generation) as it can be at a huge, utility-operated solar-panel farm.17 Ultimately, this new competitive landscape will change the underlying economics of energy for both centralized and distributed users.

The relative costs of solar energy and the grid electricity it replaces continue to change as well. Solar module costs per installed watt have been declining for the last decade at 5 to 6 percent per year because of technological advances, scale of production, and experiential learning.18 Today, solar-electricity generation has reached a point of cost equivalence for millions of households worldwide and will decline even more as global solar production continues its historical growth rate of 29 percent annually.19 The transition in solar economics is happening first in applications and in places where three factors combine—ample sun, expensive grid-based electricity, and available government incentives. For all types of users, the cost-effectiveness of solar electricity is likely to increase faster than even the most aggressive ability to increase solar-panel supply, setting up a decades-long growth scenario for this industry.

New Choices Create New Economics

Though it will be some time before solar electricity is competitive with the centralized utility-scale generators of hydro, coal, and nuclear power that run constantly, solar is already competitive with a large part of the energy-generation infrastructure that is used only during high-priced, high-demand hours. One of solar power’s great attractions for utilities—apart from zero fuel costs and low maintenance requirements—is that consumer electricity demand and the power that utilities must provide throughout a typical day neatly track the daily and seasonal energy cycle from the sun. The times when energy demand is the highest coincides with those when the sun shines more brightly, including part of the electricity demand that is directly tied to the sun’s availability, such as summer air conditioning.

Utilities call the electricity needed to meet this part-time demand intermediate-load electricity, as opposed to the base-load electricity that is needed twenty-four hours a day. Intermediate-load electricity is relatively expensive to generate because it comes from generators that, by definition, are used only for a portion of the day, making the electricity they generate more expensive as the cost of the generator is spread over less output. By its nature, solar power provides intermediate-load electricity. To be economic for utilities, therefore, solar-power technology needs to become a competitive producer of intermediate-load electricity, which represents 30 to 50 percent of total electric demand and is disproportionately supplied today by natural-gas generators.20 Utilities are also beginning to realize that installing intermediate-load solar generators on the consumer side of the grid can offset the cost of upgrading transmission lines and equipment in many instances.

But utilities are not the only potential adopters of solar electricity generation. Today, distributed end users (including home and business owners) can elect to generate their own electricity with PV, but they will do so when installing solar generators on their side of the electricity grid, on a home or commercial building, becomes less expensive than buying electricity through the grid. This decision point is not hypothetical. Millions of households worldwide that are not currently connected to any grid (or are connected to an unreliable grid) find PV electricity the most cost-effective electricity solution because it represents the only viable form of modern energy available to them. More importantly, many grid-connected homes worldwide (particularly in Japan and Germany) have already elected this option through grid-connected PV systems. Grid-connecting a PV system eliminates the need to store daytime power for nighttime use, overcoming the inherent limitation that solar electricity generates electricity only during daylight hours. Grid-tied solar electricity is generated when the sun is shining, and the excess is stored by sending it back into the utility grid supply. At night, users purchase conventionally generated power from the grid as needed. The grid itself functions as a huge storage battery that is available for backup power and eliminates the need for system owners to install expensive equipment to provide storage and backup electricity services.

For both utilities and end users, the economic rationale for making the switch to grid-connected solar electricity will be reached in different markets with different applications at different times. Generally, though, this book shows that the transition to solar energy and electricity technology will happen much faster than most people imagine, faster even than most experts commonly predict. This transition will occur not because well-meaning governments force solar panels on reluctant markets to capture environmental benefits (although such efforts would help to accelerate the rate of global PV adoption) but rather because solar power will increasingly be the cheapest way to do what people want to do anyway—light spaces, manufacture goods, cook, travel, compute, and watch TV.

Even with solar power’s current low market penetration and consequent lack of economies of scale, it is rapidly crossing over into cost-effectiveness in certain major markets. As its world market share in the energy mix climbs from less than 1 percent of new annual electricity-generating capacity and less than .05 percent of total electricity generated to hundreds of times its current level over the next half century, it will progress along its experience curve to become significantly less expensive.21 Solar installation will occur increasingly at the time of construction for sites and buildings, which reduces the cost of installing these systems from today’s primarily retro-fit installations through the efficient use of installation labor and the offset roofing and glass that PV systems replace. In addition, with so much of the cost of PV electricity in the up-front cost of the systems, improvements in financing (including wrapping PV systems into the standard mortgages of home and office buildings) will dramatically improve PV economics from today’s levels. In the end, the real cost of capital to finance distributed PV systems in this way will be far cheaper than that available to utilities or any other centralized generator.

Solar electricity provides other economic advantages beyond cost-effectiveness that are important but often difficult to quantify. Two of the most important are modularity and simplicity. Thanks to modularity, solar-cell installations can be precisely sized to any given application simply by installing only as many panels as are needed. Large solar installations can be brought on-line in stages, panel by panel, unlike large conventional power plants that generate no electricity during the many years they take to build.22 Solar panels can be serviced piecemeal, too, while the remaining panels in the array continue to make electricity uninterrupted. Solar power’s physical simplicity means low training costs for users, while solar’s lack of moving parts translates into high reliability and low maintenance. Long module life, on average thirty years or more, also adds to the inherent cost advantage of solar cells. As the economic playing field levels, market choices in electricity will increasingly be driven by these types of inherent advantages.

Beyond Wishful Thinking

The conclusion of the economic inevitability of solar energy has thus far been based on the assumption of improving relative economics for solar electricity. What has not been assumed is also important to consider.

The analysis supporting these conclusions does not assume that governments will do more to encourage investment in renewable energy or that governments will impose disincentives on the use of fossil fuels or nuclear power. Some governments—including those of Japan, Germany, Australia, and many U.S. states—are already promoting solar electricity by offering incentives and streamlining connections to the electricity grid. However, forecasts based on government programs that do not yet exist are irresponsible, and waiting for such programs to materialize is even more so. Many people both inside and outside government are promoting renewable energy, but the belief that a renewable-energy economy will not happen without greater government support—as environmentalists too often argue—is wrong. The shift will happen in years rather than decades and will occur because of fundamental economics.

The conclusions of this analysis do not rest on an assumed significant increase in the price of fossil fuels, though that is the most likely scenario. Few people believe that fossil-fuel costs will drop in the years to come. Indeed, many experts are predicting increased market volatility and prices, and some even predict a spike in oil and natural-gas prices to levels beyond those of the oil shocks of the 1970s, based on dwindling reserves, rising demand, low investment in supply infrastructure, and potential political instability in the largest oil-producing regions of the world (that is, the Middle East and nations such as Venezuela). The effect of such price spikes could be even more devastating to the world economy now than in the 1970s since this time the supply constraints would likely be physical and permanent unlike the artificial ones set by the Organization of Petroleum-Exporting Countries (OPEC) thirty years ago.

Technology breakthroughs are also not assumed (or required) in this analysis. What is required is continued growth in cost-effectiveness and the technical expertise of existing PV technology at recent historical rates. These improvements can easily be realized by increasing economies of scale as production continues to grow annually by double-digit percentages and as progress continues along the usual experience curve for new technologies. Both of these natural results of processes are already under way.23 This is not to say, however, that breakthroughs will not occur. Should one of the many public or private research laboratories around the world researching photovoltaic technology make a breakthrough (for example, halving the material cost or doubling the efficiency of today’s most cost-effective solar-cell design), the transition to a solar economy would further accelerate.

Numerous indirect social benefits to a transition to a solar economy are worth mentioning, even though they are not used in this book’s analysis of renewable-energy economics. These indirect benefits will be substantial for every fossil-fuel-poor country in the world, from sub Saharan Africa to most industrialized regions. Through worldwide economic growth, the switch to solar power will improve energy security and balance of trade, deliver massive direct-wealth creation to less developed countries that are solar-rich but infrastructure-poor, and create indirect wealth effects for their trading partners. The transition to solar would also limit pollution and lessen the risks posed by global climate change by reducing greenhouse-gas emissions over today’s fossil-fuel based energy sources. In addition, cheaper local energy sources would help accelerate the transition to electric- or hydrogen-powered vehicles. Wide deployment of inexpensive distributed energy would help reduce the cost of drinking water through desalination and provide cheaper water and fertilizer for agriculture. All these changes are crucial to sustaining 9 to 10 billion people on the planet by the middle of the twenty first century.

While these social benefits are worth noting, none have been assumed because they are not necessary to the conclusion that a transition to direct solar energy is inevitable. As mentioned earlier, energy consumers—who ultimately drive economics—usually make decisions based on immediate concerns such as cash in versus cash out. To assume that such decisions will be made on altruistic grounds would skew estimates of the times, places, and extent of the impending changes. Many of these noneconomic benefits are discussed in later chapters because they are integral to understanding the evolving energy situation, but they will not alter the inevitable outcome. Awareness of benefits can accelerate or decelerate the transition but only at the margin. The only necessary condition for a transition to solar energy to occur is that those who use or produce energy will act in their own self-interest, a reasonably safe assumption.

The rapidly maturing solar-power industry needs to transform the discussion from one based on environmental doomsday scenarios (which most pro-renewable-energy arguments center on) to one focused on the wealth that can be generated by accelerating the shift to solar energy. Greed trumps fear, which early movers in Germany and Japan are already learning as billions of dollars of global wealth are created through stock market initial public offerings (IPOs) in 2005 alone.24 The United States, in particular, has a small window of opportunity to become a world leader in these technologies and to reap the resulting rewards, but inaction in this decade may relegate the United States to follower status in the new paradigm.

The Next Silicon Revolution

In the process of replacing an economy founded on fossil fuels with one founded on a renewable, sustainable energy, the world does not have the time or money to try every possible alternative. The disciplines of research necessitate a broad and open mind, but deployment requires a focus on determining and pursuing the best course of action. Facing limited time and money, we must assess where evolving economics will ultimately arrive and focus available efforts on accelerating and therefore benefiting from that inevitable change. Good public policies, research money, and professional talent should be directed to the dispersal of practical, profitable solutions whenever and wherever they are available.

This book analyzes the solar-energy industry and identifies where the opportunities lay as tectonic shifts in energy economics began to affect the landscape now and for decades to come. This analysis clarifies the most likely avenues for early solar adoption along with the accompanying obstacles. By examining the components of the nascent solar economy—including what drives the solar market—individuals, businesses, and governments can commit resources where they will be most effective and profitable.

The driving lesson of this book is to think of solar energy as an industry and economic reality rather than as a philosophical goal, encouraging a new generation of professionals to be involved. Under current reasonable scenarios, the solar industry is expected to grow by 20 to 30 percent each year for the next forty years, which alone should be incentive to attract the world’s best and brightest to the challenge.25 To become fully functional, though, the solar industry needs to develop all the usual institutional underpinnings, including installer networks, training, standardizations, certifications, and relationships with bankers, financiers, and trade groups. Experience in other industries shows that the faster these institutional underpinnings are put in place, the more quickly an industry can develop.

The coming shift toward solar energy mirrors other recent technological shifts that nearly everyone has experienced. Beginning in the 1970s and 1980s, the shift from centralized mainframe computing to distributed microcomputing created dramatic economic benefits to the end user and ushered in the personal computer, the Internet, and broadband information. More recently, similar transformations have occurred in telecommunications as land-line-based networks are supplemented by (or in the case of developing countries, are passed over in favor of) mobile telephony that does not require expensive land-based grid networks to deliver services.

In comparison, at present the dominant technology for making solar cells involves the manufacture of silicon chips that are nearly identical to the computer chips used in the semiconductor and telecommunications industry. The properties of silicon semiconductors, which so greatly altered the world in a few decades by powering the information technology and communication revolution, is set to do the same in the energy sector. The silicon revolution changed industries radically and quickly in the 1980s and 1990s because the new way of doing things was a better way of doing things. Increasingly inexpensive, fast, capacious, and secure information-handling tools were put directly into users’ hands. These tools were hard to invent but easy to use: they packed the results of decades of arcane research in basic science into tools that anybody could plug in, turn on, and operate.

The world today stands on the edge of a new silicon revolution that will provide cleaner, safer, more affordable energy directly to users through the mass production of sophisticated devices that require little sophistication to use. The independence conferred by solar energy is one of the intangible, unquantifiable reasons that this revolution is inevitable. Given a choice between otherwise equal options, most people would prefer to be in control of the resources on which their lives and livelihoods depend.

Like the first silicon revolution, the next one will see industries transformed and massive wealth created. Solar millionaires and billionaires will emerge, and markets may even experience a bubble or two of speculative excitement. However, in the end—undoubtedly within our lifetime—we will arrive at a world that is safer, cleaner, and wealthier for industrialized economies and developing ones and in which solar energy will play a dominant role in meeting our collective energy needs.
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A Brief History of Energy

The future of the global-energy industry can be understood only through examining the industry’s history and current configuration is examined as well as the critical moments in history during which energy sources failed. Though seemingly unrelated, events as varied as the establishment of the earliest societies, the fall of Rome, England’s early lead in the industrial revolution, and the outcome of World War II were all directly and powerfully influenced by those societies’ intimate relationship to energy. Understanding the fundamental role energy plays in our collective well-being provides a basis for exploring the modern industrial world’s total dependence on continued access to energy and highlights the precarious nature of the status quo.

Energy: The Root of Life

Long before humans walked the planet, the life that makes up the earth’s biological systems relentlessly pursued two interrelated goals—developing effective methods to attract and absorb adequate supplies of energy (in the form of food) and avoiding being eaten as a source of energy by anything else. From simple cellular creatures to large complex mammals, the very nature of life is to repeat the process of energy absorption and conversion for growth, procreation, and self-preservation, and these behaviors have been deeply embedded into the DNA of organisms through millions of years of Darwinian evolution. From the beginning of life in heated ocean vents, ever greater numbers of more complex life forms appeared and pursued these goals with increasing skill and precision—first single-celled organisms, then small multicellular organisms, and eventually plants and animals. As life forms increased in size and mass, they acquired more advanced neural structures and complex behaviors. This added size and awareness enabled and motivated these organisms to seek out and absorb greater and more efficient quantities of energy. At every level of development, however, one basic need remained constant—the requirement to absorb sufficient amounts of basic energy to stay alive, develop, and flourish.

The first law of thermodynamics, also known as the law of energy conservation, is an ever-present constraint in the struggle to access energy sources. This law states that energy—or rather, matter/energy, for the two turn out to be interchangeable—cannot be created or destroyed; it can only be converted from one form to another. For example, burning wood does not create energy but converts energy stored in chemical bonds within the wood into heat and light. Similarly, when animals digest food, their digestive systems break down and convert the chemical energy latent within the food into alternate forms that are in turn used throughout the body to drive various chemical, electrical, and mechanical processes. At every stage, existing energy is transformed into more useable forms, usually with some degree of loss or waste but never changing the total amount of energy. So if energy cannot be created or destroyed, what is the original source of energy with which life can flourish?

All energy that can be effectively harvested and used by living organisms comes in the form of light, heat, or chemical energy. Of these, the primary sources are light, originating exclusively from the sun, and heat, primarily resulting from accumulated absorption of sunlight by the atmosphere of the earth. These primary energies nourish and sustain the planet’s creatures, and all fundamental organic processes were derived from them. The remaining forms of chemical energy that are useful to sustain organic life often appear as simple or complex derivatives of light and heat and are formed from other dead organic matter. Consequently, nearly all energy available today—whether in the form of food, fuel, or direct solar energy—originated from the light of the sun. And the techniques that organisms and societies have developed to power themselves rely almost exclusively on a base of stored solar energy in the organic materials of the planet.

As higher-order organisms on earth developed, they generally fell into one of two broad categories—plants (which absorbed their energy directly from the sun through the process of photosynthesis) and animals (which absorbed their energy from eating some combination of plants and other animals).1 For hundreds of millions of years, this cycle of life continued as plants and animals absorbed sunlight or each other and converted this food to energy. Larger numbers and types of plants and animals adapted to specific local conditions, which allowed for the creation of a wide variety of complex and robust ecosystems both on land and in the sea, with each generation serving as the food and energy source that fed and nourished the next generation. Over hundreds of millions of years, these ecosystems developed complex interrelationships and webs of life built on the soil and organic material of millions of years of ancestry. As ages passed and geologic conditions changed, some of these ecosystems were lost, covered over by sediment from rivers and oceans or from the debris of volcanic eruptions. Some of these remnants of long dead ecosystems and their captured solar energy (the ones with the right combination of geologic features and temperature) were transformed through a process of oxidation and decay over millions of years to become the fossil-fuel deposits that our modern world relies on today.

Aside from those gradual geological shifts, the growth of life was also occasionally interrupted on a global scale by some cataclysmic event that disrupted the balance of energy and limited organisms’ ability to continue to collect or concentrate vital energy. One of the best known of these mass extinctions, though not the most devastating, is thought to have occurred during the Cretaceous period around 65 million years ago by what scientists now generally believe was an immense meteor strike in the area of the Yucatan peninsula. This meteor strike threw globe-encircling clouds of dust and sulfur into the atmosphere, effectively blocking out the sun for decades. The resulting reduction in available plant life led to an extinction of many of the animal species on the planet, including the largest, most complex, and highest on the food chain—the dinosaurs. Though this was one particularly devastating event, it is by no means unique in history. By studying the geologic record of fossils, scientists have identified five of these mass extinctions in the last 500 million years, each of which eliminated from a sixth to a half of the existing families of plants and animals in the world at the time.2 The fossil record shows that a number of lesser reductions in both the quantity and diversity of life on earth have occurred over the last half billion years, and nearly all of them can be attributed to volcanic activity, meteor strikes, or other global geologic events, such as rapid climate change.

Learning to Harness Energy

The dawn of humans around 3 million years ago occurred in a world rich with plants and animals of various shapes and sizes in local ecosystems for which they were particularly adapted. Forests covered perhaps two-thirds of the available land mass, and various ecosystems throughout the world contained soil full of mulched organic matter and minerals.3 The oceans teemed with plants and animals of various forms. Humans began to visit much of the eastern hemisphere, originating in Africa and migrating to Mesopotamia, Asia, and Europe. Using crude stone tools (and a highly developed cerebral cortex), these early inhabitants were able to gain some basic productivity to manipulate their environments and improve their chances for survival and growth. But not until humans discovered three new technologies to harness and direct energy—fire, domesticated animals, and agriculture—did their impact on the planet begin to accelerate.

With the harnessing of fire around 500,000 years ago, humans became capable of controlling the release of the chemical energy absorbed by and locked into plants, most effectively that from wood.4 Creating and manipulating this source of energy provided early humans with the huge benefit of concentrated and rapid generation of heat and light for warmth, cooking, and later craft applications, like melting metals and hardening clay. Using available supplies of fuel from dead wood, early humans now had reliable and deployable sources of light and heat. Even though the process of combustion consumed the fuel, the ratio of wood to humans was high, so early humans had a negligible impact on the total amount of available fuel resources. To these early innovators, the chemical energy available in trees represented a seemingly inexhaustible source of energy, and nature brought about its annual renewal at a rate that was well above the rate that the fuel was consumed.

The second new substantial source of energy that humans were able to capture was obtained through the domestication of animals. Omnivorous humans had always hunted and killed animals as a source of energy as food. However, the early human innovators’ ability, beginning as early as eighteen thousand years ago, to domesticate and eventually harness into motion animals dramatically increased their capability for energy storage, productivity, and concentration.5 Domesticated animals provided a reliable and predictable source of food and hides, far more so than hunting and gathering alone. Particularly in times of scarcity or extreme weather conditions, these domesticated stocks mitigated life-threatening risks to these early nomads by functioning as mobile stores of energy, and societies that domesticated these animals achieved substantial insurance and economic benefit from doing so. As Jared Diamond points out in his book Guns, Germs, and Steel, the region of Mesopotamia and southwestern Asia was blessed by an abundance of domesticable animals, including dogs, sheep, pigs, goats, and cows, which provided the resources necessary for these early communities to develop the basic structures of civilization.6

For reasons highly debated in the anthropological literature, around ten thousand years ago humans began to establish larger and more permanent settlements and farming communities in the valley of the Lower Nile in Egypt and subsequently in the Fertile Crescent of Mesopotamia and other fertile river valleys in China and India. These early civilizations were defined by their decision to forego the nomadic lifestyle of following food and moving with changes in climate, and they began to settle where they could develop more reliable sources of food and energy on fertile riverbanks and in deltas. Through gradual improvements in agriculture and irrigation technology, these early civilizations developed substantial farming capabilities. As permanent settlements grew, an inevitable reduction in nearby wild plants and animals occurred, mainly as a result of overharvesting, which steadily increased these societies’ reliance on their agricultural sources of energy. The capture of fertile soil and sunlight would dramatically improve human living conditions and lifespan and set the stage for an explosive growth in human capabilities. Armed with these three tools of energy management, early human civilizations began to absorb ever greater quantities of sunlight, trees, soil, fresh water, and animals to propel their rising demand for energy and feed their growing populations.

Energy Shortfalls Interrupt Growth

These new societies provided many economic benefits to their inhabitants, including specialization of labor, efficiencies in production and distribution, permanent dwellings, and mutual protection against outside threats. However, these groups were not always effective at long-term planning to balance supply and consumption of vital energy and food resources. Though all societies experience boom and bust cycles and attempt to plan for such contingencies, early societies occasionally faced such overwhelming setbacks that complete economic collapse occurred.7 Not unlike the mass extinctions of prehistoric animals, almost all societal collapses of this type occurred as a result of a depletion in available energy resources, which created a disruption in people’s ability to capture vital energy needed to survive.

The first major record of an energy shortfall that induced societal collapse came from the Sumerian civilization of Mesopotamia in the third and fourth millennia BCE.8 The world’s first literate society, and an acknowledged leader in farming, craft, and social organization, this society developed innovative and vast irrigation systems that for generations effectively increased crop yields and fed its growing nonagrarian population. However, Sumerian farmers experienced inexplicable declines in their agricultural yields owing to some unforeseen consequences of their agricultural technology.9 Increases in the land used for agriculture and in the amount of water diverted and used in agricultural irrigation caused water tables to rise underneath their farms and fields. High water tables interfered with the ability of surface water to permeate downward and increased the amount of surface evaporation on the fields, resulting in a gradual accumulation of trace minerals and salts in the soil. As these salt levels began to rise, crop yields began to drop and did so steadily for over a thousand years from around 3500 BCE. Despite a shift away from less salt-tolerant wheat to more salt-tolerant barley, the salination of the soil grew, and eventually Sumerian society could no longer adequately feed its population.

These energy shortfalls were exacerbated by extensive modifications to the local environment. Trees had been cleared for miles in every direction, which led to increased soil erosion and a decline in agricultural productivity.10 In the face of reduced availability of food, lack of nearby trees and other vegetation, and limits to the additional availability of arable farmland, Sumerian society began to suffer the predictable consequences of inadequate energy supplies—war over limited resources, widespread illness, starvation, and early death. Ultimately, the economically and politically weakened Sumerian civilization was overrun by the Akkadians in 2370 BCE.11

This pattern continues through the rise and fall of Rome. Jeremy Rifkin, in his book The Hydrogen Economy, describes this process and notes that “Italy was densely forested at the beginning of Roman rule. By the end of the Roman Imperium, Italy and much of the Mediterranean territories had been stripped of forest cover.” He goes on to describe how this also led to severe soil degradation and its detrimental effects on crop yields just as Rome was increasingly reliant on agriculture as a source of energy supplemental to its depleted forests. Eventually, the lack of available energy resources played a significant role in Rome’s demise as the institutions of the empire collapsed, paving the way for barbarian invaders from the north to conquer the previously unassailable Roman empire.12

China also shares a similar historical pattern. In the early fifteenth century, the vast civil engineering projects of Emperor Zhu Di, including consolidation of the Great Wall, reopening of the Grand Canal, and the launching of the mythic treasure fleets of Admiral Zhung He. These projects, along with a war in Mongolia, led to significant natural-resource depletion, such as the clearing of northern Vietnam’s hardwood forests for use in those efforts.13 The resulting devastation to the local farming communities and inability of Chinese and Vietnamese subjects to adequately feed themselves led to crippling revolts and widespread poverty and starvation. Less than a decade later, the empire’s economy had collapsed, the ruling elites had dissolved into a civil war, Zhung He’s fleet had been burned or left to rot, and China withdrew into its borders for the next five hundred years.

In the Middle Ages, the pattern repeated itself in Europe.14 Deforestation increased throughout the continent because nearly everything—cooking, industry, building materials, wagons—required the use of wood for energy. The total reliance of human communities and societies on this single source of industrial energy led to its use and harvest well above the natural rate of replenishment. Eventual depletion in local areas and deforestation around major urban centers led to the decreased ability of agrarian Europeans to reliably feed themselves. Ultimately, this loss of basic energy resources provided severe and unyielding limits to Europe’s continued economic growth.

This pattern continues throughout human history in different locations, at different times, and with slightly different circumstances, but the result remains the same. A society taps into sources of concentrated energy—trees, soil, and natural food supplies. Then, in a cycle described in 1798 by English economist Thomas Malthus, that society grows until it exceeds its resource base and collapses. The important corollary to Malthus’s argument is that war, waged on any account but in particular because of competing demand for scarce energy sources, accelerates the drain on natural energy resources that are already scarce, dwindling, or depleted. This cycle of resource absorption to the point of collapse is what modern society is at risk of repeating in the decades ahead.

Fossil Fuels Enable Industrialization

Without access to the latent energy of fossil fuels, the current age of industrialization would never have been possible and, in fact, can be defined as industrialization principally by the role fossil fuels played. In seventeenth-century Europe, local depletion of wood fuel and the overreliance on natural and renewing energy resources began to shift the economics of energy away from wood and toward coal. Since medieval times, coal had been used as “the primary fuel for industries such as iron smelting, brewing, glass making, and brick production” and as a fuel for heating and cooking in some major urban centers (such as London) that had easy access to local deposits.15 Coal’s inherent advantage over wood, from the perspective of its application to industrial uses, was that it contained a higher concentration of energy—that is, its more dense structure released more energy pound for pound when compared to wood, thus allowing more energy-intensive work applications to be developed. Coal, however, possessed serious limitations as an energy source. Coal is heavy and had to be labor-intensively mined and transported. This was a difficult, dangerous, and comparatively expensive operation for most of the Middle Ages and rendered coal useful only in those high-value applications, such as metalwork, that could justify the additional cost as compared to wood. Around 1700, innovators began to tap into this new source of concentrated energy to help power a growing number of high-value mechanical inventions and industrial applications. Over time, governments and entrepreneurs discovered that underground coal reserves were both unexpectedly vast and increasingly accessible, and coal slowly began to replace wood as a reliable energy source in industrializing countries. England, in particular, was endowed with a relatively accessible type of sea coal that gave an early boost to that country’s industrial transformation.

It was the invention of the steam engine that really enabled industrial applications to multiply. In energy terms, the steam engine is a device that captures the energy from the combustion of a fuel (originally wood and subsequently coal and other forms) and uses that energy to convert water into steam, forcing the pressure of that steam to drive an engine (originally a piston-style reciprocating engine similar to James Watt’s design, though turbines are usually used today). This engine is then able to perform work by concentrating the converted energy into a constant, reliable stream to a specific point of focus.16 Steam-engine energy represented a vast improvement over prior unreliable forms of energy (such as human and animal power), and in many cases, it could be obtained at a much cheaper cost than building an equivalent wind or water mill. The steam engine also provided concentrated and constant energy at a wide variety of locations with less dependence on local conditions since the machine and the fuel could now be brought to where the work needed to be done. One of the first tasks to which the steam engine was applied was the removal of water from coal mines, rendering them more accessible to miners.17 Armed with a new concentrated energy source and a newly developing set of tools and machines to capture this energy, human civilization took its first tentative steps into industrialization.

Most energy applications from the industrial age generally can be grouped into one of two basic categories—stationary and motive applications. Stationary applications are those performed exclusively at one location repeatedly, such as cooking, lighting, and most industrial production applications, including the production of electricity. Motive applications are primarily transportation based, moving people or things from one place to another.

Prior to 1800, nearly all transportation was driven by human and animal power on land and by wind at sea. The nineteenth century saw the rise of the steam ship and the steam locomotive as the first large-scale uses of fuel energy for motive applications. By using steam engines to turn paddles or screws, innovators in Europe and America learned to deliver steady, concentrated motive power at sea with revolutionary effect. On land, once track was laid, steam engines mounted on wheels delivered enough energy to move loads of unprecedented size at unprecedented speeds. The combination of these two transportation technologies could consistently deliver more goods more rapidly over longer distances and at lower cost than traditional boats or wagons. Like stationary steam engines, these applications began by using wood as fuel and then shifted to coal to exploit its higher energy density and declining cost relative to wood fuel.

Ultimately cost-effective once deployed, these coal-based transportation technologies were not cheap to build initially. The large initial costs of laying a robust network of railroad tracks or of building ports for ships and the lack of available capital limited the rate at which this infrastructure could be installed. Without boats and railroads, coal’s useful application was limited to those places where it could be economically transported. In fact, by 1870, coal still made up only 25 percent of the industrial energy used, despite its many advantages, with wood providing the bulk of the remaining energy needs.18 If the benefits of fossil fuels were to be made directly available where people lived and businesses conducted commerce, a new delivery method would need to be developed.

The Economic Advantage of Electricity

In the seventeenth and eighteenth centuries, theories of “the electric fluid” (the original scientific concept of electricity) and devices to generate and store small quantities of static electricity were developed and tested. In the early nineteenth century, a burst of industrial inventiveness created the first commercial uses of electricity as Volta invented a prototype chemical storage battery in 1800 and Faraday developed the electric motor and generator (which could convert electric to mechanical energy and back, respectively) in 1821 and 1831.19 By attaching an electric generator to the powerful mechanical steam engines, inventors were able to produce large quantities of electricity in a steady flow, while motors made it possible to apply that electricity to both motive and stationary tasks. The social impact of this complementary pair of energy-conversion tools—and the resulting electrical communications technologies such as the telegraph—would eventually prove revolutionary.20

History, however, is full of fascinating technologies that remained marginal until they could be widely commercialized. Electricity was relegated to this category until Thomas Edison propelled it to success. Edison is remembered primarily as an inventor, but he was also an effective entrepreneur who made inventions useful for end users. His impact, fame, and fortune resulted directly from his focus on developing technologies that were marketable, easily deployed, and standardized. In 1882, he commercialized the transmission of electricity by building the Pearl Street Station in lower Manhattan to deliver electric power for lighting offices, and by the end of the year he was supplying power to over five hundred customers using some ten thousand lights.21 Prior to Edison’s commercialization of electricity, lighting had been primarily provided by candles and lamps that burned animal oil or kerosene—all clumsy, dirty, and dangerous. Edison’s low-cost and cleaner electric lighting rolled back the night, increasing productivity and safety for the homes, businesses, and entire communities that were served by them.

Edison laid the foundation that others built on to perfect the industry of electricity transmission. Edison chose to commercialize a technology called direct-current (DC) generation, against the advice of a young Czech inventor in his employ named Nikola Tesla. Tesla saw that DC transmission was too restricted in distance and voltage for use in large-scale electric delivery and developed alternating-current (AC) transmission to overcome these limitations. George Westinghouse, the head of the Westinghouse Electric Company, recognized the potential of Tesla’s invention that Edison ignored. Westinghouse began in 1886 to implement the new polyphase AC-generation method in his central stations, using transformers to step voltages up for long-distance transmission and down for local use.22 This allowed efficient power delivery over long distances and at various voltages and ultimately proved more commercially successful than Edison’s DC system. In fact, AC is still the method universally used for large-scale electricity transmission over power grids today. The economic impact of long-distance transmission of electricity is difficult to overestimate. By substituting “coal by wire” (as the grid-distributed electricity came to be known) in place of the labor- and capital-intensive process of hauling coal from mines in mountainous areas to dense urban centers represented a tremendous cost savings and efficiency, as stringing and maintaining electric wires and cables was substantially cheaper than laying railroad tracks. This new economic model of energy—electricity over wire instead of fuel over railroad tracks—meant that the benefits of coal could rapidly be extended to more places and more people than ever before.

Edison laid the foundation that others built on to perfect the industry of electricity transmission. Edison chose to commercialize a technology called direct-current (DC) generation, against the advice of a young Czech inventor in his employ named Nikola Tesla. Tesla saw that DC transmission was too restricted in distance and voltage for use in large-scale electric delivery and developed alternating-current (AC) transmission to overcome these limitations. George Westinghouse, the head of the Westinghouse Electric Company, recognized the potential of Tesla’s invention that Edison ignored. Westinghouse began in 1886 to implement the new polyphase AC-generation method in his central stations, using transformers to step voltages up for long-distance transmission and down for local use.22 This allowed efficient power delivery over long distances and at various voltages and ultimately proved more commercially successful than Edison’s DC system. In fact, AC is still the method universally used for large-scale electricity transmission over power grids today. The economic impact of long-distance transmission of electricity is difficult to overestimate. By substituting “coal by wire” (as the grid-distributed electricity came to be known) in place of the labor- and capital-intensive process of hauling coal from mines in mountainous areas to dense urban centers represented a tremendous cost savings and efficiency, as stringing and maintaining electric wires and cables was substantially cheaper than laying railroad tracks. This new economic model of energy—electricity over wire instead of fuel over railroad tracks—meant that the benefits of coal could rapidly be extended to more places and more people than ever before.

As the electricity industry began to grow, the rush to capture these economic benefits by the new electrical entrepreneurs in the cities of America and the rest of the industrializing world caused much duplication of effort as competing companies strung power lines. In the American Midwest, Samuel Insull, the president of the Chicago Edison Company, was one of the pioneering capitalists who realized that the high-fixed-cost nature of the electricity business meant that substantial profits could be generated if the markets were controlled and consolidated.23 His and others’ aggressive efforts to consolidate local and competing private operators into regional monopolies led to the powerful and concentrated ownership of electricity generation and transmission in America, and by 1932 more than 67 percent of the electric generation in the United States was controlled by eight surviving holding companies.24 Despite the obvious efficiencies of a single-transmission grid infrastructure, the operators would use their monopoly power to charge exorbitant or unfair prices to customers and led the government to regulate the industry as a public utility with the passage of the Public Utility Holding Company Act (PUHCA) of 1935.25 With this act, the age of utility regulation had begun, the effects and institutions of which can still be seen in the network of publicly owned utilities and regulatory bodies that exist today.

Over the last seventy years, disparate electric grids have become standardized and consolidated, and the physical integration of electricity-transmission systems has increased. Through operating experience as well as occasional spectacular failures in local generation and transmission, power utilities discovered that reliability, maintenance scheduling, and economies of scale could be improved by tying power systems to each other, integrating and sharing resources across local providers.26 And as it was true from town to town, it was also true at the county, state, and regional levels. This has led to a steady shift from isolated generating plants to regional systems and culminated in the five major intertied power grids that cover nearly all of North America today.27 Similar growth and integration occurred in the other industrialized countries during the twentieth century, though many of the industrial economies of Europe and Asia experienced significant disruptions and destruction of their power infrastructure as a result of World War II and later had to rebuild them. Today, though, large interconnected electricity grid infrastructures are the norm for all industrial societies.

The Rise of Oil

Along with the rapid growth in the electricity grid system, another important energy infrastructure also developed during the twentieth century. Motive energy—also known as transportation—applications started with the advent of the steamboats and railroads discussed previously, but it took the creation of the internal combustion engine to make these applications widely and regularly used. Early automobile designs used a wide variety of engines including those powered by steam, but in 1885 two German engineers, Karl Benz and Gottlieb Daimler, put the first internal combustion engine on a wheeled carriage and started an industry that pervades every aspect of the modern economy. Though Benz and Daimler succeeded in creating the initial technology, another entrepreneur in America, Henry Ford, developed the assembly-line manufacturing practice necessary to bring the prices down to a level that would make these new machines accessible to the general public. One particularly troubling problem in all of the initial designs, however, was how to fuel these new machines. After evaluating a number of options, including kerosene and steam, the fuel of choice became a by-product of the oil refining process called gasoline. Gasoline had previously been generated during the manufacturing of kerosene for lighting purposes, an industry that by around 1900 was on the decline due to the rapid growth of Edison and Westinghouse’s local power grids and electric lighting.28 With the growing popularity of electricity, gasoline was usually available cheaply and sometimes was flushed into the rivers when demand was inadequate. Gasoline’s use in automobiles created new growth markets for the oil companies beginning in the early 1900s. And as the market for cars grew, the need for new sources of oil skyrocketed, creating a “black gold” rush to search for additional sources of petroleum.29 A timely discovery of oil reserves in Texas led to a glut of availability in the United States, making operation of the new fleet of cars cheaper and more widely accessible. With affordable mass-produced cars and ample fuel, demand accelerated, and U.S. annual production quadrupled to 3.7 million vehicles per year over the decade from 1915 to 1925.30

Oil as a source of energy has certain economic advantages over coal, particularly for transportation applications, because it can be easily transported in liquid form through pipelines and tanks and can be pumped instead of shoveled. A number of interesting anecdotes concerning the economic advantages of oil can be found in Daniel Yergin’s book on the history of the oil industry, The Prize: The Epic Quest for Oil, Money, and Power. He discusses the strategic impact oil played in the history of the twentieth century both in the modern industrial economy and in the military. For instance, in the early 1900s, a young Winston Churchill, while acting as the First Lord of the Admiralty, pushed to have the entire British navy converted from coal to oil, even though the United Kingdom possessed an abundance of coal and would need to import almost all of its oil from overseas sources.31 Despite the potential supply risks this caused, Churchill and his supporters recognized that the added efficiency of handling oil-based fuels reduced the manpower required for fueling and operation, and oil’s higher energy density in creating thrust led to a British navy that was superior to, and ultimately able to contain, the coal-fired navy of Adolf Hitler.

Oil’s advantages as a fuel for military and transportation uses were increasingly obvious to all of the industrial powers, and access to oil drove many of the tactical and strategic decisions on both sides of World War II. The German push into the oil fields of the Soviet Union’s Caucasus region near Stalingrad represented an ultimately unsuccessful attempt to capture Russia’s rich reserves for the oil-poor German war machine. Yergin also suggests that one of the Japanese military’s primary goals in attacking Pearl Harbor was to ensure adequate oil access by crippling America’s ability to block oil shipments from the Dutch East Indies to Japan.32 Ultimately, the failure of the military campaigns of Japan and Germany, as their militaries ground to a halt with empty fuel tanks, can be attributed partially to a critical lack of fuel.33 

Oil, however, has had a few glaring drawbacks as the predominant source of energy for the world’s critical transportation applications. The largest of these is that oil is unevenly distributed among the countries of the world, with most reserves lying beneath the countries of the Middle East and specifically not in the industrial countries that rely on them most heavily. The power vacuums caused by the two world wars of the twentieth century created the independent states of the Middle East, including Iraq, Iran, Saudi Arabia, and Kuwait, and it is under these states that the vast majority of the world’s remaining oil reserves lie. Following World War II, several of these countries began to flex their political and economic muscle and at a meeting in Baghdad in 1960 established the Organization of Petroleum Exporting Countries (OPEC). This group, including four Middle Eastern countries and Venezuela (later expanded to eleven countries), was formed with the stated objective to help stabilize world oil prices and create orderly markets.34 However, supply constraints imposed by the Arab members of OPEC in the early 1970s caused massive price shocks in the West, creating significant economic disruption and providing a graphic example of the risks to industrialized economies posed by actions of such a supply cartel. Today, OPEC still controls about 40 percent of the world’s oil production and about 66 percent of its reserves, which leads to the real and potential problems discussed in subsequent chapters.35

Natural Gas Fills the Gap

From the industrial countries’ perspective, oil-price shocks brought the issue of secure access to vital energy supplies into sharp relief and led to policies that would effectively disassociate fossil fuels into different end uses. In 1978, the United States Congress passed the Public Utility Regulatory Policy Act as a response to oil-price spikes in an effort to reduce American dependence on imported oil.36 The objective was to reduce the use of oil in electricity generation by limiting the type of fuel new power-plants could use, and the resulting changes fundamentally restructured the modern energy industry. Today, the transportation industry remains almost exclusively dependent on oil for fuel while the electricity grid has moved away from oil in favor of both traditional coal and the growing use of another fossil fuel, natural gas. While some areas of the country such as the Atlantic seaboard still use older oil-fired electricity plants, many areas of the Midwest and West have changed to natural-gas-fired power plants because of their closer proximity to local, domestic sources of that fuel.37

Natural gas is a fossil fuel that is composed primarily of methane gas, is formed similarly to oil and coal, and often occurs in the same geologic pockets and reservoirs as oil deposits. Though famously used by Robert Bunsen in the invention of his Bunsen burner in 1885, natural gas was difficult to capture, store, and transport in large-scale applications until the second half of the twentieth century. For many years, natural gas was vented or burned off by miners and oil extractors as a nuisance, but the technology for compressing it and moving it through pipelines began to become economically viable after World War II with improvements in welding, pipe rolling, and metallurgical processes.38 In the 1950s and 1960s, the United States developed vast networks of gas pipelines reaching millions of homes and businesses. Since then, improvements in extraction, transportation, and cleanliness compared to other fossil fuels have driven natural gas to be a growing important part of the global energy mix.39 Natural gas is perhaps the most versatile form of fossil fuels, and is used in heating applications, as a feedstock for everything from nitrogen fertilizer to methanol to plastic, and as a direct fuel in many new “clean-vehicle” programs.

Shifting Dominance in Energy

The various trends discussed above have driven changing economics of fossil fuel over time and led to a changing mix of sources providing energy to our modern world. Figure 2.1 shows the relative contribution to primary energy of each of the major sources, including traditional renewables (primarily wood), coal, oil, and natural gas, and how they have changed over the last 150 years.

As the figure shows, wood’s historic dominance eventually gave way to coal as a primary source of energy, particularly as coal began to be harnessed in both motive and stationary applications. The dominance of coal in the first half of the twentieth century was subsequently eclipsed by oil, which was eventually supplemented by natural gas and nuclear power. What the changing contributions of primary energy sources over the last 150 years show is that rising total energy demand and changing relative economics of these fuels lead to substitutions among them and a pattern of constantly changing dominance in global energy supply. As demand for energy continues to grow in the decades ahead and the relative economic characteristics of various sources of energy change for many reasons (discussed in more detail in subsequent chapters), it is reasonable to expect that the pattern of changing dominance among various energy sources will continue.
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Figure 2.1

Global primary energy substitution among various sources, 1850 to 2000.
Source: Nakicenovic and Grubler (2000).


An Overview of Modern Energy

Today, there are at least three separate major energy infrastructures on which modern industrial economies rely—the electricity grid, oil refining and distribution, and natural-gas pipelines. Each of these serves a slightly different type of end use for energy, roughly corresponding to electricity, transportation, and heating applications, respectively. Economically, however, maintaining these three separate energy infrastructures requires large annual investments of capital and corresponding large organizations to afford and manage them. Today, six of the twelve largest companies in the world are fossil-fuel providers, with four of the remainder producing automobiles and trucks and one, General Electric, heavily involved in making power systems and wind turbines.40 Collectively, these eleven companies alone have over $2 trillion in annual revenues, equal to about 4 percent of global gross domestic product (GDP).41 Total energy expenditure comprises somewhere between 7 and 10 percent of global GDP, and between $4 and 5 trillion is spent worldwide each year on modern forms of energy and electricity.42

Global energy production has grown by around 2 percent annually over the last thirty years due to an increase in global population and offset by a decline in per capita energy use or the amount of energy used by each person.43 Growth has been generally consistent over this period, with only a small hesitation around the time of the oil-price shocks in the 1970s when energy-efficiency initiatives had some limited success and the price of fuel caused people and businesses to temporarily alter their consumption and retool their energy generators for new types of fuel.

Figure 2.2 shows the relative breakdown of the fuel sources consumed in the United States and the sectors in which they are used. The three fossil fuels together (coal, oil, and natural gas) provide about 86 percent of U.S. industrial energy produced, with coal and natural gas dominating the stationary applications and oil dominating transportation.44 While other nations and regions use different proportions of these fuels for energy, global economic growth and societal well-being currently remain completely reliant on the reserves of latent solar energy in these fossil fuels, with 80 percent of global energy supplied by fossil fuels.45

Geographically, total energy consumption is spread unevenly from country to country. The United States is the largest energy user at 26 percent of total consumption, despite having only 4.6 percent of the world’s population, and on a per capita basis is one of the highest of any country in the world.46 For comparison, U.S. per capita energy consumption is more than twice that of western Europe. Collectively, the thirty industrialized members of the Organization for Economic Cooperation and Development (OECD), consume over half of global energy, though they contain less than 20 percent of the global population.47 To visualize the energy gap between rich and poor nations, the average U.S. citizen consumes over eight times the energy of a person in sub-Saharan Africa, even when traditional fuels such as wood and manure, much used in Africa, are included.48 And some 1.6 billion people, over a quarter of the world’s population, have no access to modern forms of energy or electricity at all.49
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Figure 2.2

U.S. primary energy consumption by source and sector, 2004 (quadrillion Btus).
Source: EIA (2004).


Electricity is a small but quickly growing component of final consumption. From 1973 to 2003, the amount of fuel delivered through electricity generation grew by over 170 percent, significantly faster than the growth in basic energy demand.50 The growth in electricity use over this period was driven by the rapid industrialization of the modern economy bolstered by the disproportionate growth in wealth and manufacturing in many Asian countries. Looking at these numbers, electricity’s importance to the energy infrastructure is understated. In the United States, for example, even though electricity comprises only 18 percent of the final consumption, it requires some 39 percent of the primary fuel supplied—losing some 65 percent of the energy content of its fuel during generation and transmission.51 As of 2004, the world possessed approximately 3,900 gigawatts (GW) of peak electricity generation capacity, which is used to provide some 16,600 terawatt hours, or 16 trillion kilowatt hours, of electricity every year.52 (For a description of the metrics of peak capacity and electricity generated, see the appendix.)

Despite the rapid growth in electricity use, the mix of fuels used to generate it has shifted significantly in the last thirty years. Figure 2.3 shows the relative contribution that the various sources of primary energy contributed to electricity generation in 1973 and 2003. Primarily as a result of industrial economies’ changing energy priorities after the oil shocks in the 1970s, oil’s share in electricity dropped from 25 percent in 1973 to around 7 percent in 2002. To compensate, natural gas grew from 12 to 20 percent, and nuclear power grew from 3.4 to 16.6 percent of electricity generation over that same period. Coal has remained a dominant source of electricity, supplying nearly 40 percent today, and the three fossil fuels combined provide nearly two-thirds of electricity generation.
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Figure 2.3

Global fuel shares used in electricity generation, 1973 and 2003.
Source: IEA (2005). 


This, then, is the current state of energy. Harnessing ever greater quantities of fossil fuels over the last three centuries for industry, transportation, and electricity has allowed for unprecedented growth in the world economy, extended life, and improved livelihoods for billions of people, though not equally around the globe. Owing to the inescapable nature of energy in the modern industry and transportation and the dominance that fossil fuels play in the current energy configuration, industrial economies have to be vigilant about access to and cost of vital supplies of fossil fuels. Chapter 3 examines just how large a risk these factors pose.
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