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Then there is electricity!—the demon, the angel, the mighty physical power, the all-pervading intelligence!… Is it a fact—or have I dreamt it—that, by means of electricity, the world of matter has become a great nerve, vibrating thousands of miles in a breathless point of time?


—NATHANIEL HAWTHORNE,
The House of the Seven Gables, 1851
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INTRODUCTION



Barrio Antón Ruíz




There’s no such thing as a low-energy, high-income country.


—TODD MOSS, Energy for Growth Hub1




Electricity has transformed humanity like no other form of energy. Since the dawn of the Electric Age less than 140 years ago, electricity has changed how we live, communicate, learn, and eat. In doing so, it has fueled an unprecedented period of human flourishing. Never in human history have so many people lived in such wealth and prosperity. And electricity continues to change and enrich our lives. From our ability to navigate foreign cities with maps on our iPhones to the staggering quantities of information available to us on the Internet, we use electricity without a second thought. Nearly every technology we use requires reliable flows of electricity. And yet, as we become ever more connected, ever more wired, billions of people are being left behind.


The vast disparity between the rich and the poor is, in large part, defined by the disparity between those who have electricity and those who scrape by on small quantities of juice or none at all. People in wealthy countries assume that reliable electricity is akin to a birthright. We seldom think about the relationship between electric power and human empowerment. But to bring home the implications of our dependency on electricity—and our vulnerability to the lack of sufficient supplies—all we need to do is spend some time with our neighbors in Puerto Rico and see what happened to them after Hurricane Maria shattered the island’s electric grid. That deadly storm left thousands of Puertoriqueños in the dark. Among them were Wilfredo Roque, Iris Ortiz, and their three girls.


The first thing I saw as I drove down the steep driveway next to Wilfredo and Iris’s modest home in Barrio Antón Ruíz was the orange extension cord. The cord, which was intertwined with a piece of brown rope, was suspended less than two meters over the surface of the couple’s driveway. The line stayed aloft thanks to a two-by-four piece of lumber on the left side of the driveway that was secured to the ground near a 4,500-watt gasoline-fueled generator perched next to the fence. On the right side of the driveway, the rope and electric cord were secured to a railing on the house by a couple of knots.


Wilfredo, a slightly built, energetic man, came to greet me right away. He and Iris were both eager to talk. Hurricane Maria had been far more powerful than they had expected. “We weren’t prepared for the devastation,” Wilfredo told me in Spanish, as he pulled shut the heavy rolling metal gate that separated his driveway from the narrow asphalt street in the neighborhood, which is located amid a set of green rolling hills about one hour’s drive southeast of Puerto Rico’s capital, San Juan.


As I looked at his generator, a Chinese-made Black Max, he quickly volunteered the numbers. “We spend $100 to $125 per week on gasoline for the generator.” In the wake of Hurricane Maria, which devastated Puerto Rico on September 20, 2017, the family’s only source of electricity had been the generator. In the first few weeks after they got the machine, they ran it ten or twelve hours per day. “We run it less now. We were spending too much money on fuel. So now we only run the generator five hours per day,” Wilfredo said. “No more than that.”


After he gave me the figures for the generator, I asked him to repeat them. I did so for two reasons. The first: my tourist-level Spanish is, well, tourist level. I’ve traveled a fair amount in Latin America and can navigate and order dinner at the café, but in several of my conversations with Puertoriqueños, I knew I was missing key details. The other reason: it was hard to hear Wilfredo due to the eardrum-shattering racket coming from his neighbor’s generator. A short distance from where we were standing, on the other side of the fence, the machine was running full blast. Like Wilfredo’s generator, it lacked sound insulation. Both machines sat near the ground, protected from the sun, wind, and rain by a few too-small pieces of roofing material and plywood.


As Wilfredo repeated the numbers, I wrote them in my notebook, in Spanish: “$100 to $125 por semana, 5 horas por dia.” I then showed the notes to Wilfredo for confirmation. He nodded and said, “Correcto.”


Before Hurricane Maria devastated Puerto Rico with winds that hit 180 miles (290 kilometers) per hour, Wilfredo, Iris, and their three young girls, Alannis (thirteen), Arianna (ten), and Ayamie (five), were paying the state-run grid operator, Puerto Rico Electric Power Authority (PREPA), about $90 per month for their electricity. But that money didn’t buy them reliable power and the family’s modest home was regularly hit by blackouts. Around the time Alannis was a baby, Iris told me, the blackouts happened several times per day. After she and Wilfredo complained, PREPA workers switched out a transformer in the barrio; things got better and the blackouts were reduced to several times per week. The electricity service still wasn’t great, but their connection to PREPA’s grid was good enough that they didn’t need to run a generator. After the deadly hurricane pummeled the island, they couldn’t rely on Puerto Rico’s electric grid for anything. So Wilfredo began searching for a small generator to buy. It took him two months.


Even with the four or five hours of electricity per day that was being provided by the generator, life was suddenly much harder.2 The generator was smelly and loud. So were all their neighbors’ generators. The nearly constant noise made it hard to sleep at night. Iris was having to wash some of the family’s clothes by hand. Doing the laundry, which used to take just a few minutes, was suddenly taking hours. The children’s schoolwork was suffering because they were not getting enough time on the Internet. “We are being left behind,” Iris told me. “We have returned to the time of my grandmother, or my great-grandmother.”


About the time I visited Puerto Rico, the Rhodium Group, a US-based consulting firm, published a report that found that the island had endured the largest blackout in US history.3 The firm reported that “more customer-hours have been lost in Puerto Rico due to Hurricane Maria than in the rest of the US over the past five years due to all causes combined.” Not only that, Iris, Wilfredo, their three girls, and other Puertoriqueños were enduring the second-largest blackout in world history.4


Imagining such energy hardship is almost beyond our ken. We flip the switch, we plug in our phones, laptops, and AirPods, and we expect the power to be on. Every time. And it almost always is. But the Roque Ortiz family’s electricity predicament could befall pretty much anyone in the United States or any other country. The risk of an extended blackout—and the societal upheaval that would come with it—is real.5 Such a blackout could be caused by extreme weather such as a hurricane, tornado, or snowstorm. It could also be caused by extraplanetary forces. In 2017, the American Geophysical Union estimated that an extreme solar storm could cause blackouts that would affect two-thirds of the US population and that “daily domestic economic loss could total $41.5 billion plus an additional $7 billion loss through the international supply chain.”6


Saboteurs are constantly probing for weaknesses in the electric grid. In 2018, the Department of Homeland Security warned that Russian hackers had infiltrated numerous US energy companies, including electric utilities.7 If hackers succeed in bringing down all or part of the American electric grid, they could cause billions of dollars in damage without having to leave the comfort of their computer keyboards. In addition to threats from weather and cyberspace, electric grids are also vulnerable to physical sabotage. Well-prepared saboteurs could disable key transformer stations or transmission lines and in doing so cause blackouts across significant swaths of the American grid. Millions, or perhaps even tens of millions, of Americans could be blacked out and plunged into the very same predicament Wilfredo, Iris, and other residents of Barrio Antón Ruíz were enduring. Instead of having cheap, abundant, and reliable electricity, Americans could be faced with a situation in which electricity is expensive, scarce, and intermittent. Unable to rely on the electric grid, they would have to get some of their electricity from small, inefficient, diesel- or gasoline-fired generators. That, in turn, would require having plentiful motor fuel at local service stations, which themselves would need electricity in order to pump the fuel into customers’ tanks.


We could also sabotage ourselves. Numerous environmental groups and politicians have claimed that we can completely eliminate the use of hydrocarbons (coal, oil, and natural gas) and nuclear, and instead rely mainly on solar and wind energy. While those policies are intended to slow or stop climate change, they are little more than wishful thinking. Advocates for an all-renewable economy ignore the myriad downsides of attempting to rely on intermittent sources of energy, as well as the vast amounts of land, concrete, steel, copper, and other commodities that would be required to make those projects work at the scale our modern society demands. Politically popular proposals like the Green New Deal claim that if only we adopt a warlike approach to our energy and power systems we can completely eliminate all greenhouse gas emissions from our economy and do so in just two or three decades.8 Electric cars like the Tesla have gained an almost cult-like following, with little understanding of the fact that we have to get the electricity to charge them from somewhere. Further, making those cars requires mining and smelting megatons of ore to produce the lithium, cobalt, dysprosium, neodymium, and other elements that are used in the vehicles’ batteries and motors. In short, the production and consumption of electricity always comes with a cost. Forsaking our existing electricity-generation systems for ones that rely solely on renewables could make our grid less stable and less reliable.


Super-reliable electricity is essential to the Information Age. America’s biggest and richest companies have spent billions of dollars building their own electric grids to make sure their computer networks never go dark. Retailing and computing giant Amazon alone controls about 4,700 megawatts of electricity-generation capacity; that’s as much as entire countries like Croatia or Laos.9 At the same time that megacorporations are able to effectively secede from our electric grid, billions of people around the world today are disempowered.


The numbers of the disempowered are staggering: About one billion people on the planet today have no access to electricity at all. Another two billion or so are using only tiny amounts. Furthermore, the electricity that the world’s energy poor use often resembles the expensive, smelly, intermittent power that Puertoriqueños like Wilfredo and Iris had after Hurricane Maria. Unable to rely on the electric grid, these billions of people routinely plan their days around electricity—when they will have it and when they won’t. They often have no choice but to get their electricity from generators similar to the Black Max that Wilfredo was refueling every day or two. If they don’t own a generator themselves, the electricity poor often pay subscription fees to local businesspeople who own generators that supply power to customers in their neighborhoods.


Put short, when it comes to electricity, we don’t know how good we have it or just how important electricity is. We take it for granted. But nearly everything we touch—almost everything we read, eat, or wear—has, in one way or another, been electrified. Electricity is the world’s most important and fastest-growing form of energy.10 It’s also the most difficult to supply and do so reliably. That paradox has shaped and will continue to shape global politics. It underlies the chasm between the rich and the poor, the educated and the uneducated.


That leads to the thesis of this book: electricity is the fuel of the twenty-first century. Electricity makes modern life possible. And yet, some three billion people around the world are still stuck in the dark. Their opportunities, their potential to develop lives beyond the backbreaking work of subsistence farming and day labor, their possibilities for economic and social development, depend on increasing their access to reliable electricity. Electricity is the ultimate poverty killer. No matter where you look in the world, as electricity use has increased, so have personal incomes. Having electricity doesn’t guarantee wealth. But its absence almost always means poverty. How we empower the powerless while meeting soaring global electricity demand will be the key factor in addressing some of the world’s biggest challenges, including women’s rights, climate change, and inequality.


I am also focused on electricity because it is the world’s second-largest industry, trailing only the oil and gas sector in overall revenue.11 Global electricity sales total some $2.4 trillion per year.12 That means that the electricity business is bigger than the global automobile business and twice as big as the pharmaceutical sector.13 In the United States alone, electricity sales total about $400 billion per year.14 If the US electric sector were a single stand-alone business, its revenues would nearly equal those of Ford Motor Company, General Electric, and General Motors combined.15


Electricity production matters to climate change because it accounts for the biggest single share of global carbon dioxide emissions: about 25 percent.16 Furthermore, countries that have vibrant electric sectors—places where electricity is abundant and reliable—are leading the global economy. Countries that are hindered by expensive, intermittent power are being left behind. The nineteenth century was the age of coal and steam. The twentieth century was dominated by oil and engines. The twenty-first century is about electrons and bits. Big data, robotics, and artificial intelligence are the hottest technologies of the moment, and all of them depend on electricity.


In the pages ahead, I will look at the world through the lens of electricity. My lens will be wide-angle. I will look at everything from how electricity improves the lives of women and girls to the enormous amount of electricity used by the marijuana business to the mechanics of creating, fueling, and maintaining a functioning electric grid.


In looking at the world through the lens of electricity, I seek answers to several questions, including: Why are countries like the United States, Germany, and France electricity rich, while billions of people around the world are still stuck in the dark? Which industries are showing the biggest growth in electricity demand? How secure is the electric grid? Which fuels will be used to meet future electricity demand, and how will that demand growth affect the efforts to fight climate change? I will share insights from the journey I took to answer these questions—a journey that brought me to India, Lebanon, Iceland, Puerto Rico, New York, and Colorado and involved discussions with dozens of people, including engineers, politicians, activists, academics, and authors, as well as Bitcoin miners, cab drivers, cannabis growers, and others whose lives are shaped by their access, or lack of access, to electricity.


In the first section, I will show why electricity means modernity. To do that, I will take you on a quick jog through Electricity 101, so that you can tell your watts from your watt-hours. I’ll then explain why electricity has had such a transformative effect on humanity and, in particular, for women and girls. I will travel back in time to the early days of the Electric Age to show how electricity changed the shape and height of our cities and the lives of farmers. I’ll introduce you to the small group of New Dealers who liberated electricity from the grip of self-interested trusts, passed the legislation that assured rural electrification, and thus set the stage for the economic boom that assured America’s emergence as an economic superpower.


In the second section, I will illuminate the vast disparity in electricity use around the world today and explain why so many people are stuck in energy poverty, with implications for human rights, economic and cultural development, military strategy, and geopolitics. I will then show what various societies and countries are doing to get the electricity they need and discuss the hard reality about electrification: when forced to choose between energy poverty and access to electricity, consumers and policymakers will always choose electricity, and they will always make it as cheaply as they can so they can provide it to the greatest number of people, regardless of the environmental impacts.


In the third section, I will focus on the electricity rich, to show how and why electricity demand continues to increase, as well as the growing interdependence of electricity, information, money, and the economy. I’ll also examine the dark side of this development: an increased vulnerability to a shutdown of the grid, whether the culprit is squirrels, hackers, or nuclear devices.


Finally, I will look at the future of electricity and discuss how electricity demand in both rich and poor nations is likely to be met. Over the next few decades, global electricity generation will double. The electric grids that will be built over the next twenty to thirty years will have significant impacts on global prosperity and on efforts to address climate change. I will explain why renewables alone cannot meet soaring global electricity demand. I will explore the most promising nuclear-energy technologies, discuss why solar, natural gas, and nuclear will play prominent roles, and explain why I continue to be idiotically optimistic about the future of our high-energy world.


Energy politics are tribal. Everyone, it seems, has their favorite. Me, I’m a proponent of what I call N2N, or natural gas to nuclear. Some people say we will need more coal, while others tout geothermal, hydro, wind, and solar. The hard reality is that there are no quick or easy solutions. Energy transitions take decades.17 Sure, we can desire decisive action on climate change. We can want more rights for women and push for an end to global poverty. But we must be discerning. My hope is that this book, by showing you how the world looks through the lens of electricity, will help you see energy and power systems as they are, not how you may want them to be. We have to separate the glib rhetoric that dominates many of today’s energy discussions from the reality. Only then can we understand the stakes and consequences of our energy policies, as well as the fuels and technologies that will help bring more people out of the dark and into the bright lights of modernity.


Before delving into all of those issues, though, it’s important to take a few minutes to understand what electricity is, why it’s so difficult to supply reliably, and why it has been so transformative.













PART ONE



Electricity Means
Modernity
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ELECTRICITY 101




I’ve found out so much about electricity that I’ve reached the point where I understand nothing and can explain nothing.


—PIETER VAN MUSSCHENBROEK, Dutch scientist




Electricity lingo pervades our everyday speech. We want to get amped up, flash high-wattage smiles, and deliver electrifying orgasms. We idolize human dynamos who can produce high-voltage performances. We get wired until we blow a fuse. After that, we unplug and recharge.


We’ve electrified our vernacular for a simple reason: human history can be divided into two epochs, the Electric Age, and everything that came before it. Sure, the Renaissance gave us Michelangelo. Electricity gave us Elvis.


Electricity means modernity. While we have grown accustomed to having cameras that can take high-definition video on our mobile phones, it’s easy to forget just how short the Electric Age is when compared to the rest of human history. Archeological records show that humans (or rather, our hominid ancestors) first used fire about one million years ago, but it didn’t become common until about 400,000 years ago.1 By contrast, we have only been putting electricity to work since the 1880s. Therefore, if we could compress the 400,000 years that humans have been using fire into one twenty-four-hour period, the Electric Age would span only the last thirty seconds before midnight.2


Electricity means modernity because we are harnessing forces we can’t see or feel. For millennia, we could only corral energy from things like wood, dung, coal, oil, rivers, horses, the sun, and wind. With electricity, we are exploiting energy forces invisible to the eye with stunning precision and ever-greater efficiency. Over the past century and a half, we’ve gone from harnessing animals—and enduring all the shit they shat—to harnessing the subatomic motion of electrons. The more we can control flows of electrons, the more work we can do. The more work we do, the more work we want to do. And here’s the really good news: we are getting better and better at wringing more work out of those electrons.


To get an idea of the staggering number of electrons we are harnessing, consider this: making a single cup of tea with an electric kettle requires about 4.9 sextillion electrons.3 In scientific notation that is 4.9 × 1021. When typed out, 4.9 sextillion looks like this: 4,900,000,000,000,000,000,000. And remember, that’s what’s required for a single cup of tea. Running an air conditioner and a full-size refrigerator will require adding a grocery bag filled with zeros to that number. If you are planning to energize a skyscraper, or fire up an electric-arc furnace to cook up a batch of steel I-beams, you’ll need a couple shipping containers loaded with zeros to type out the number of electrons you’ll be using.


While we can calculate the number of electrons needed to make a cup of tea, it’s still hard to grasp the thingness of electricity. It’s a force that propels our lives while being both ubiquitous and invisible.


Benjamin Franklin, the publisher, writer, diplomat, and raconteur, pioneered our understanding of electricity. In 1752, he conducted his famous kite experiment, which featured a piece of metal attached to the top of a kite and a metal key tied to the earthbound end of the string. The key, in turn, was connected to a Leyden jar, which was a primitive type of battery. Franklin controlled the kite with a dry piece of silk fabric, which insulated him from being shocked. Franklin’s experiment proved that the lightning in the sky was the same as the static electricity that could be obtained by rubbing amber with fabric. Franklin’s work provided the foundation for the other great electricity pioneers and entrepreneurs who followed him. Philadelphia’s founding father coined a spate of electricity terms, including battery, charge, conductor, and condenser. He was also one of the authors and signatories of the Declaration of Independence, and he called electricity a “common element,” which he termed “electric fire.”4 He also thought electricity was a fluid that flowed from one body to another.


Electricity is not a fluid. But given the ineffability and complexities of electricity, it helps to think of it in that way. Franklin’s take on electricity became known as the single-fluid theory. He held that objects having a negative charge lost electrical fluid and those with a positive charge gained it. If an object lost or gained electrical fluid, and thereby became unbalanced, it would become charged. Objects with similar charges repelled each other. Keeping that electricity-as-a-fluid analogy in your head, imagine that the electricity in your house is being delivered through a garden hose. To further grasp the analogy, it will help if you understand this simple equation:




watts = current × voltage = amps × volts





In other words, the number of watts delivered is the product of amperes multiplied by volts. Now consider the amount of electricity coming into your house through that same garden hose. The amount of electric power (which is measured in watts, but in this case think liters) that can be pushed through that hose is the product of the current, or flow rate (amperes) multiplied by the water pressure (voltage).5 The more pressure applied to the water in the garden hose, the greater the flow rate that can be pushed through it. The higher the pressure and flow rate, the more liters of water (watts) get delivered to your house.


To bring this analogy home, let’s assume your house has caught fire. You immediately call the fire department, because you want to save your Cézanne paintings and Beanie Baby collection from the growing inferno. But instead of using fire hydrants, high-pressure pumps, and large-diameter hoses to douse the blaze, the firefighters try to extinguish the flames with a pair of leaky garden hoses that they’ve attached to spigots on your neighbor’s house. The firefighters wouldn’t have much firefighting capability. Why not? The number of liters (watts) of water they could put on the raging fire would be restricted by a low-pressure (voltage) garden hose that was delivering liquid at a low rate (amperage).6


The water analogy also helps when thinking about the generation of electricity. Just as the local water utility uses its pumps to deliver tons of water at high pressure and volume to its customers, the electric utility uses spinning generators—think of them as electron pumps—to push huge volumes of electrons, at high pressure, into the local grid. The key difference between the water grid and the electric grid is that the water grid is far simpler. For instance, if the pressure in the water grid drops, it only means that customers must spend a little more time filling up their coffee pots or swimming pools. On the electric grid, voltage (again, think water pressure) must be kept stable regardless of how many customers are using electricity. Further, that voltage must be kept steady day and night, 24/7, regardless of whether a customer needs a few watts for lighting or hundreds of megawatts to coax aluminum out of bauxite. The grid must be continually tuned so that electricity production and electricity usage match. Matching generation and consumption helps assure that voltage on the grid stays at near-constant levels. If voltage fluctuates too much, blackouts can occur.


Electricity means modernity because—as my son Michael, a math and computer whiz, put it—it’s at the core of all modern networks. We live in a digital world that’s defined by networks. And all of those networks—telephones, global positioning systems, airline reservation systems, traffic lights, the list is endless—depend on electricity. In short, the network is the electric grid and the grid is the network. If you are lucky enough to be connected to an electric grid, you can connect to the digital information network.


Thanks to electricity, Samuel Morse’s telegraph enabled near-instant communication between distant locations. In 1866, a telegraph cable was laid under the Atlantic, thereby creating the first continuous line of communication between the United States and Europe. A decade later, Alexander Graham Bell snared a patent for the telephone. Unlike the telegraph, which required an operator to send and receive messages, anyone could operate a telephone, and those phones began connecting businesses and homes to each other. In his 2011 book, The Information, James Gleick writes that the telephone and telegraph “ripped the social fabric and reconnected it, added gateways and junctions where there had only been blank distance.” The telegraph and telephone, Gleick explains, began “to turn human society, for the first time, into something like a coherent organism”—and that coherence was only made possible by electricity.7


Electricity is the apex predator of the energy kingdom. We convert lots of primary sources of energy—coal, natural gas, oil, biomass, sunlight, wind, water, and nuclear reactions—into electricity, which is a secondary form of energy. Other forms of secondary energy include gasoline, which must be refined from crude oil, and hydrogen, which is derived from natural gas. (Hydrogen can also be produced from water, but splitting water molecules requires large amounts of energy.)


The reason we convert so many fuels into electricity is that it is the most useful form of energy. Among its many wonderful properties, it has no inertia. That means it doesn’t have to warm up. It can provide full power in a split second and be turned off just as quickly. Electricity allows us to harness the motion of electrons. We can generate flows of electrons from both kinetic energy and potential energy, and we can make those forms of energy switch places.8 That is, we can convert potential energy into kinetic energy and vice versa. An obvious example of that: electric energy can be used to charge a battery that contains chemical energy. We can then use the chemical energy in that battery and convert it back into electric energy whenever we need to make a phone call or order a bag of Osmocote from Amazon.


While electricity can be generated in many different ways, and harnessed in even more, it comes with significant downsides. Electricity is persnickety. It must be consumed at almost the same instant it is generated. That differentiates it from wood, coal, oil, and natural gas, all of which can be stored relatively easily. Of course, we can store modest amounts of electricity. The batteries that energize the phones we carry in our pockets hold a few watt-hours of electricity. And that tiny quantity of energy is enough for us to text our pals, map a route in the car, and chat on the phone. But economically storing large quantities of electricity—enough to power a city for a day or more—remains beyond the reach of current technology. In fact, if you were somehow able to collect all of the world’s automobile batteries, charge them up, and link them together, they would be able to hold only enough electricity to power the globe for less than thirty minutes.9


Although we can’t store electricity in large quantities, our ability to store and manipulate relatively small flows of it has been transformative. Batteries allow us to have something that is truly new: lightning in a bottle. Armed with ever-better chemistries and metallurgies, companies all over the world are producing a staggering array of batteries that vary from pacemaker units that get implanted inside the human body to vanadium flow batteries that require thousands of liters of liquid chemical to be stored in giant tanks.


Now that we have a better understanding of what electricity is, we must differentiate between two terms: energy and power. They are commonly confused. They are not the same thing. Energy is the ability to do work. It is measured in joules (J), watt-hours (Wh), or British thermal units (Btu). Power is the rate at which work gets done. It is measured in watts (W) or horsepower.10 The equation for power is simple: 1 joule per second equals 1 watt. Which looks like this:




1 J/s = 1 W





Another way to think of these terms is to remember that energy is a quantity, such as a liter of oil or a ton of coal. Power is a rate—that is, it’s a measure of energy flow over a given period of time. A helpful way to understand the difference between energy and power is to recall the generator that Wilfredo Roque and Iris Ortiz relied on to power their home in Barrio Antón Ruíz. Their machine had a power rating of 4,500 watts, meaning at full capacity it could produce 4,500 watts of power. If Wilfredo runs it for one hour, it will produce 4,500 watt-hours (4.5 kilowatt-hours) of energy.


Finally, a quick primer on the International System of Units, or SI (the acronym for Système International), which specifies symbols for units and for the numbers that represent multiples and submultiples of those units. When looking at the scale of electricity generation and usage, it’s helpful to remember a few SI prefixes, including this sequence: KMGT.


That’s short for kilo, mega, giga, and tera. Those are the prefixes for units of power and energy in, respectively, thousands, millions, billions, and trillions. Thus, you will see references to power in kilowatts, megawatts, gigawatts, and terawatts. You’ll see those same units expressed in energy terms: kilowatt-hours, megawatt-hours, gigawatt-hours, and terawatt-hours. Be not afraid. To put those prefixes into context, remember that we use electricity in our homes at the kilowatt scale: your hair dryer uses about 1,800 watts or 1.8 kilowatts. Electricity demand for a small town will likely be measured in megawatts. At the big-city level, demand is often measured in gigawatts, and at the country level, in terawatts. For instance, the United States is energized by an electric grid that has a total installed generation capacity of about 1 terawatt, or 1 trillion watts.11


Okay. That’s the end of Electricity 101. Now that we have a better understanding of what electricity is, let’s answer the second question: Why has it been so transformative?
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THE TRANSFORMATIVE
POWER OF ELECTRICITY




We will make electricity so cheap that only the rich will burn candles.


—THOMAS EDISON




There are three reasons why electricity has led to such profound human flourishing: lighting, power, and density.1 Electricity made lighting cheap, abundant, and reliable, which fundamentally changed how people could spend their days and nights. Electricity provides instant power, which transformed everything from manufacturing to urban transportation. Finally, electricity gives us the ability to concentrate energy flows like never before. Those highly concentrated energy flows have shaped everything from the height of our cities to the productivity of our factories and microprocessors.


Let’s look at lighting first. Electricity has allowed us to slay one of our oldest foes: darkness. For millennia, the cost of having well-lit spaces at night was so high that only the very rich could afford it. That meant that the poor were usually left in the dark, where their fears of the dark—and all the evil things that inhabited the darkness—could be preyed upon by mystics, priests, and shamans. If you wanted to read or work after dark, the choices for illumination were few: fireplaces, torches, lanterns, or candles—all of which involved burning something.


For centuries, as soon as the sun went down, people had no choice but to lock themselves in their homes. In 1380, a decree required that residents of Paris be off the streets, and “at night, all houses are to be locked and the keys deposited with the magistrate. Nobody may then enter or leave a house unless he can give the magistrate a good reason for doing so.” About that same time, in England, anyone who was walking on the street after dark was considered a suspect and was subject to immediate arrest. In 1467, a decree in England made clear that “no man walke after IX of the belle streken in the nyght withoute lyght or without cause reasonable in payne of empresonment.” Furthermore, as recounted by author Wolfgang Schivelbusch in his book Disenchanted Night, “in big cities like Berlin and Vienna, similar regulations remained in force until well into the nineteenth century.”2


The industrialization of lighting—that is, the key breakthrough that dramatically lowered its cost and improved its availability—began in the early 1800s, when municipalities, factories, and homes began using methane derived from coal, which was first used to fuel streetlights and then indoor lights. Known as “town gas,” it would play a major role throughout the nineteenth century and well into the twentieth century. Town gas was produced by heating coal to a high temperature. The gas was then captured, stored, and delivered through often-leaky pipelines to customers. Gas lighting gained customers quickly because it was cheaper than lanterns or candles. By 1822, London was leading the world in gas lighting, with four companies operating a total of 200 miles (322 kilometers) of pipeline. Over the next few decades, municipal gas systems became common in Britain, France, and Germany. But as gas lighting spread, so, too, did complaints about it. According to one account, gas lighting “consumed enormous quantities of oxygen and often raised the temperature in closed rooms to tropical levels.”3 The author Edgar Allen Poe wrote that gas lighting is “totally inadmissible within doors. Its harsh and unsteady light offends.” In 1878, a British publication on proper homemaking declared that “few have felt the overpowering and sickening influence of a room liberally lighted by gas, and closely shut up, as frequently rooms are, at the time when gas is most required.” It continues, saying gas lighting is “equally injurious to decorations, be they pictures, papers, ceilings, or hangings quickly making them dingy and dirty.”4


Gas lighting had other drawbacks. Each light had to be lit every night by hand. The glass fixtures that contained the gas lights had to be cleaned regularly, because the smoke produced by the flame often left carbon deposits. The systems that provided the fuel were also notoriously dangerous. Town gas was often stored in aboveground tanks called gasometers. In 1865, a gasometer in London exploded, killing ten workers. The accident led the Times newspaper to write that gasometers were a public health danger and that “those who live near them and the buildings in their neighborhood, are exposed to as serious consequences as if they were placed over a powder magazine.”5


Lamps fueled by kerosene and whale oil were also widely used. But, like gas lights, they were hot and depended on a live flame, which meant an ever-present danger of fire. A dropped lantern or unattended candle could result in a fire that could burn down your house, or much of a city. The Great Chicago Fire of 1871 killed about three hundred people and destroyed more than three square miles (eight square kilometers) of the city. The inferno, which in popular lore was started when Mrs. O’Leary’s cow kicked over a lantern, left 100,000 people homeless.6 Arc lights also enjoyed a period of popularity prior to widespread electrification. Arc lights produce illumination by sending an arc between two carbon electrodes heated to a white-hot temperature. Able to illuminate large areas, arc lights were used for lighting streets and outdoor areas.7 But due to their intense heat output, they were impractical for indoor use.


Thomas Edison’s incandescent lamps offered a safer form of lighting than anything that had come before. If gas lights failed, or leaked, they could fill a room with combustible fumes that could explode. For that reason, some of the earliest businesses to adopt electric lights were flour mills, textile factories, and other facilities that handled flammable materials.8 Edison’s electric lights were also more agreeable to consumers. The first reviews of his lighting system were all-out raves. The New York Times, which was one of Edison’s first customers, reported that Edison’s new lights were “as thoroughly tested last evening as any light could be tested in a single evening, and tested by men who have battered their eyes sufficiently by years of night work to know the good and bad points of a lamp, and the decision was definitely in favor of the Edison electric lamp, as against gas.”9 The Times also reported, “You turn the thumbscrew and the light is there, with no nauseous smell, no flicker, no glare… more brilliant than gas and a hundred times steadier.”10


Those positive reviews stoked demand. On the first day of operation, the Pearl Street plant was energizing 1,284 of Edison’s incandescent lights. By the end of 1882, that number had nearly tripled. By October 1883, his central station had 508 customers who were using 10,164 lamps.11 As electricity systems proliferated, the cost of lighting declined. According to statistician Max Roser of Our World in Data, in 1880, the year after Thomas Edison devised a workable electric light at his laboratory in Menlo Park, New Jersey, the price of lighting was about 530 British pounds per million lumen-hours. By 1900, the price had dropped to 236 British pounds. By 2000, it had dropped to less than 3 British pounds, or roughly 176 times cheaper than it was in 1880.12 Today, lighting has become so cheap we scarcely think about it. Every year, Americans use nearly 7 terawatt-hours of electricity solely for Christmas decorations.13 That’s about as much as the entire annual electricity consumption of countries like Albania and Latvia.14


We now use many types of lighting, including halogen, incandescent, light-emitting diode (LED), high-pressure sodium, metal halide, and ceramic-metal halide. Each has advantages and disadvantages. The key is that all of them are readily available and affordable. We convert watts into lumens without a second thought. Nevertheless, by conquering darkness, by slashing the cost of lighting, electrification fundamentally changed the course of human history.


The second reason for electricity’s transformative effect is that it provides instant power for nearly any purpose: communication, computation, heating, lighting, and motive power. Electric power allows us to attain precision—in both speed and control—that cannot be achieved with other forms of energy, and it is convertible into work at very high efficiency with no smoke or odor.


Throughout all of history, human beings have been trying to harness energy so they can do more work. Whether the harness was an actual leather and rope contraption attached to a pair of oxen pulling a plow, or a steam-engine-driven water pump draining the water from a coal mine, the aim has been the same: to get more energy applied to a given task so that more work gets done faster and cheaper. For millennia, the only sources of power were what could be obtained from human muscle, draft animals, wind energy, biomass (derived from the sun), and waterwheels.


James Watt changed how humans obtain power by improving the steam engine. Watt, a Scottish instrument maker, tinkered with a design pioneered by Thomas Newcomen. Watt estimated that Newcomen’s engine wasted about 95 percent of the fuel it used. By improving the efficiency of the steam engine through the addition of an external condenser, Watt liberated industry from the geographical constraints of rivers and streams. Watt’s engines revolutionized both industry and transportation.15 A typical Boulton & Watt steam engine from the early nineteenth century was capable of producing about 24 horsepower (18 kilowatts).16 But unlike a horse, the steam engine could be worked around the clock, produced no manure, and didn’t require grain, meaning it didn’t compete with humans for food or available farmland. Watt’s steam engine ignited the Industrial Revolution, and he is remembered today because his name is the metric we use for power. By 1905, the steel magnate Andrew Carnegie estimated that the world had about 150 million horsepower (110 gigawatts) of steam capacity at work.17


Throughout the nineteenth and twentieth centuries, the steam engine was improved and improved some more. Those improvements played a direct role in the Electric Age, as steam engines (and later, steam turbines) were used to drive generators to produce electricity. Today, the majority of the world’s electricity-generation plants are still using high-pressure steam to produce electricity. We also generate electricity with internal-combustion engines, geothermal plants, hydropower dams, wind turbines, and solar panels. Continuing improvements have helped us generate more and more electricity and in ever more efficient ways. By converting increasing amounts of primary energy into electric power, humans have thrived like never before. Humans are flourishing because, with electricity, they have access to nearly infinite amounts of power that can be applied to nearly any kind of work.


Now to the third point: density. Electricity allows us to concentrate energy flows in unprecedented ways. We can concentrate those flows because the electricity we consume is highly ordered energy.18 We convert primary energy sources into electricity and then distribute that energy over wires in carefully calibrated doses of voltage and amperage. Those highly ordered flows of electrons mean we can, in effect, stack them in ultradense packages. This allows us to concentrate and harness the energy of those moving electrons in far greater quantities—and with far greater precision—than could ever be achieved by using wood, steam, or the crankshaft of an internal-combustion engine.


Concentrating energy flows allows us to do work and therefore create wealth. Regardless of the work to be done—repairing a cornea with a laser, crunching data with a computer, or growing marijuana—we need dense flows of energy. Electricity is the ultimate energy concentrator. It allows us to put massive flows of energy in very small spaces.


In physics lingo, electricity allows us to boost power density, which is the amount of energy flow that can be produced or harnessed in a given volume, area, or mass.19 Examples of power density include watts per square meter, watts per liter, and watts per kilogram. Power density allows us to have a common denominator that we can use to compare energy-system outputs and inputs across centuries and industries. Vaclav Smil, the author, polymath, and energy analyst, says that power density is a “key analytical variable to evaluate all important biospheric and anthropogenic energy flows.”20 In his 2015 book Power Density, Smil explains that, for millennia, humans existed on the ragged edge of starvation and disease because they had to scrape by on the meager energy flows that could be obtained from farming, which relies on turning sunlight into usable biomass (grain, wood, or fodder), which is then consumed by humans or animals to do work. Smil concluded that, no matter whether you are growing corn, which humans have been doing for about 9,000 years, or planting trees for use as fuel for the stove, the power density of farming is limited to roughly 1 watt per square meter.21 Not only is that a tiny level of power density, the productivity of any given farm is continually under threat due to lack of rain or too much. It’s also vulnerable to insects, high winds, thieves, and wildlife.


The Industrial Revolution allowed us to escape the meager energy budgets of farming. By using hydrocarbons (at first coal, then later oil and natural gas) humans were able to harness ever-increasing quantities of power and do so in ever-denser packages. In place of animal power, sun power, and wind power, factories began using advanced waterwheels and coal-fired steam engines. In the 1820s, the Merrimack Manufacturing Company, a major clothing producer, began churning out fabric on the banks of the Merrimack River in Lowell, Massachusetts. The factory, which produced calico and other fabrics, was powered by a waterwheel that gave it a power density of about 20 watts per square meter.22 That rate was a big improvement over what could be obtained with a draft animal, but it was only a foreshadowing of the densities that would come with steam engines and electrification.


For instance, by the late 1920s, manufacturing at Ford Motor Company’s River Rouge plant in Dearborn, Michigan, depended on electricity produced by a 315-megawatt on-site generation plant that burned two hundred tons of coal per hour.23 Smil calculates that River Rouge had a power density of about 1,000 watts per square meter, fifty times higher than what was obtained by the waterwheel at the Merrimack Manufacturing Company a century earlier.24 Electric power allowed Ford’s factories to operate drills and other precision equipment at speeds that were unimaginable on the old pulley-driven systems, which relied on shafts, belts, or chains that were driven by waterwheels or steam engines. At its peak, River Rouge employed more than 100,000 workers and was turning out a new car every forty-nine seconds.25 Those enormous production levels were only possible because electricity allowed the components of Ford’s assembly line to be arranged for optimum output rather than their proximity to a steam engine or waterwheel. As Ford put it, electricity “emancipated industry from the leather belt and the line shaft.”26


The power density we get thanks to electricity has fostered our ongoing migration into cities. We live in an urban-majority world today, and all of the people who live in those cities depend on electricity to fuel their everyday lives. The importance of power density can be seen by looking at Rockefeller Center. The iconic cluster of high-rise buildings in Midtown Manhattan covers a surface area of roughly 103,600 square meters. According to a 1999 report from Consolidated Edison, the utility that serves central Manhattan, the electric load from the buildings in Rockefeller Center is about 93 megawatts.27 Therefore, the average power density across all of the buildings in Rockefeller Center is nearly 900 watts per square meter. That level of power density could never have been achieved with teams of horses or a steam engine. It could only be done with the highly ordered energy we get from electricity.


The importance of power density that is evident in the skyscrapers at Rockefeller Center can also be seen in the chips that run our computers. For instance, one of Advanced Micro Devices’ latest microprocessors, the Phenom II X940, has a footprint of 12.25 square centimeters and draws 45 watts of power. If we supersize that microprocessor to a full meter, it would have a power density of 3,672 watts per square meter, nearly four times the power density found in Ford’s River Rouge plant.


Lasers are among the best examples of how the power density we get from electricity allows us to do things that could never be achieved with other forms of energy. For instance, scientists like Canadian physicist Paul Corkum routinely use lasers that achieve power densities of 1018 watts per square meter.28 Written out, that looks like this: 1,000,000,000,000,000,000 watts. Corkum, who works in the field of high-harmonic interferometry and high-harmonic spectroscopy, uses that incredibly high power density to create ultrashort light pulses that allow him to photograph electrons. Of course, we now use lasers for all kinds of things, including surgery, tattoo removal, and fiber optics.29


In 2000, the National Academy of Engineering chose the twenty greatest engineering achievements of the twentieth century. Electrification ranked first. Not only that, but of the top twenty achievements, thirteen are directly dependent on electrification, including electronics, computers, and air conditioning, as well as health technologies, lasers, and household appliances.30 It could easily be argued that every item on the list, including automobiles, airplanes, water supplies, and agricultural mechanization, are also dependent on electrification. And here’s the key thing: all of those technologies have helped humans live longer, freer, and richer lives.


TABLE 1


THE NATIONAL ACADEMY OF ENGINEERING’S LIST OF THE TOP TWENTY ENGINEERING ACHIEVEMENTS OF THE TWENTIETH CENTURY


Electrification


Automobile


Airplane


Water Supply and Distribution


Electronics


Radio and Television


Agricultural Mechanization


Computers


Telephone


Air Conditioning and Refrigeration


Highways


Spacecraft


Internet


Imaging


Household Appliances


Health Technologies


Petroleum and Petrochemical Technologies


Laser and Fiber Optics


Nuclear Technologies


High-Performance Materials


The transformative power of electricity has been the subject of numerous academic papers. In 2014, two Turkish researchers, Yilmaz Bayar and Hasan Alp Özel, performed an analysis of about two dozen published papers on electricity and economic growth. They found “unidirectional causality between electricity consumption and economic growth.” That is, electricity use drives economic growth.31


While electricity drives economies, it is also clear that greater wealth increases electricity consumption. That makes sense. As people get wealthier, they consume more electricity because they can afford more electrical devices. For instance, a person living in a newly electrified home may first buy a refrigerator and some lights. After that, they will want an air conditioner and perhaps an electric stove. This bidirectional effect of wealth and electrification was discussed by energy writer Roger Andrews in a 2015 study in which he concluded that in developing countries “wealth creates electricity and not the other way round. There is no question, however, that once a country gains wealth it cannot sustain it without electricity. When the electricity disappears the wealth goes with it.”32


Another paper, published in 2010 by two academics at the University of Karachi, examined the “causal relationship between energy consumption and economic growth” in Bangladesh, India, and Pakistan. The analysis studied data from between 1971 and 2008. While the analysis did not focus specifically on electricity, the conclusion of the authors, Kashif Imran and Masood Mashkoor Siddiqui, was clear: “Energy serves as an engine of economic growth and economic activity will be affected in the result of changes in energy consumption.… GDP is basically determined by energy.”33


The close correlation between electricity use and human health and economic growth has become so obvious that international investment bankers have adopted electricity use as a measure of economic activity. In the late 2000s, when China’s economy was faltering, equity analysts at JPMorgan Chase and other investment banks used China’s electricity production data as a proxy metric for industrial output.34 What is true for China is also true for the world at large. The correlation between electricity use and economic growth can be seen in the chart here, which shows that the two move in near unison and they’ve been dancing cheek-to-cheek for decades.


Another way to look at how electricity use and wealth are intertwined is to look at nighttime luminosity—that is, the amount of light emitted by a region at night. In 2010, William Nordhaus, an economist at Yale University, published a paper that found that nighttime luminosity—which was measured using images captured by satellites orbiting the earth—is closely correlated with personal incomes. Nordhaus, who won the 2018 Nobel Prize in Economics, determined that luminosity isn’t particularly effective for analyzing wealthy countries. But it is useful in analyzing wealth in developing countries where traditional statistical information is not readily available.35 In 2012, a similar technique was used by three researchers from the National Bureau of Economic Research, who published a paper titled “Measuring Economic Growth from Outer Space.” That paper concluded that nighttime luminosity provides “a very useful proxy for GDP growth over the long term and also tracks short-term fluctuations in growth.”36


Of course, you don’t have to look at satellite images to see the correlation between electricity use and wealth. It can be seen in the World Bank’s consumption numbers. In 2014, Iceland, Norway, Bahrain, Canada, and Qatar had the world’s highest per-capita electricity use, and all five were among the world’s wealthiest countries. Conversely, places where electricity consumption is extremely low—such as Haiti, Gaza, South Sudan, Niger, Ethiopia, and Tanzania—are among the poorest.37


The punch line here is obvious: increased electricity use fosters economic growth, which, in turn, means better living conditions for humans. Electricity use provides a reliable barometer for the health and wealth, or poverty, of individuals and societies. The International Energy Agency (IEA) has called electricity “crucial to human development” and said that electricity use is “one of the most clear and undistorted indications of a country’s energy poverty status.” Put another way, electricity bolsters economic growth and economic growth bolsters electricity demand. Together, those things help people escape poverty. As Paul Collier, the author of The Bottom Billion: Why the Poorest Countries Are Failing and What Can Be Done About It, famously put it, “Growth is not a cure-all, but lack of growth is a kill-all.”38


Perhaps the easiest way to understand why electricity has been so transformative is to look at one of humanity’s greatest inventions: the city.39






[image: image]

Global GDP and Global Electricity Use: 1980 to 2014


Sources: HumanProgress.org, Energy Information Administration
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THE VERTICAL CITY




At last the town was lighted and we had ocular evidence of our success. We made a gala night of it. The streets and stores were crowded with people, the big 150-candle-power lamps were running at about double their candle-power, and my townsmen, though very skeptical as to the dangers to be encountered when going near the lights, rejoiced with me.


—WILLIAM STANLEY, electricity industry pioneer1




In 1882, when Thomas Edison launched the Electric Age with the first commercial electric grid in Lower Manhattan, New York City was squat and squalid. The tallest structures in the city were the towers of the Brooklyn Bridge, which stood 84 meters (276 feet) high. The great bridge, designed by the engineer John Roebling, had been under construction for thirteen years and was finally nearing completion.2 Edison and his employees were likely monitoring the work on the landmark bridge, which was being erected just a few blocks east of Edison’s generating station at 255-257 Pearl Street.


New York’s streets, as usual, reeked of animal feces and urine. Horses and horse-drawn wagons and streetcars dominated the thoroughfares. The air was usually fouled with smoke from the plethora of coal-fired steam engines that were providing power to factories, print shops, and other industries. Inside the city’s homes, offices, and factories, gas lighting—and all the heat and noxious fumes that came with it—dominated. Locations that lacked a gas connection relied on kerosene lamps.


The first skyscraper in the city was the Equitable Life Assurance Building at 120 Broadway.3 Located about half a mile west of Edison’s power plant, the Equitable Building stood 40 meters (130 feet) high and was nearly twice the height of all previous business buildings. Completed in 1870, it was billed as a fireproof building. It was constructed with iron framing and had ten floors that were served by five steam-powered elevators. Tourists flocked to the building to ride the elevators and visit the rooftop observation deck, which also served as the site of New York City’s weather bureau.4 New Yorkers marveled at the Equitable Building because nearly all of them lived and worked in buildings that were only half as tall, if that.


For nearly all of human civilization, the height of buildings was limited by people’s willingness to climb stairs. Any building taller than four, five, or six stories was impractical. Walking up two or three flights of stairs isn’t terrible. Carrying a load of groceries and a screaming infant up four or five flights of steep, dark stairs, is, pardon the pun, another story.
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