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Prologue



THE STORY OF ENERGY


Energy is amazing. It brings light to dark and warmth to cold. It preserves our food, cleans our water, makes our cities safe, and lets us roam the world. To put it more starkly, energy is an invisible builder of civilization. Maybe the builder of civilization. Invisible, but no less real. Many archaeologists use materials—stone, bronze, iron—to denote the eras of human evolution in world prehistory, but changes in energy might be a better boundary for more recent human history.1 Nearly every major social, political, scientific, and cultural revolution in the last few hundred years is at least partially a result of advances in our ability to harness energy.


Energy managed wisely—with long-term sustainability, affordability, and security in mind—gives us health and wealth; managed unwisely, it makes us sick and poor. Despite its importance, energy is out of sight and usually out of mind. We can’t see energy, we don’t often contemplate it unless we’re thinking specifically of oil or electricity, we don’t even necessarily know what it is, yet if one day it were no longer available to us in the form, price, and abundance we expect, its absence could cause a global social collapse.


And our relationship with energy is perpetually changing. We are in the midst of an energy transition yet again as some countries seek to reduce greenhouse gas emissions and others seek to improve energy access. Those policies, combined with global population growth, economic growth, urbanization, motorization, industrialization, and electrification, mean we are changing how much energy we use, how we use it, and what forms we use.


The stakes are high during this transition because energy is unique: no other physical factor in society has such a wide-ranging impact on public health, ecosystems, the global economy, and personal liberties. Energy is a key enabler of entrepreneurship and innovation, the economic engines for society. Energy holds much promise for humanity, but a lack of energy can doom populations to incredible suffering. Because energy is such an important driver of modern living, safe and reliable access to energy has become a precondition of mobility and affluence. If we run out of energy, food will spoil, water will become unavailable or contaminated, and it will be hard to get to work if we still have jobs. Good decisions will require an honest look at its challenges as the billion-plus people who lack access to electricity, sanitation, or safe water seek a pathway out of poverty. And that requires first understanding how energy weaves its way through our daily lives.


Because problems like climate change span continents, for the first time in human history the world must come together to face collective energy challenges. That we can come together in the first place is because energy enables us to do so. Energy is the medium in which globalism exists, so it would be only natural that energy requires global solutions. On the table are decisions about how to invest trillions of dollars to build and reinvent an energy system that ensures access to clean, affordable, reliable energy. These decisions, which must be made in a matter of years to stave off the worst effects of climate change, will have far-reaching consequences for billions of people over many decades to come.


To make wise decisions about the future of energy, we must first understand its importance to everything we care about. Energy is hidden yet ubiquitous, embedded in the world around us. While much of the popular debate hinges around which forms of energy we should use or prohibit, it is the end-uses that define our modern society. In the end, we care less about the exact form of our energy and instead want clean water, preserved food, a chance for a high quality of life (financial freedom, so we can have comfortable homes and things to do), mobility so we can move about our lives, and the peace of mind that comes with a sense of safety. Those end-uses and benefits—water, food, transportation, wealth, cities, and security—are what we seek, and they are all tied to energy.


THE MAGIC OF ENERGY


By classical definition, energy is the capacity to do work. That is, energy is the ability to do interesting and useful things. It is the potential to harvest a crop, refrigerate it, or fly around the world. The corollary is thus that a lack of energy is the inability to do work. Access to energy enables our civilization. An absence of energy inhibits it. Energy is also conserved: it is inherently a finite resource. We cannot make more of it; we can only move it around or transform it. At its heart, our relationship with energy is about harnessing the benefits and containing the environmental impacts of those transformations.


Despite the importance of energy, strictly speaking we still don’t know what it is. We know it’s real, and we can measure its presence. But we can’t see it or touch it. Or even explain it. Nobel laureate Richard Feynman admitted, “It is important to realize that in physics today, we have no knowledge of what energy is.”2 Energy is mysterious, powerful, and invisible at the same time.


Famed science fiction writer Arthur C. Clarke once issued his Third Law, noting that “Any sufficiently advanced technology is indistinguishable from magic.”3 This law emerged from a series of essays about the future he wrote out of exasperation because of his sense that the scientific community was widely pessimistic about our collective ability to innovate. Clarke was an optimist and believed in the almost magical capability of advanced technologies. That magic is our modern energy system, and Clarke cited many examples of remarkable energy-related advances to prove his point.


Energy’s magic quietly brings illumination, information, heat, clean water, abundant food, motion, comfort, and much more to our homes and factories with the flick of a switch or the touch of a button. Leonardo da Vinci said that “by its power [the energy of fire] shall transform almost everything from its natural condition into another,” acknowledging the transformative power of energy. The goal of this book is to demystify the magic of energy and to celebrate its transformative power.


In the United States each year, 1 quadrillion British thermal units (BTUs) of energy ingested in the form of food is needed for the basal metabolism of our 325 million bodies. Yet we collectively consume 100 quadrillion BTUs of energy. That means we are consuming far more energy than we need just for sustenance. That additional energy lets us heat, cool, move, and do things for the equivalent of ourselves and ninety-nine other people. It’s as if we are all emperors now commanding ninety-nine slaves (in the form of kilowatts and BTUs) to do our bidding for us. Energy gives us the ability to live in modern cities with skyscrapers, which require elevators, elevated water, and indoor lighting—all powered by electricity—to operate. Today farmers in the United States produce more than twice as much per acre as American farmers did at the end of World War II.4 Energy—in the form of irrigation from electric pumps, fertilizers from natural gas, pesticides from petroleum, and mechanization in the form of diesel-powered tractors and harvesters—enabled this transformation. Today we have an abundance of food in countries where energy access is universal.


We use energy to give us mobility, both social mobility from getting richer by consuming energy for our factories or other industrial purposes, and physical mobility when moving from place to place powered by gasoline and jet fuel. To our ancient ancestors who spent weeks traveling from one city to another, our modern pace of transportation—spanning a continent in a few hours and the globe in less than a day—would appear as magical as teleportation in a sci-fi movie seems to us. Energy is at the heart of this magical pace.


THE STORY OF ENERGY IS THE STORY OF CIVILIZATION


For thousands of years the story of energy was slow-moving and incremental, but in the last few hundred years in the developed world, the energy story has become more interesting. It’s the developed world that demonstrated the benefits of increasing energy access and it’s the developed world that is grappling with how to maintain those benefits while reducing the environmental consequences. Older examples of energy consumption are useful for context, but the crux of the decision at hand—how to expand energy access without scorching the earth—is more recent. Up until a few hundred years ago, water was the most important ingredient for civilization, but ever since the industrial revolution, which gave us the combination of advanced fuels and new machines, energy has joined water as one of the two most important ingredients of civilization. Prior to that, the history of energy is thinner—there’s less to say about those centuries because our relationship with energy was fairly stable. That makes the industrial revolution a worthy boundary for a discussion of energy.


Just as we use carbon radioisotopes to date ancient organic materials and artifacts, we can use energy as a dating element for the modernity of various societies. The type of energy used and the technologies available are markers of time. Older, less developed societies used primitive solid fuels such as cow dung, wood, charcoal, or straw. Burning these fuels provided the energy needed to heat homes, cook food, and create household items by making lime, boiling soap, and so forth. The heat could also be used to forge and soften metals. Those primitive fuels also became products and building materials. For example, wood—a form of bioenergy, which is just energy from the sun stored in biomatter from years of photosynthesis—gives us firewood for heating; lumber for buildings, ships, and fences; and pulp for paper.


Older civilizations also used flowing water, wind, and animals to perform work and move people and goods. The classic European image of a windmill or medieval water wheel that powered a mill to grind grain, saw wood, or polish glass is a cliché indicating an older society.


As time went on, the fuels became higher-performing. Whale oil was a popular illuminant that displaced dirtier, dimmer candles and torches. Despite that, whale oil was eventually displaced by kerosene for indoor lighting, which was cheaper and brighter and didn’t smell pungent like burning blubber. Coal, which has even higher energy density, burns hotter, and produces less smoke than wood or cow dung, became a preferred fuel for indoor heating and industry. That means oil saved the whales and coal saved the forests. Coal’s higher combustion temperatures were a natural fit for metalworking, which meant that the rise of coal enabled the rise of steel that enabled the development of better tools. In a virtuous cycle, the importance of coal kick-started a mining boom in England that led to deeper and deeper mines. As those mines filled with water, the need for a pump became acute. The steam engine—powered by burning coal—was invented by Thomas Newcomen and later improved by James Watt, who were motivated by the need to pump the water out of the mines. Solving the water problem enabled even greater coal production.


That same steam engine also allowed, for the first time in history, the conversion of heat into motion. Heat is easy to produce by the simple act of burning fuels. But motion always depended on water power (such as that from flowing streams), wind power (for sailboats or windmills), or muscle power (from walking under our own strength or from animals). But with the steam engine, burning a fuel could give the energy needed to boil water to create steam that would drive pistons to create motion. This breakthrough eventually led to the creation of a self-reinforcing loop of energy and innovation, as ironclad steam trains powered by coal from their hoppers and riding on steel rails forged in smelters that used coal could transport coal dug with modern tools from faraway mines.


The steam engine, miraculous as it was for its day, would eventually be supplanted by the internal combustion engine. While bulky steam engines powered by coal were a good fit for heavy vehicles like mining equipment, ships, and trains, they were awkwardly sized for vehicles at the scale of an individual or a family. Gasoline-powered engines—much lighter and more powerful than their steam-powered cousins—were a good fit for transportation, enabling a revolution of personal mobility. The impact of individualized, motorized transportation is hard to fathom. In total, it created some of the world’s largest industries: automotive manufacturing (using steel made from coal and tires made from petroleum at factories operating on electricity), oil production for automotive fuels, and road construction (using asphalt from petroleum and cement made with coal). These breakthroughs changed where and how we lived, as transportation encouraged far-flung yet interconnected societies and electricity enabled urban living that reached to the sky.


Whether we realize it or not, the forms of energy and their related technologies mark the passage of time. If moviemakers or artists want to visually depict antiquity or medieval times, then they will show someone lifting water from a well by hand, riding a horse, or burning wood. To show the industrial revolution of the late 1800s, they will show factories, trains, and ships burning coal with black smoke curling from the chimneys. To show the twentieth century, gasoline-powered cars and electric appliances paint the image.


Energy innovation is also used as a timestamp that defines our eras. Energy conversion systems like the steam engine created the industrial revolution, the turbine engine enabled the jet age, and the electrical transistor enabled the information age. That these human eras are marked by energy advances makes perfect sense because energy drives individual metabolisms in living creatures and the urban metabolism of modern civilizations.


Some might argue that scientific discovery or modern medicine is the true marker of progress. But energy is even more fundamental. Medical professionals would have trouble saving lives without scalpels and other instruments made from metal forged with fossil fuels, lighting to allow surgeons to see clearly, medicines made from petrochemicals, plastic devices made from natural gas, and electricity to heat water for disinfection.


Energy is more than just fancy tools and cozy comforts of life: democratization of energy access reduces economic inequity. Countries where citizens have access to energy are freer. Looking at the earth at night, speckled with lights from cities, shows where people have access to electricity. The darkness of North Korea despite its proximity to brightly lit South Korea reveals that autocracy and energy poverty are different expressions of the same idea. Energy is freedom because it means people can move from one place to another and because lighting is available so students can study at night. Getting an education is the best pathway to economic opportunity. It also enables citizens to get information that improves the functioning of a democracy or resistance to autocracy.


Critically, energy can be used to improve water supplies. Once energy and water were available in abundance, food could be grown on a large scale, achieving higher yields per acre of farmland despite a drop in the number of agricultural laborers. As food productivity went up, workers could specialize in other pursuits. That specialization, combined with the availability of energy, also made it easier for many people to accumulate wealth. Energy was used for running factories, including the machines themselves and the devices such as lighting and air conditioning that made indoor settings comfortable and productive. In addition, the advent of electric lighting reduced the cost and improved the brightness of home illumination, which made it easier for students to do their lessons, just as students could stay in school longer because they weren’t as necessary on the farm.


Because agriculture was now able to feed an entire nation with a small fraction of the population—thanks to energy—the allure of rural living was offset by the limited economic opportunities there as agriculture advanced its technological capabilities. Consequently, many people—especially youth—moved to cities to look for jobs and to use their newfound wealth and freedoms for the entertainment and cultural activities available in urban areas. The additional spare time that energy bought could be spent on cultural or frivolous delights such as listening to the opera or watching movies, improving quality of life.


Living in cities required modern transportation to bring food, goods, and people back and forth. Personal mobility was the perfect companion to social mobility, bringing the freedom of movement to a rising number of people. It allowed city workers to live in the suburbs or to take plane or boat trips for work or vacation. These transportation systems include coal-fired trains, gasoline-powered cars, and spaceships propelled by rocket fuels.


Energy is also intermingled with personal, urban, and national security. Through public lighting, energy brought safety to dark cities by illuminating the shadows where serial killers and other predators hid. It enabled weapons of war—nuclear bombs and the planes that dropped them. Energy is also a cause of war, a target of war, and a strategic driver of a war’s key decisions. The intermingling of energy security and national security, a driving part of national defense strategy in the first part of the twenty-first century after the terrorist attacks of September 11, 2001, highlighted the connections between Western oil consumption and threats to our well-being. As energy became the central enabling feature of modern civilizations, it also became its greatest security vulnerability.


Bringing these pieces together, it is clear that the story of energy is the story of civilization.


ENERGY AS A GLOBAL GRAND CHALLENGE


We must acknowledge from the outset that if energy is the builder of civilizations, it can also be their destroyer. Richard Smalley, a brilliant, Nobel prize–winning chemist, spent the last few years of his life educating the world on what he considered to be the grandest obstacles for the world. Smalley prioritized the top ten problems for humanity as follows: (1) energy, (2) water, (3) food, (4) environment, (5) poverty, (6) terrorism and war, (7) disease, (8) education, (9) democracy, and (10) population.5 Energy is at the top of the list because its availability is the key to unlocking the next nine challenges. Only if we solve the problem of ensuring access to clean, reliable, affordable energy can we solve our water problems. With abundant water and energy we will have the irrigation, fertilizers, and tractors we need to grow, harvest, and distribute food so that food security problems can be solved. Cleaning up our energy is critical to avoiding and mitigating environmental impacts. But it is hard to prioritize environmental protection when people are hungry, which is why food is a higher priority than the environment. Making energy accessible will elevate people out of poverty, and reducing inequality reduces the risks of terrorism and war. Energy can be used to refrigerate food and disinfect water, reducing the risk of disease. In many parts of the world, women and girls spend 1.4 hours every day collecting fuelwood, which keeps them out of school.6 Using modern energy to make those chores less laborious gives girls a chance to go to school. Electric lighting lets them study at night. Education is a primary ingredient of successful democracies, and educated women tend to have fewer children, so increasing energy access improves education, enhances democracy, and slows population growth.


Using Smalley’s logic, energy is the single most important opportunity in the world and also its most important problem. In addition, there is vast energy inequity. The average worldwide citizen consumes half the energy of a British resident, who consumes half the energy of an American, who consumes two-thirds the energy of a typical Texan. If global population keeps growing and the world’s residents want the magic of energy at the same level of consumption as a Texan—with bustling factories, comfortably air-conditioned houses, and big cars—then global energy production and consumption will need to expand by an order of magnitude. Given the level of national security and environmental impacts of today’s global energy system, it is hard to imagine expanding its production, movement, and use by a factor of ten without a major transformation.


Bringing the benefits of energy at this scale to everyone without scorching the atmosphere, acidifying the oceans, or denuding land will require a new kind of magic. That is our global challenge.















Chapter 1



WATER


We begin the story of energy with water, because it is with water that life and civilization begin. Ensuring access to water is the first priority for individuals and societies because water is so critical to life. We need it to nourish our bodies and to grow our crops. At the cellular level, we need water for our body’s circulation system. Without water, our bodies would shut down and we would die of dehydration. If that did not kill us, then we would ultimately die of starvation, anyway, because the foods we eat also need water to grow. We also would not have the fibers we need—no cotton, wool, or leather—to clothe and shelter ourselves from the weather.


In many places around the world, getting water—for ourselves and our fields—takes energy to lift, move, and treat it. Since the arrival of advanced fuels and machines in the industrial revolution, energy joined water as one of the two most important ingredients for civilization. In fact, lifting and treating water was one of society’s first priorities for energy use. Because the modern water system directly depends on energy, that means modern civilization depends on energy and water. It goes the other way, too: the energy systems depends on water up and down its supply chain.1 This interconnection has good news and bad news associated with it.


For millennia, before advanced forms of energy were available, water was the most important basis for civilization.2 It has even been suggested that water is the motivating reason to organize humans into larger societal groups; that is, there is no reason to form a society except for the need to collectively manage water resources.3 The Chinese have noted this connection with their word zhi, which means “to rule” and “to regulate water.” An article in the Economist noted that “the Chinese word for politics (zhengzhi) includes a character that looks like three drops of water next to a platform or dyke. Politics and water control, the Chinese character implies, are intimately linked.”4


In Classical Nahuatl, which is the language of pre-Columbian Aztec society, the word for city, altepetl, means “water mountain,” by joining atl (water) and tepe-tl (mountain). So the Aztecs considered control of water a key ingredient and enabling step to forming a city.


Beautiful aqueducts and public fountains were among the defining elements of the Roman empire. Roman water infrastructure was an obvious symbol of their dominance. As they conquered a new territory, they would Romanize it by building waterworks to project their power.5


If the good news is that water abundance and collaboration can foment civilization, then the bad news is that scarcity and conflict can cause societies to fail. Researchers studying caves in China concluded that multi-decade droughts occurred at the end of three of the five long-lasting Chinese dynasties—the Tang (618–907), Yuan (1271–1368), and Ming (1368–1644)—implying that water strain was a trigger for dynastic collapse. Drought has also been associated with the collapses of the Khmer empire in the thirteenth century, the Mayans in 900 CE, and the Ancestral Puebloans of the American desert Southwest (whom the Navajo and others knew as the Anasazi).


Other examples abound. The MENA region (Middle East and North Africa) seems to suffer perpetual civil unrest. Water resources are strained there, which crimps food supplies, exacerbating the situation. The global Syrian refugee crisis of the mid-2010s can be tied directly to widespread bankruptcy of rural farmers whose crops were destroyed by drought.6 The displacement of Syrian farmers caused by that epic drought led to a flood of refugees crossing into Europe, triggering a global political backlash partially credited for leading to the election of Donald Trump and the famed Brexit vote in 2016. In that way, it could be said that drought toppled the prevailing governments in the United States and England, half a world away.


Water is also critical to public health. Over a billion people still do not have access to improved water or wastewater systems. As Molly Walton, an analyst at the International Energy Agency in Paris, noted in her commentary on World Water Day in 2018, “Energy has a role to play in achieving universal access to clean water and sanitation.”7 If we want to solve our public health problems, we need to solve our water problems. And if we want to solve our water problems, then we need to solve our energy problems. Importantly, doing so is critical to achieve the UN’s sustainable development goals.


The opportunity presented by energy’s and water’s interdependence is that infinite availability of one means we can have infinite availability of the other. With unlimited energy, our water problems will be solved because we can drill deeper water wells, build longer aqueducts, or desalinate seawater to quench our thirst. With unlimited water, all our energy problems will be solved because we can dam up rivers to make hydroelectric power or grow biofuels in the desert. But those solutions have their own environmental impacts to worry about, such as silting up the rivers, causing massive runoff into watersheds, or finding a way to dispose of a lot of brine left over from desalination. Regardless, we do not live in a world of infinite energy and water; we live in a world of constraints. Because of their close relationship, a constraint in one becomes a constraint in the other. And a shortage can send effects rippling across civilization.


WATER FOR MECHANICAL POWER


Before we used water for modern energy systems, water was used for mechanical power and for transportation. Anywhere water flowed reliably with a significant drop, the force of the falling water could be harnessed. The potential energy of the water at higher elevation could be converted into mechanical energy: As it fell, it would rotate a large wooden wheel that could in turn power a series of shafts, wooden or metal gears, and axles connected to a tool that would perform some useful task. Waterwheels on flowing water gave the power to polish glass, grind grain, spin spindles, operate bellows for metalworking, and saw wood. This mechanical power supplemented and amplified what was available from the muscle power of human laborers or domesticated animals.


Water was also used for transportation. Rivers, lakes, and oceans had been used for transportation for millennia, and ultimately canals—or manmade waterways—were created to facilitate the movement of people and goods. Water for transportation and water for manufacturing coupled nicely. Water power was harnessed through waterwheels to manufacture goods, and then canals let those products move to customers easily and efficiently.


Those different implements converged to turn America’s waterways into powerhouses to drive a modernized economy, sometimes in the same location. In Lowell, Massachusetts, a savvy proprietor managed the flow of water using a system of dams, locks, and canals and then sold off a slice of the potential energy of the falling water to manufacturers who wanted it to drive their mills and factories.8


Because the United States has abundant hydropower potential, its industrialization was powered by water. According to water expert Martin Doyle, “settlers of the eighteenth and nineteenth century built their villages around small dams powering waterwheels,” and “the power of the Susquehanna River was as essential to grinding colonial grain as the Merrimack River was to spinning the fabric of New England textile mills.”9 This was in contrast with England, which had abundant and easily accessible coal but poor hydropower potential. Consequently, its manufacturing was mobilized by steam power rather than water power. “Colonists all along the East Coast initially put waterwheels to work in mills to process timber, which was essential for building settlements and one of the key raw materials that was plentiful in America but in short supply in Europe. By the time the earliest sawmills were built in England in the 1660s, several hundred were already being used in colonial New England.” Ultimately, “sawmills and gristmills were the centerpiece of the colonial economy.”10


Those gristmills were significant amplifiers of productivity for grinding wheat into flour and corn into meal. Humans required about two days of labor to grind a bushel of wheat into flour; horses could do the same work in a few hours. But a typical eighteenth-century water-powered gristmill could grind dozens of bushels of flour or cornmeal daily.11


Unsurprisingly, processed materials are more valuable than raw ones. Lumber is worth more than timber, and flour is worth more than wheat. The modern analogies are that gasoline is worth more than crude oil and chemicals are worth more than natural gas. Industrious humans used energy to upgrade their natural resources into higher-value commodities they could export elsewhere. And, because of the higher value density of the finished products, it was smart to do so. Flour was more valuable per pound and easier to transport than wheat. The same could be said for the water that goes into it. It made more sense to transport a pound of flour than the 1,000 pounds of water required to grow it. Water and energy made it possible to process a wide range of goods, creating value along the way.


While hydropower was a major advance over muscle power, it still had its drawbacks. Namely, you needed incredible quantities of water flowing down altitude drops to make it work. And in many parts of the world—including England, as already noted, and large swaths of the United States—nature did not provide that combination. And this is where steam power became revolutionary.


Burning fuels to make heat to boil water allowed heavy machinery to be moved by the force of steam. The industrial age is really the age of steam, as the invention of steam engines created the opportunity to turn heat into motion. Creating heat is rudimentary and the materials for it are readily available, but the ability to turn heat into motion was revolutionary.


In the United States, this transition occurred at the end of the 1800s. The amount of water needed for steam was a fraction of the water needed for hydropower. And, even in low-lying areas that didn’t have the altitude drop needed for waterwheels, there was sufficient water to make steam. Steam not only increased the energetic output over hydropower but also freed manufacturers to build their factories where they wished.


Wood could generate the heat needed for boilers to make steam, but coal was a much better fuel, generating more heat with less pollution and at lower cost. In this way, fuels—and in particular, fossil fuels—freed us from the rivers, allowing us to move to more convenient locations. Hydropower cared if the land was flat, but steam power did not care. Consequently, major cities such as Chicago, Cleveland, and Detroit emerged in flat areas on the edge of lakes. Their topography would not accommodate hydropower, but they had access to easy shipping from the lakes and were close to many raw materials. Just as flowing water shaped the geographic story of industrialization, energy changed the landscape of industrialization so that it could take place almost anywhere.


WATER FOR ENERGY


Moving from direct water use to steam was liberating, but another major advance awaited: electrical power. Using water to generate electricity would give even more flexibility for manufacturers, as it is possible to move electricity many hundreds of miles over transmission lines, whereas moving water or steam is very cumbersome.


The electrical age was just as transformative as the steam age. Though Benjamin Franklin’s famous experiment in the 1700s was an eye-catching illustration of the similarities between lightning and the sparks of static electricity, most of the electricity experiments in the eighteenth century and the early nineteenth century had been lab-scale benchtop exploration to satisfy scientific curiosity. And they tended to use low-voltage, direct current devices, such as small batteries or fuel cells. It was not until the late 1800s that larger-scale alternating current systems enabled useful appliances such as motors and the affordable incandescent light bulb and made electricity a more valuable part of day-to-day life. Like the rise of the information economy in the late 1900s, the rise of electrification was very rapid once it passed the tipping point.


Electricity can be generated many ways, but among the simplest is by spinning magnets around a coil to induce a current. And, as had already been known for centuries, water could easily rotate a wheel. Flowing water turned overshot waterwheels, which rotated a shaft that could be used to power equipment such as rotating blades at sawmills, rolling stones at gristmills, and spindles at textile factories. The same concept could be applied to spinning magnets to make electricity.


The world’s first hydroelectric power plant was built in 1879 along the Fox River to light hundreds of bulbs in Appleton, Wisconsin. The first hydroelectric dams were not very large and were more reminiscent of the medieval overshot waterwheels used for mechanical power.


These smaller hydroelectric power plants started to proliferate in the late 1800s to meet the demand for light bulbs and small motors for industrial work. Some, like the plant built at Niagara Falls in 1882, simply diverted some of the natural flowing force of the water above the falls. But at other locations, where water was not already falling hundreds of feet over a ledge, a dam was needed to create a reservoir at a higher elevation than the water body below it. Early dam builders might have created a small reservoir that elevated water ten feet above the water body below, but generally speaking, these structures were not considered to have that great an impact on the river’s natural flow. Over time, larger dams were built, and for multiple reasons: for power, flood control, navigation, and irrigation.


By the end of the 1800s, factories had begun to electrify. In 1900, only 4 percent of Chicago’s factories were electrified; thirty years later, it was 78 percent.12 These dams and their affordable, powerful electricity gave the United States a competitive economic advantage.


In Ireland in the 1920s, the Electricity Supply Board hatched a scheme to create a national grid fueled by hydroelectric power from the River Shannon as a way to catch up with America’s electric factories.13 Around the same time, Oskar von Miller in Germany was building a hydroelectric power system outside Munich that used the natural 200-meter height difference of two lakes to build the Walchensee Hydroelectric Power Station, which is still operational today.


Although the allure of reliable and cheap electricity certainly helped promote the spread of dams, their rise in popularity can also be attributed to other reasons. As the United States expanded and its population increased, economic activity increased in floodplains and the losses from floods also grew. Because those floods were really destructive, they helped kick off a dam- and levee-building boom to manage flood risks. As dams were built, powerhouses could be included, providing electricity as a handy by-product of infrastructure built to control the flow of water.


Perhaps there was no more compelling case for dam building than the 1927 Mississippi River flood, which drove home the dangers of a river jumping its banks. The losses were staggering: as much as $1 billion at a time when the federal budget was typically less than $3 billion; over 700,000 people lost their homes and as many as 300,000 were rescued from houses, rooftops, levee crowns, and even trees. Water expert Martin Doyle observed that as a consequence of these killer floods, “river systems became highly-engineered, optimized hydraulic machines. Early twentieth-century floods gave the motivation, the progressives gave the ideology, and the New Deal provided the resources.”14 That is, several different forces converged to turn America’s waterways into powerhouses to drive a modernized economy.


Not much later, the military buildup for World War II created a massive demand for the electricity generated from dams that were built to mitigate flooding. With the country still in the shadow of the Great Depression, jobs were scarce, and large water projects were a way to keep people working while achieving the other useful benefits. In response, the dam build-out in the United States accelerated in the 1930s and continued for a few decades. During this period, the Hoover Dam (initially named the Boulder Dam) and several other prominent dams such as the Shasta and the Grand Coulee were built.


Most of the early build-out in the United States was in the Pacific Northwest’s Columbia River basin and in the southeastern United States. The abundant electricity provided by these dams kicked off a large military effort located right next to the massive power plants: aluminum production. Because of World War II, which relied on airplanes more than any prior war in history, there was significant new demand for aluminum. Since aluminum is produced electrolytically from bauxite (by contrast, steel is produced thermally from iron ore), many aluminum smelters were located near dams. Abundant electricity enabled aluminum production at a pace that had never been seen before.


In addition, there was significant demand for enriched uranium for nuclear weapons. Since uranium is enriched with electrically driven centrifuges, the appetite for power was enormous. At one point during the peak of the war effort, 1 percent or more of national electricity consumption was dedicated just to enriching uranium.15 Dams were a key piece of that effort, and consequently the main nuclear labs for uranium processing were established in Washington State near the Columbia River dams and in Tennessee near the dams built by the Tennessee Valley Authority (TVA). It is telling that some of the Department of Energy’s main nuclear processing labs in the United States are still located in those same places: Pacific Northwest National Lab in Washington and Oak Ridge National Lab in Tennessee.


The TVA is a unique quasi-governmental agency that simultaneously manages water and power to serve a region, similar in a way to what the Lower Colorado River Authority does in central Texas or what the Bonneville Power Administration does in the Pacific Northwest. The TVA was formed in 1933 partly as an outgrowth of the women’s suffrage movement. After women earned the right to vote in 1920, female activists formed the League of Women Voters to address other important issues. One of their achievements was their instrumental role in forming the TVA.16 They supported it because they wanted jobs, but they also wanted electricity to be available to households—that is, women—in the Deep South.17 Along with the right to vote, electricity and electric appliances were another expression of freedom.


The TVA came to life from a World War I dam that the War Department had sought to build in Muscle Shoals, Alabama. Today it is a large agency that serves a sprawling territory with a mixture of many dams, coal, and nuclear power.


Muscle Shoals lies along the Tennessee River, between the musical cities of Memphis and Nashville. Music buffs will recognize Muscle Shoals as the site of the FAME Studio, where some of the world’s most notable acts—Aretha Franklin, Etta James, Percy Sledge, the Rolling Stones, and the Allman Brothers—went to record some of their most famous hits.18 The connection between music and dams extends beyond Muscle Shoals to America’s greatest folksinger. Because the reservoirs created by dams would flood entire valleys, scar the local ecosystem, inhibit fish migration, and in some cases displace a lot of people, there was resistance to dam construction. To help overcome it, the Bonneville Power Administration launched a public relations campaign touting the benefits of hydropower. They made films and printed posters and even commissioned the folk musician Woody Guthrie, who wrote “This Land Is Your Land,” to pen a collection of songs about the dams along the Columbia River.19 Songs like “Roll On, Columbia” and “Song of the Grand Coulee Dam” were effective: the dams got built.


Modern hydroelectric dams remain appealing because they are clean at the point of generation, efficient, robust, simple, and start up quickly. By comparison, thermal power plants that burn coal or use heat from nuclear reactions to boil water take many hours or even days to reach full capacity. One of the unfortunate secrets of the modern grid is that for most power plants—almost all nuclear, coal, and natural gas power plants—the power has to already be on before a power plant can be turned on. This creates a remarkable chicken-and-egg situation. What happens if the power goes out because of a storm or equipment failure? A small fraction of power plants are “black start rated,” which means they can turn on even if the power is off. Dams are black start rated because even if there is a blackout, gravity always works. In fact, after blackouts, dams are often used to provide the power that lets other power plants turn on and connect to the grid. In that way, water backstops the entire modern economy.


Though dams are relatively clean at the point of generation and therefore popular among stakeholders who wish to limit emissions of greenhouse gases, they are not free of environmental impingement. Their construction has significant ecosystem impacts. Flooding large valleys to create the reservoirs can displace people and irrevocably change the geography. Dams also disrupt fish migration, which has cascading impacts on those who depend on the fish for life and livelihoods. Because of their performance benefits, dams are still desirable, but because of their drawbacks, the construction of major dams is nearly impossible in the United States and Europe, where there is well-organized opposition to them.


But because water projects are a hallmark of a civilized society, they are popular among ruling classes as symbols of political power built by and named for politicians. At the famous palace of Versailles, outside Paris, a large-scale water tower and hydraulic system were built to provide water to tens of thousands of residents while also powering the fountains, which were intended to be fabulous displays of wealth and to demonstrate that water systems could be beautiful as well as functional.


In the nineteenth century, Abraham Lincoln ran on a platform of enhanced water infrastructure—namely, canals—for navigation and commerce. Doyle observed that after the 1927 Mississippi River flood, “Flood control infrastructure projects became a favorite flavor of political pork for the next half century.”20 The largest dam in the world at the time it was built was eventually named for President Herbert Hoover. Even local regional dams—the Buchanan dam outside Austin, Texas, named for a local congressman, for example—fall prey to the same vanity. This convergence was immortalized by Wendell Wilkie, the top executive at the forerunner of today’s Southern Company, a massive utility in the South, who was the Republican nominee for president in 1940. He lost to Franklin Delano Roosevelt, who won a third term in the presidency, and whose legacy includes a swath of energy and water infrastructure systems.


The political incentive to build water infrastructure is not unique to the United States. In Asia, Africa, and South America, dams remain popular as a way to electrify a region while securing political power because they promise multifaceted benefits. For example, the Sardar Sarovar Dam in India was designed to provide irrigation for a million farmers, drinking water for 30 million people, 1.5 gigawatts of power, and jobs for five thousand employees.21


Hydroelectric power plants can be absolutely massive, both in area and in power generation. The largest power plant in the world, the Three Gorges Dam in China, has a capacity of 22 gigawatts, about the size of twenty nuclear power plants. The gargantuan Hoover Dam, whose proximity to Las Vegas and scenic backdrop makes it a typical tourist destination, is only 2 gigawatts by comparison. Those early dams from the late 1800s have an electrical generating capacity about a thousandth the size of the Three Gorges dam.


The Three Gorges Dam was pursued by Chinese leaders for decades, and it was finally constructed in the 2000s. It is hard to fully appreciate the scale of this dam: It is so large, the reservoir it created is as long as Great Britain.22 The mass of the water in the reservoir is so significant, it slowed the earth’s rotation. By elevating nearly 40 billion tons of water to hundreds of meters above sea level, the dam has essentially made the earth a little fatter in the middle and flatter at the top, extending the day by six-hundredths of a microsecond.23 If you are ever late for a meeting again, you can blame the Three Gorges Dam for messing up your clocks.


The scale and risk of the Three Gorges Dam, in terms of both its water and its power, are enormous. It is the ultimate testament to human hubris. While it has helped to reduce the risks of flood-related disasters and improved the navigability of the Yangtze River, its creation flooded entire valleys and towns. Geologists worry about the earthquakes and underwater landslides that the water causes as the soft, soaked soils around the reservoir settle to accommodate the new load. In the first decade of its operation, the dam triggered more than five hundred earthquakes with a magnitude greater than 2.0 on the Richter scale, and more than four hundred landslides.


If the Three Gorges Dam were to collapse, it would put approximately 15 million downstream lives or more at risk.24 In the event of a collapse, a wave would move quickly down the canyons, making it difficult for people to escape. Unfortunately, more than 600 dams are either built, under construction, or in planning in the seismically active Himalayas, putting those dams at serious risk of failure. If the Tehri Dam in India collapses, scientists expect it would produce a wall of water 200 meters high that would put 2 million people at risk.25 While we can hope such a catastrophe will not happen, unfortunately, dams collapse every once in a while. The near-miss with the Oroville Dam in California in February 2017 was a reminder that one big rainfall can be a triggering event that strains reservoirs to the breaking point. Because of snowmelt and a lot of rain, the Oroville Dam’s reservoir overtopped the spillway, which eroded badly. The dam did not break, but the risk of it doing so forced the evacuation of nearly 200,000 people. When dams do break, the results can be horrific. A series of deadly dam failures in the 1970s was part of the inspiration for President Jimmy Carter to create the Federal Emergency Management Agency (FEMA) in 1979.26


Though the Three Gorges Dam is already a world-changing power plant, a bigger one is already under consideration: the Grand Inga Dam has been proposed on the Congo River in the Democratic Republic of the Congo. The Congo River is the second largest in the world by volume, with an average flow rate of 1.5 million cubic feet every second falling 300 feet through the falls where the dam has been proposed. The scale of the project is breathtaking: a proposed 40 gigawatts of capacity, nearly twice the size of the Three Gorges Dam. However, it would mostly be a run-of-river project, meaning a simple diversion could be used and a reservoir is not necessary, though one design includes a small reservoir to increase the height of the water’s fall. It also holds out the prospect of increasing the African continent’s installed generating capacity by 40 percent. Increasing electricity access so significantly in Africa might have nontrivial benefits in terms of enabling industrial activities that would create jobs and wealth while lifting people out of poverty. Though those benefits are attractive, the project is controversial for all the same reasons plaguing other dams: flooding of farmland, ecosystem impacts, and displacement of tens of thousands of people.27 Because of the rich ecological setting, creating the reservoir would lead to methane emissions from anaerobic decomposition of plant matter below water and might increase the population of mosquitoes or other vectors. It would also trap sediments, which would affect the fertility of downstream fields. The high price tag—nearly $100 billion—in a country rife with corruption is eye-catching, raising the specter of politically connected industries benefiting from the power while poorer communities feel the negative impacts of the dams without accessing electricity. Today the project is at a standstill, though a small portion of it has already been developed.


Water is critical to other parts of the system, too. In addition to mechanical power from waterwheels or electrical power from hydroelectric turbines, water boiled into steam from the heat of atomic reactions or burning coal, gas, oil, or wood spins turbines that generate nearly three-fourths of all the electricity in the world. Then water from lakes, rivers, and oceans is used to cool those same steam power plants to improve their efficiency. Typical homes in the United States use about 20–40 kilowatt-hours of electricity each day, which means 300–600 gallons of cooling water are required daily to make electricity for those homes. That same home would typically use 150 gallons per day for washing, cooking, and drinking (not including watering lawns) for a few residents.28 That means we use more water at home for our lights and outlets than our faucets and showerheads.


The mining process for resources such as coal, uranium, and rare earth metals used in power systems relies on water to leach out the desired materials. In fact, it was the need for water during the western mining boom of the 1800s that established water as a property right in the western United States.29 In the eastern United States, people did not own water; rather, riparian law established that they had a right to use a reasonable amount of water adjacent to their land. But when mining activities created demand for water far away from the rivers, water as a material right that could be owned got decoupled from the physical property where it originated.


We also use water to produce fuels. Irrigation is critical to the growth of energy crops such as corn. Water to make steam is also used for the biorefining and fermentation processes that turn corn into ethanol for our cars. Oil and gas are extracted with techniques such as waterflooding or hydraulic fracturing. In waterflooding, water is injected into reservoirs to push the oil and gas out. In hydraulic fracturing, water laced with chemicals and proppants (like sand or miniature ceramic beads) is injected at high pressure into formations to fracture the shale and hold the cracks open so oil and gas can flow out of them. Then fuels are refined or upgraded using steam as a carrier of heat. Lastly, water is used for transporting fuels. Coal moves along barges through inland waterways, and the global trade in oil, refined products, and liquefied natural gas moves by ships across the seas.


In total, about 10 percent of the water consumed in the United States goes to the energy sector.30 At local scale, water use for oil and gas production can be a much larger fraction, which can pit municipalities against industry in a competition for the most valuable use of water. In some places, the shale revolution puts pressure on watersheds because water is required for hydraulic fracturing in one location in the watershed, and then downstream more water is needed to make steam at a petrochemical facility that turns the natural gas from shale into higher-value chemical products.


Because energy depends critically on water up and down its supply chain, if the water is not available when, where, and how it is needed, then the energy sector might suffer a catastrophic failure. There are many examples around the world where droughts, floods, heat waves, or freezes disrupt the energy system, creating power outages and fuel shortages with life-or-death consequences.


Some unexpected good news, however, is that fossil fuel combustion actually creates water. Hydrocarbons are composed of different chains of hydrogen (H) and carbon (C) atoms attached to each other. For example, the chemical formula for methane is CH4, propane is C3H8, and gasoline can be approximated as C8H15. When these hydrocarbon fuels react with the oxygen (O2) in air, two major combustion products result: carbon dioxide (CO2) and water vapor (H2O). Because carbon dioxide traps infrared radiation, hydrocarbon combustion unavoidably produces greenhouse gases unless scrubbers are included to avoid emissions. But that water vapor is also created and added to the global hydrologic cycle. Our research at the University of Texas at Austin calculated that global fossil fuel combustion puts more than 12 billion tonnes of water into the atmosphere each year.31 That is a small fraction of the total mass of atmospheric water vapor, and not enough to affect climate change, but it is nevertheless a nontrivial amount and it means fossil fuel usage actually creates water, which is counterintuitive.


The energy activity enabled by water has been transformative but also has its downside: namely, pollution. It is a great irony that energy lets us treat and clean water, but that energy production also puts water quality at serious risk. Energy’s pollution of water takes many forms. One of those is thermal pollution. For example, since steam-fired power plants use water for cooling, in the process, they heat that water up before returning it to rivers, lakes, and oceans. Doing so puts aquatic life at risk if the water is returned at too hot a temperature. Energy systems can also cool the water to unsafe temperatures. Some types of dams release water downstream that is much cooler, disturbing the reproductive cycles of fish. And some gasification terminals receive liquefied natural gas (LNG), which is stored and moved in ships at a very low temperature of −260 degrees Fahrenheit (−160 degrees Celsius). In comparison, the surrounding ocean is much warmer and can be used as a source of heat to gasify the LNG for onshore pipelines. In the process, the adjacent ocean water cools significantly as its heat is transferred to the LNG.


Using water to produce energy also risks serious chemical pollution. The same Tennessee Valley Authority that got its start building dams had a very large-scale coal ash spill around Christmastime 2008. This spill flooded a valley with 5.4 million cubic yards of coal ash, blanketing 300 acres and two dozen homes, creating extensive damage, and requiring an expensive cleanup process. Nearly a decade later, a headline noted “180 New Cases of Dead or Dying Coal Ash Spill Workers” from the rosters of men who labored on the cleanup and in so doing were exposed to dangerous chemicals.32 Over thirty workers died in the cleanup process in the first decade after the spill, and more deaths are expected.


Other environmental impacts on water include radiation contamination from leaking materials at nuclear facilities and naturally occurring radioactive materials (NORM) that are sometimes produced alongside oil and gas. There are also the extensive mining tails from extractive industries, oil spills, runoff of fertilizers from biofuels production, and the chemical injection associated with hydraulic fracturing. All told, energy can be a dirty business.


For a long time, it was common practice for companies to simply dump their wastes untreated into streams and rivers. I find it very embarrassing as an engineer that in the early 1900s the engineering community supported this program: an editorial in the Engineering Record in 1903 declared that it was “more equitable” for upstream cities to discharge waste into a stream and for those downstream to treat it “than for the former city to be forced to put in sewage-treatment works.”33 As a consequence, almost all of the collected wastewater in the United States in the early 1900s was released into streams and lakes as raw, untreated sewage. This belief that industry should be able to dump its waste unscrubbed into rivers is similar to what industry says today about dumping their waste (in the form of CO2 emissions) unscrubbed into the atmosphere.


That pollution can be stunning. The Cuyahoga River was at one time so polluted that it would regularly catch fire. Generally speaking, it is unnerving when water burns. The Cuyahoga River ran through the heart of industrial activity in the Ohio River valley, serving oil refineries, coal movement, steel mills, chemical factories, and paper mills. It was so polluted by 1969 that it “had caught fire at least a dozen times since the Civil War and probably many more than that. By the 1930s, the local press was more critical of a lack of firefighting services to put out the river fires than they were of the river burning in the first place.”34 As Doyle explained, a 1969 fire got a lot of attention because it was covered in a very prominent issue of Time magazine: the one from August 1, 1969, that covered the return of the Apollo 11 astronauts from the moon and the scandal at Chappaquiddick Island where Mary Jo Kopechne was killed in a car wreck from which Ted Kennedy escaped and in which he had been the driver. Doyle noted, “People everywhere bought the magazine to see Ted Kennedy and the astronauts but then browsed their way to read about the burning river in Cleveland.”


The attention to water quality brought forward by this burning river, the growing attention paid to water quality in other publications, and several other factors converged to lead to a flurry of environmental legislation in the following years: the Clean Water Act, the Clean Air Act, the Safe Drinking Water Act, and the National Environmental Policy Act. These policies led to the Environmental Protection Agency’s (EPA’s) permitting program, which had regulatory authority (a stick) and money to invest in programs (a carrot) to clean up water. Since then, in addition to the energy spent to clean up drinking water, energy has been invested to clean up wastewater before it is dumped into rivers.


ENERGY FOR WATER


The idea that water is just out of reach is a common part of our language and culture. The old seaman’s ditty “water, water everywhere, nor any drop to drink” from Samuel Taylor Coleridge’s 1798 poem “The Rime of the Ancient Mariner” captures the essence of being surrounded by seawater that is unsuitable for consumption.


And it is no surprise that the word “tantalize” has its roots in a water-based legend. The Greek gods punish Tantalus, a son of Zeus, by giving him great thirst and forcing him to stand in a pool of water that always recedes as he leans down to take a drink. Such a myth feels like a fitting parable for humankind’s relationship with abundant water resources that seem to be forever just beyond our reach. Because we use energy to bring that water within reach, we might say that energy lets us overcome the power of the Greek gods.


At the heart of the world’s distribution of water is the global hydrologic cycle, which is large, powerful, and continuous. As described by the US Geological Survey, “Earth’s water is always in movement… Water is always changing states between liquid, vapor, and ice, with these processes happening in the blink of an eye and over millions of years.”35 The cycle can change the intensity of flooding or drought in different places over time, but it never stops.


While the hydrologic cycle is global and abundant, it is also problematic. There is plenty of water in the world, but it is typically in the wrong form (salty), in the wrong place (far away, deep below ground, or in snowpack on top of mountains), or available at the wrong time of year (such as in parts of India, where there is plenty of water during the monsoon season but a shortage the other eleven months of the year) for human uses. We spend energy to get water to the right form (fresh, clean, treated, and heated), right place (our homes or businesses), and right time (when we need it). In many respects, the hydrologic cycle is an image of water abundance only as long as we have energy to transport water or transform it to our purposes.


Unfortunately, freshwater is a small fraction of the total: about 97.5 percent of the world’s water is saline or brackish, and only 2.5 percent is freshwater.36 Of the world’s freshwater, much of it is locked up in ice or other locations that are hard to access. That means we have to spend energy to get water to where we want it. In particular, we need to spend a lot of energy lifting water from subsurface aquifers or lifting water into the atmosphere and then catching it on its way down.


The pump driving the water cycle is the incoming energy from the sun. Just over half of the earth’s incoming solar radiation is consumed in the process of evaporating water.37 Essentially, the sun raises water to a high altitude in the atmosphere, after which gravity brings it back down as snow and rain. If we could capture the entire gravitational potential of that elevated water, it would give us 13 terawatts of power, which is about twice the rate at which the entire globe consumes electricity. As it rolls back down to the oceans, we harness it for power, irrigation, drinking, and many other purposes. Then the whole cycle starts again. In other words, evaporated water in the atmosphere is a key driver of the water cycle.38 There is approximately eight times more water stored in the atmosphere than in all of the world’s rivers combined. There is 150 times more water in glaciers and snow than in all of our lakes combined. There is plenty of water.


The Earth also does some water lifting for us. There are places where the groundwater comes out naturally or under its own force. Those are called springs if the outlet is natural and flowing artesian wells if the outlet is man-made. Artesian wells are dug, drilled, or cut deep into the ground to a section of the water table that is under enough pressure that the water comes to the surface on its own. Prolific wells can produce more than 300 gallons per minute. Such wells allow us to avoid the nuisance of having to lower a bucket or use a hand pump to raise the water. Sometimes the pressure is so high that the water shoots out of the well several feet. Such an arrangement—with the Earth doing the pumping for us—is handy. And it’s also safe, as it spares careless people or unattended children the risk of falling down a conventional open well.


Thankfully, the sun and the earth do a lot of the lifting for us. But wherever the benefits of their hard work aren’t available, we have to do the lifting with other forms of energy, such as muscle power from humans and work animals, or mechanical power from electrically powered pumps.


Many different devices have been invented to aid in lifting or moving water: wheels with scoops, levers, buckets, pulleys and pails, treadmills or merry-go-rounds with horses or mules driving a lift system, and Archimedes’ screw, first developed thousands of years ago. The ancient Egyptians widely used the latter, which manually turns a screw to elevate water. The tight coil of connected blades could raise water as long as it was continually operated. Its invention is attributed to Archimedes in the third century BCE, and it is still seen today in modern water-lifting stations at amusement parks, water treatment plants, and elsewhere. It turns out that robust designs are still useful thousands of years later.


Water needs so much energy for pumping because it is so dense: it weighs 8.34 pounds per gallon. That density is one of the reasons that water is so valuable as a coolant or heat carrier, and also means it takes a lot of energy—and therefore effort or money—to bring that water uphill. The energy needed for pumping water depends on how far the water needs to be raised, the rate at which it is raised, pipe diameter, friction, and so forth. The energy that is needed to raise water up out of a well is the energy required to overcome the force of gravity, which wants to pull the water back down. Raising a 2.75-gallon bucket of water (about 10 liters) a distance of about 330 feet (100 meters) requires approximately 10 BTUs (or 10,000 Newton-meters) of energy. Pumping the water up only 33 feet (10 meters), for example by raising the water from a river to the top of a nearby riverbank, requires 1 BTU (or 1,000 Newton-meters) of energy. That doesn’t seem like much, but for large volumes, the energy adds up, and the distance water has to be elevated drives the energy needs.


For continuous flows, it is more useful to look at the power that is needed. Pumping 2.5 million gallons per day (29 gallons per second, or 110 liters per second)—enough water for 1,900 average Americans—out of an aquifer 330 feet below the ground requires 107 kilowatts of pumping power. Keep in mind that a typical house needs 1–3 kilowatts of power on average to run the whole place, so a pump that size consumes the same power as approximately thirty to one hundred homes.


A medium-sized US city with a million residents might need about 150 million gallons of treated freshwater per day. Raising that water from a nearby river to elevated water treatment plants over a height of 100 meters requires a little more than 6 megawatts of pumping power. Large wind turbines produce approximately 1 megawatt apiece, so that city would need a half-dozen of them running full-bore just for pumping water up from its source to the top of the hill, after which it can flow downhill to customers.


Imagine pumping that water by hand, the way it once was. In poorer parts of the world that reality still reigns. In Southeast Asia and sub-Saharan Africa, it is usually the responsibility of women or girls to fetch the water. Those women and girls miss hours of work or school each day to get water from far away, carrying the heavy jugs of water balanced on their heads or hanging from bars resting on their shoulders to cover a distance of over a mile between the well and the school. But once they have the water, they are not done, as the water needs to be treated before it can be drunk. In remote villages where piped water systems and centralized water treatment with electrical pumps and other advanced techniques are not available, water is treated the old-fashioned way: it must be boiled. There’s a similar story for getting fuel: women often have to collect fuel from remote areas, and again they are vulnerable to kidnapping or assault along the way. In many parts of the world, women and girls spend 1.4 hours per day collecting fuelwood, which keeps them out of school.39 Using modern energy to spare girls the effort of those laborious chores gives them a chance for more school-based education.


When they return after having fetched water and fuels, they need to use the fuels to boil the water. Those fuels—including crop residues, animal waste such as cow dung, wood, and untreated coal—are burned in stoves used for cooking and heating. Unfortunately, the dirty, inefficient cookstoves perform badly, producing indoor air pollution that has been linked to the premature death of about 2.5 million women and children every year. In other words, antiquated energy and water systems put women at risk when they are collecting the water and the fuels and when they are using the fuels to treat the water. These old energy and water systems literally deprive girls of their education and kill women by the millions.


Such archaic, labor-intensive approaches to energy and water take a toll on prosperity and economic opportunity.40 In many places, the world’s poorest women are also traditionally responsible for planting and harvesting crops, milling grain, and fulfilling household chores. These responsibilities leave little time for an education or employment outside the home. Even if they could go to school, they might not have the lights they need to read books at night to study or have to miss hours of school to fetch water. In turn, they have few or no opportunities to work, earn an income, and gain independence, which perpetuates poverty.


Although the scenario I described sounds like something from the developing world somewhere far away, it is also part of the American experience in the not-too-distant past. The University of Missouri in 1920 issued a poster as part of a campaign to encourage farm owners to modernize their water systems. It is aptly titled “The Farm Woman’s Dream,” and shows a woman—presumably poor and dressed in rough clothes or rags—carrying water without gloves from a hand-pumped well in the freezing cold along an icy path uphill. The dreary image evokes a sense of hard labor associated with getting water into our homes. In the upper part of the poster is the farm woman’s purported dream: she is nicely dressed in short sleeves, comfortably indoors, opening spigots at a sink, with hot water coming out, its steam curling to the ceiling. The poster is targeted at women, not men, a telling example of who endured the greatest burden from not having access to modernized systems, and who would reap the greatest benefit from modern improvements. The burdened, vulnerable woman in Africa today, struggling to fetch water, is not much different than the burdened, vulnerable woman in the rural United States a century ago. Access to water and energy turns the story around.


For those women, their dream—the solution—is the same: a modern water system (with pipes and pumps) and a modern energy system, including electricity to drive the pumps and fuels to heat the water, can lessen the tedium of chores. Novel electrical appliances such as the dishwasher and washing machine provided women in the United States with even more freedom.41 This point was not lost on US leaders and was one they used to differentiate American technological advancement from Cold War opponents. In the so-called kitchen debate of 1959, US vice president Richard M. Nixon and Soviet premier Nikita Khrushchev were touring an exhibit of American technology when Nixon stopped at a model American kitchen. Nixon highlighted the electric appliances—the refrigerator, range, and dishwasher—that “make easier the life of our housewives.”42 Chores like cooking and cleaning were no longer as time-consuming, complicated, or dangerous, which enabled women to pursue opportunities outside the home beyond menial labor. In turn, American culture began to shift to accommodate working women.


Energy for pumping water is just the start. We also need to get the water in the form we want: fresh, clean, safe, heated, treated, pressurized, frozen, or chilled. The amount of energy needed to treat water and wastewater to a suitable form depends on a variety of factors, such as how contaminated the source water is, the nature of the contamination, and what the water will be used for, plus the physical features and treatment approach of the facility. Because of the accumulated wastes from centuries of intensifying industrial activities and population growth, natural waterways became quite polluted. As pollution increased, the energy needed to treat water increased, too.43 Cleaning dirty water is relevant to the myth of the unicorn. Part of the allure of the unicorn was that its horn was said to have a magical power that could rid a stream of poison.44 Today we have replaced the magic of the elusive unicorn’s horn with energy.


Despite the importance of clean water and sanitation, the close connections between public health and water supplies were not revealed scientifically until the mid-1800s. The first scientific identification that cholera is spread by water sources contaminated with human waste was made in 1849 by Dr. John Snow in London, who was able to determine that public wells that drew water from the heavily contaminated Thames (at the time, untreated sewage was emptied into the river) were the source of an outbreak of cholera in 1848. London suffered another similar outbreak in 1854.


The sudden spike in mortality exceeded that of London’s famous plague episodes, producing spectacular consequences such as five hundred people dying in a small neighborhood over the span of just ten days. Unfortunately, Dr. Snow’s findings that human waste was contaminating water and killing people were rejected by Parliament because they did not fit prevailing ideologies and because the actions that would be required to fix the problem were deemed too expensive. Similar rejection is offered for today’s climate scientists, who tell us our waste is killing us, though in a much slower and less direct way, and that fixing the problem will require significant investments in new infrastructure. Dr. Snow was later vindicated as a hero, and perhaps the same fate awaits our present-day scientists who warn us of climate risks and offer solutions.


Parliament eventually acted, though it took an event known as the Great Stink in London in 1858 to spark the initiative. Although untreated sewage had been dumped into the Thames for decades, the currents had done a great service to the metropolis by washing the waste away to sea. However, the combination of heat wave and drought that summer meant there was less water to dispose of the wastes. The stagnant water and air produced a remarkably noxious aroma, triggering a temporary suspension of Parliament, whose building sits within smelling distance of the Thames. The event was unfortunate and unpleasant in many ways, but it led directly to the creation of an ambitious public works project to insert 1,200 miles of sewers into a crowded city of 3 million people. Doing so not only addressed the problem of waste disposal, but it also created the lovely river embankments that still stand today as a key piece of London’s urban landscape along which many people stroll.


In the mid-1800s, Londoners could solve their water problems by simply flushing waste farther along the Thames. But today, with a higher global population and bigger cities, there is no “away.” It’s impossible to rely on dilution as the solution. Instead, industrialized societies invest energy: energy for water treatment and energy for wastewater treatment. And, as in the London experience where the sewers became walkways, if we do it the right way, we can solve our water problems while simultaneously building structures we can use for other purposes.


At around the same time, the city of Chicago was facing similar challenges. It drained its sewage into the Chicago River, which fed into Lake Michigan. That means Chicago was using the lake as both its toilet and its drinking water. Around the same time London was grappling with its own episodes, Chicago had outbreaks of cholera in 1849 and 1854, killing hundreds of people each time. Doyle summed it up by noting, “Quite simply, Chicago’s water and waste disposal systems made it a dangerous place to live.”45 A few decades after Snow connected the dots between cholera and dirty drinking water, scientists in the United States scientifically confirmed the relationship between sewage-contaminated waters and typhoid fever, which ravaged cities.


As cities became bigger and had less river distance between them, the accumulating wastes became more dangerous. Eventually, cities built out their water systems to treat the incoming water to make it safer to drink. Better techniques for water treatment incorporated chemicals, blowers, stirrers, filters, and other devices—all of which required energy—to improve water quality. Ultimately, the fact that municipal water treatment systems enabled people to drink water without worrying about it can be considered one of the greatest public policy achievements of modern civilization in the last 150 years.46 Similar changes will take place in the developing world when we work harder to promote greater access to electricity and the adoption of modern energy tools. Improved living conditions will help alleviate poverty among women while also giving them more choices in life.


Although the scientific and democratic advances since the industrial revolution have been significant, the largest public health problem globally remains the more than 1.1 billion people without access to clean water sources for drinking, cooking, and washing.47 That number is expected to grow to 1.8 billion people by 2025. In China alone, 100 million people lack improved water sources, and 2.6 billion globally remain vulnerable to waterborne diseases because they lack access to sanitation (which is a polite word for wastewater treatment). Nearly 4.8 billion people, or 80 percent of the world’s population in 2000, reside in areas with significant threats to water security or biodiversity. Improving water quality is a significant way to improve public health worldwide.


Indoor plumbing is one of the key luxuries that defines a higher quality of life. In the United States it is so widespread we take it for granted, but around the world people want for it. Delivering universal access to clean water to improve public health will require a lot of energy for treatment and transport to where it is needed. And if we’re not careful, just throwing more energy at the problem might make other problems worse. Even though the energy can be used to clean up the water and improve public health, if we use energy that pollutes, then it might undo those benefits by depositing pollutants back into the water systems. Air laced with pollutants from smokestacks and tailpipes can cause premature mortality or weaken productivity because of employees taking sick days, either because they do not feel well or because they have to stay home to tend to a sick child. Emissions from our energy consumption accumulate in the air. With the right meteorological conditions, those emissions are converted into dangerous chemicals such as ozone, or fine particles that settle deep into our lungs and cross into our bloodstreams, or acids that get deposited through acid rain into waterways, killing ecosystems.


Beyond treating our water, energy also lets us heat our water, which is critical for sterilizing medical equipment, washing our hands, and cleaning scrapes and wounds. The idea of water as a purifying substance is propagated in a variety of religious traditions that include common features such as holy water or ritual bathing.


Dirtier water generally requires more energy for treatment, and end-uses that require high standards of cleanliness also need more energy. Hospitals, semiconductor cleanrooms, and food preparation facilities need water that is much cleaner than what is required for cooling industrial equipment or irrigating farms. That means there is great variability for the energy intensity of water treatment.


Coal has a dual personality with respect to water quality: coal mining and use are sources of water pollution, but coal can also help to clean water. Jeff Goodell, author of Big Coal, cleverly noted that coal mining can be done in two ways: you either remove the coal from the mountain, or remove the mountain from the coal.48 That latter approach is known as mountaintop removal mining, and it is really impactful because the tops of mountains are removed and dumped into the neighboring valleys, burying waterways and polluting streams. Then when coal is burned, it releases pollutants and acid-forming gases that pollute the water further. Subsequently, the ash that’s left behind can flood entire valleys. But, ironically, the same coal that dirties our air and water also makes electricity that we use to clean our water. And using an electric cookstove powered by electricity from a coal-fired power plant far away is cleaner than burning cow dung in our homes.


Bottled water, which is energy-intensive, also has a dual personality.49 Energy is needed to process, bottle, seal, and refrigerate the water, but it turns out the energy to make the plastic bottle itself is the biggest piece in the product’s life cycle. And if that bottle is moved by trucks, planes, or ships over long distances, the energy consumption goes even higher. In modern cities that have well-functioning piped water systems that draw from local sources, the water is produced in an energy-efficient and affordable way. By comparison, bottled water is one to two thousand times more energy-intensive per liter than municipal water, depending on how far the bottle is shipped.50 In those situations, the extra money and energy for bottled water seems like a wasteful indulgence that offers little additional value. However, after a natural disaster such as a hurricane wipes out a local water system, or in developing countries where water systems are contaminated or do not exist at all, bottled water can be a lifesaver.


We also use energy in our homes for other creature comforts related to water. Sometimes to remove water from our hair with an electric hair dryer, to boil water to make tea with an electric teakettle, or to circulate water in backyard pools. Those devices are more energy-intensive than most people would anticipate. And their total power demand can strain the grid. In Venezuela, it is fashionable for women to style their hair, making hair dryers a common household appliance. But a hair dryer requires 1–2 kilowatts of power, which is about as demanding as a plugged-in electric vehicle (though the hair dryer might only be drawing current for a few minutes, whereas the vehicle might do so for hours). If millions of hair dryers operate at roughly the same time, it creates a surge in electrical demand that can measure in the gigawatts. Keep in mind that 1 nuclear power plant typically provides about 1 gigawatt of power. In early 2016, Venezuela was suffering a significant drought. Because the country gets a large fraction of its power from hydroelectric facilities, the drought raised the risk of power shortages. To help forestall a national crisis, President Nicolás Maduro “urged women to stop using hairdryers and offered alternative styling tips as the country’s energy crisis continues.” He even went on to say, “I think a woman looks better when she runs her fingers through her hair and lets it dry naturally.”51 That a president found it reasonable to give hairstyle suggestions to women is remarkable on many fronts, but that he did so for reasons related to energy reliability is striking.


If Venezuela is obsessed with styled hair, the English are obsessed with tea. And soap operas. East Enders is a very popular soap opera aired on the BBC. After the show ends, 1.75 million teakettles are turned on almost simultaneously. Each teakettle requires 1–2 kilowatts, similar to the hair dryer, creating a power surge of about 3 gigawatts for 3–5 minutes.52 This surge is reminiscent of the wastewater surge that happens when Americans watch the Super Bowl and take nearly simultaneous toilet breaks during commercials. The English teakettle surge requires having standby power on the ready, including power plants in France and a pumped hydroelectric facility in Wales that stores electricity by elevating water so it can run downhill at a moment’s notice when the power is needed.53
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