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For Sally, whose stunning ceramic books inspire real ones, and for Robert, David, and Will.

And for the many lab members, friends, students, and mentors I’ve learned from, especially Martyn Caldwell and Hal Mooney.






If you want a happy ending, that depends, of course, on where you stop your story.

Orson Welles with Oja Kodar, The Big Brass Ring

I don’t know, Bobby. You have to believe that there is good in the world. I’m goin to say that you have to believe that the work of your hands will bring it into your life. You may be wrong, but if you don’t believe that then you will not have a life.

Cormac McCarthy, The Passenger

We set this house on fire forgetting that we live within.

Jim Harrison, To a Meadowlark








CLIMATE STASIS


We waited, delayed, hesitated,

procrastinated, prognosticated, obfuscated on thin ice,

dawdled, stalled, free-for-alled, protocolled collect,

dropped balls, stonewalled, mitigated communities,

modeled, dallied, rallied, death valleyed,

risked, bet, staked, gamed, gambled, generally wagered all

and broke bad, faith, dreams, records, ranks, and the bank.

Rob Jackson, Light








PROLOGUE

“Will I make it?”

“Will I make it to the end of my lifetime?” The question came out of the blue—the blue cheese of a dessert plate. We’d just reshuffled our dinner chairs like playing cards and introduced ourselves to new tablemates.

Ashley Martin asked me the question after hearing what I did for a living. An assistant professor in Stanford’s Graduate School of Business at the time, Ashley ostensibly had everything: youth, intelligence, income, and prestige. Why was she of all people pondering this question? But then again, why wouldn’t someone of her generation ponder it?

I’d grown used to being asked other questions: “Should I have my first child today?” (“Yes”—to keep things simple.) “What can I do to fight climate change?” That question has no quick answer and, in part, motivates this book.

After Ashley asked me, “Will I make it to the end of my lifetime?” she added a second gut-puncher: “And will I be okay?”

I can’t say why, but her vulnerability left me fighting back tears. My first thought was “This is not your fault, and you shouldn’t have to bear this grief.”

But Ashley is one of the lucky ones. She lives in one of the wealthiest cities in the wealthiest country on Earth. She certainly could lose her home, her loved ones, and yes, even her life, to climate change—many people in relatively rich nations already have—but that isn’t likely. Ashley and I and many of you reading this book have more resources than most to adapt to the climate change that is only getting worse. Other people and species on Earth aren’t so fortunate.

Faria Khan’s question was even more pointed. She emailed me soon after my dinner with Ashley.


Dear Professor Rob,

Hope you are doing well and with the semester starting, you are working on exciting new research. I wanted to learn something from you. I hope you are following up on the floods that Pakistan is experiencing this year. It has wreaked havoc in the country.

I wanted to learn from an expert like you—Pakistan only contributes towards 1% of global carbon emissions yet it is one of the countries most affected by climate change. What can we do to reduce such instances in the future in the country? Normally, 4 glaciers melt per annum while this year 16 glaciers from the Himalayan and Karakoram ranges melted and wreaked havoc in the whole country. I want to help the policy makers in Pakistan better prepare for such changes in the future. Can you please identify the measures which we can take to help control such drastic effects?

Thanks in advance, looking forward to hearing from you.

Kind regards,

Faria



How do you respond to a person whose country is one-third submerged by monsoons turbocharged by climate change? Sherry Rehman, Pakistan’s climate minister, said the flooding “exceeded every boundary, every norm we’ve seen in the past.”

How can you respond to the question “What can we do to reduce such instances in the future?” And who is the “we”? Pakistan contributes less than 1 percent of global fossil carbon dioxide pollution, and its per capita carbon emissions are a tenth or less of those in the United States. Why must Pakistanis suffer the effects of climate change that they did so little to cause? This imbalance is what Rehman calls “climate colonialism” that penalizes “low polluters who are paying the costs for decades of fossil-fuel development by rich countries.”

Any hopeful book about climate solutions, such as this one, should discuss exciting new technologies that can help us provide zero-carbon energy to everyone from Pakistan to Europe and the United States. It must also grapple with issues of equity, justice, and greed.

Ashley’s grief is unfair, Faria’s even more so. For Ashley, Faria, and the millions with questions I struggle to answer, this book—and the hope within—is for you.






INTRODUCTION

Michelangelo stands above me.

Shoulder-bumping my way through the white marble entrance to the Vatican Museum, I flee the human tide and enter the inner sanctum of museum headquarters. I knock on a thick wooden door at the office of Dr. Vittoria Cimino, director of the Vatican Museum’s Conservator’s Office. Unlike Dr. Cimino I am neither perspiration-free nor pulled together, having just walked from the metro during a heat wave that marks Rome’s hottest temperature ever in a record-breaking summer where sixty thousand Europeans will die of heat.

I’m visiting Cimino and the museum to learn about conservation and restoration—the balance of inspiration, perspiration, technology, and faith needed to sustain treasures for centuries. Hundreds of red and green binders line her office wall—long-term records of care for the more than one hundred thousand priceless works she and her staff curate. She is also an expert on the Sistine Chapel, which recently underwent a decades-long effort to restore the lost colors of Michelangelo’s The Last Judgment and other frescoes.

At the start of our conversation, she wants to make sure I note the distinction between conservation and restoration. “We use preventive conservation to maintain everything in a good condition—the environment, the buildings, and all works, from the masterpiece to a little piece of art,” she says.

“Restoration is different. Restoration focuses on one object at a time and requires a huge investment: economic, administrative, and human. We conserve and restore today because maybe people will have better technology in the future.”

Vittoria Cimino’s perspective applies to more than restoring priceless works of art. Restoring the atmosphere—my dream as a climate scientist and the reason I’m writing this book—combines the dedication Vittoria applies to her work with long-term environmental thinking: decadal, multigenerational, even “cathedral” thinking that sustains stewardship over centuries for the benefit of descendants.

Restoring the atmosphere to preindustrial levels of greenhouse gases and other pollutants must invoke the same spirit and philosophy used to restore endangered species and habitats to health. The U.S. Endangered Species Act doesn’t stop at saving plants and animals from extinction. It mandates recovery. When we see gray whales breaching on their way to Alaska each spring, grizzly bears ambling across a Yellowstone meadow, bald eagles and peregrine falcons soaring on updrafts, we celebrate life and a planet restored. Our goal for the atmosphere must be the same.

Our timing is fortuitous. The United Nations named the 2020s the “Decade on Restoration” to repair degraded ecosystems, combat climate change, and safeguard biodiversity, food, and water supplies. What better way to realize success than by returning greenhouse gases such as methane and—much later—carbon dioxide to preindustrial levels? That’s what I mean by “restoring the atmosphere” for a given greenhouse gas. We must cut emissions to stay below global temperature increases of 1.5 or 2°C. But such abstract targets aren’t motivating people to change habits and behaviors. We’ve sprinted to the precipice of 1.5°C—putting lives and livelihoods in peril—and need a more powerful narrative for success.

I ask Cimino how far in advance her office plans their care—decades or centuries into the future? She laughs. “We are realists. We act for the following decade, and we hope the following decade will act for the decade after that.”

I recall her words later as I enter the chapel. The Last Judgment fills the altar wall in whirling blue-sky motion. People rise on the left and fall on the right, their fates captured in their eyes, upturned or downtrodden. Christ turns the wheel—one arm up, one arm down—from the fresco’s upper center.

The intensity of the blue sky uncovered by the decades-long restoration is breathtaking. Michelangelo’s ultramarine-blue pigment made of lapis lazuli—now restored and visible for the first time in centuries—originally cost the Vatican a queen’s ransom. The same mineral adorns King Tut’s blue-and-gold death mask.

Scanning The Last Judgment systematically from top to bottom, I find four or five small dark rectangles that look like a child snuck in, scampered up scaffolding, and colored patches of fresco with black crayon. I gasp at their contrast. They are the conservator’s testimoni that Vittoria described, “evidence of what used to be, so people will remember.” One narrow rectangle in the lower left floats as dark smog suspended in an azure sky.

To reveal the original colors, restorers needed to remove dirty oils and resins without damaging the plaster or pigments underneath. They placed gauze-like sheets moistened with solvents on the frescoes one patch at a time. When they peeled off the fabric, the grime vanished. “It was a kind of miracle,” Cimino said about seeing Michelangelo’s colors and faces restored in waves along the walls of the chapel like sunshine emerging from a storm cloud.

Centuries of grime wasn’t the only thing creating damage that required restoring, however. More than a decade ago, Vittoria Cimino’s office discovered that parts of the frescoes were turning powdery white. Scientists examined the deposits and found them to be calcium carbonate. Extra carbon dioxide and humidity from people’s breath had combined to form a salt—calcium bicarbonate—that left its traces on the frescoes wherever condensed water evaporated. The chapel’s original air handling system was designed for only seven hundred visitors at a time, but thousands of people were now crowding the chapel daily. Carbon dioxide concentrations inside spiked to five times the levels outdoors.

The Vatican faced a choice. To protect the frescoes, they could restrict the number of visitors or build a more sophisticated air handling and purification system. They chose a new system that could control everything from temperature and relative humidity to levels of pollutants that included ozone, sulfur dioxide, dust, and carbon dioxide.

It’s easier to reduce carbon dioxide concentrations in a chapel than across the globe. Our fossil fuel use is still pumping forty billion tons of carbon dioxide pollution a year into the air. Unfortunately, even if we eliminated all of those emissions today, restoring the atmosphere for carbon dioxide won’t happen anytime soon. There’s too much of it in the air—an extra trillion tons that, left to its own devices, will warm the Earth for millennia. Carbon dioxide is responsible for about half of recent warming. That makes CO2 Public Enemy #1 for climate and the key target for emissions reductions.

But methane is hot on carbon dioxide’s heels as Public Enemy #2. Methane has caused another third of recent warming on top of the damage from CO2. Much of my research today centers on methane because of its greater potency and shorter lifetime in the atmosphere, factors that make it a prime target for reducing global warming sooner rather than later.

If we want to reduce greenhouse gas warming over the next decade or two, reducing atmospheric methane concentrations through emissions reductions and atmospheric removal is the best—and perhaps only—lever we have to shave peak temperatures and reduce dangerous weather disasters and heat waves like the one I experienced during my visit to Rome. In fact, methane is the only major greenhouse gas for which we could restore the atmosphere “in a lifetime,” a key part of my dream.

Methane is deadly. Pound for pound, it’s eighty to ninety times more potent than CO2 at warming the Earth in the first two decades after release, and it’s roughly thirty times more potent over a century. Its concentration has doubled over the past century, too, a much more rapid increase than for CO2. And methane concentrations are accelerating faster today than at any time since record-keeping began.

Methane is mysterious. We’re still trying to understand why methane concentrations are surging. It could be that warming temperatures are boosting emissions from tropical wetlands, the largest natural source. It could be that more methane is belching from cows, oil and gas fields, coal mines, landfills, and thawing Arctic permafrost. Scientists measure each of these sources—I work extensively in oil and gas fields and in wetlands, for instance. To understand methane’s rise, though, we need to know how quickly methane enters the atmosphere and leaves it. Methane concentrations increase if emissions rise, of course, but also if methane lasts longer in the air through chemical reactions with other pollutants. Both things appear to be happening today—higher emissions and slower destruction of methane in the atmosphere.

Methane is neglected. The first-ever major methane agreement—the Global Methane Pledge—was initiated only a few years ago. More than a hundred and fifty nations have joined the United States and European Union in committing to cut methane emissions at least 30 percent by 2030, through reducing energy-based and agricultural emissions.

Methane is also malleable—a plus for climate action. It’s cleansed from the air naturally only a decade or so after release. Because of this shorter lifetime, if we could eliminate all methane emissions from human activities, like agriculture, waste, and fossil fuels—a big if—methane’s concentration would return to preindustrial levels within only a decade or two.

Restoring methane to preindustrial levels would save 0.5°C of warming and could happen in your lifetime—and mine. That’s my holy grail as an environmental scientist and as chair of the Global Carbon Project (GCP), one of the premier scientific organizations tracking the world’s greenhouse gas emissions. Comprising hundreds of scientists, we in the GCP measure methane emissions from both natural and human-made sources as well as how fast “sinks” remove methane from the atmosphere—the natural processes that clean greenhouse gases from our air. We do the same for the greenhouse gases carbon dioxide, nitrous oxide, and hydrogen. Knowing where greenhouse gases come from gives us the power to reduce fossil pollution.

That job is urgent because fossil fuels are making the Earth unlivable and—even ignoring climate change—they are deadly. In the United States, particulate pollution from coal and cars kills more than a hundred thousand Americans a year, mostly through heart and lung diseases, far more than are murdered, die in traffic accidents, and drown combined. Globally, one in five deaths is attributable to burning fossil fuels—ten million senseless deaths a year—when cleaner, safer fuels are already available.

Remarkable examples show how reducing pollution over decades has improved our health and economic well-being. Lead levels in the blood of young children in the United States have dropped 96 percent since the phaseout of leaded gasoline; the value of this phaseout globally is estimated to be $2.5 trillion per year. Protection of the ozone shield through the safeguards of the Montreal Protocol eliminated billions of skin cancers and millions of cataracts and deaths worldwide. Half a century of action through the U.S. Clean Air Act currently saves hundreds of thousands of lives a year at a thirtyfold return on investment. Workers are healthier and more productive. We breathe easier and pay lower medical expenses related to air pollution.

There’s a major difference between most air pollutants and greenhouse gases, though: air pollutants typically disappear quickly—often within weeks or days—after we stop releasing them. Greenhouse gases don’t. Our air brims with legacy emissions of greenhouse gases, and emissions reductions alone won’t always be enough to restore the atmosphere fully. That climate change is only a “century-timescale phenomenon” is a dangerous misconception. Absent intervention, elevated carbon dioxide concentrations in our air will remain for tens of thousands of years—longer than people have practiced agriculture.

This is one area where my thinking has evolved. I used to believe that talk of hacking the atmosphere—sucking greenhouse gases back out of the air—distracted us from the real job of cutting emissions. It does, but inaction in the lost decade of the 2010s convinced me that to maintain a safe and livable climate, we must develop technologies to remove carbon dioxide, methane, and other gases directly from the air using everything from the microbes, trees, and factory arrays described in this book. And we’ll need to do it at industrial scales, running the coal industry in reverse.

There is no one path to restoring the atmosphere. There are many paths—just as there are many roads for driving between Washington, D.C., and San Francisco. To have any chance at a safe climate, though, we know the world must address both carbon dioxide and methane. We need to zero out carbon dioxide emissions, the focus of most climate action today. The unappreciated good news is that every time we cut carbon dioxide emissions from burning oil, gas, and coal, we also cut methane emissions from drilling, mining, and transporting them. Similarly, we need to eliminate direct methane sources from fossil fuel use and agriculture, combining emissions cuts with removal technologies to restore the atmosphere.

These goals structure my book. The cheapest, safest, and only sure path to a safe climate starts with slashing emissions. I begin with some of the largest emissions sources in our lives that we control directly—at home and from our food and vehicles. Transportation and housing contribute at least half of total carbon emissions for people across the United States and United Kingdom, with housing being the largest single emissions source for people in the UK. I turn next to select industries such as steel production because emissions from steel, cement, and a few other industries individually are larger than the emissions from most of the world’s countries. We can’t decarbonize such industries on our own through personal actions; only systemic change will suffice. The need for systemic change also underpins the pipelines running below our streets and sidewalks that supply gas to our homes—with one critical difference. Few of us could eliminate steel or cement use in our lives, but most of us could choose to end our natural gas use by switching to electric appliances. I finish the emissions section by highlighting gases that are being restored to preindustrial health. In the case of ozone-depleting halocarbons, we already are restoring the atmosphere. Doing so has cooled the planet and saved millions of lives.

The second section focuses on removal or “drawdown” technologies. Because wealthier nations have already dumped so much fossil fuel pollution into the air, we will need to do more than just cut emissions. We will need to actively remove some greenhouse gases from the atmosphere. I begin with examples for carbon dioxide removal, industrially and using nature. Such approaches are more expensive than cutting emissions but are already operating today. I turn to methane removal next. Methane removal is far newer—more concept than reality today—but it’s a field of research I am pursuing and have helped to create. I believe the world will need methane removal to offset ongoing emissions from food production and from perturbed natural ecosystems such as Arctic permafrost and tropical wetlands that already show signs of releasing more methane as the Earth warms. Once freed, a genie does not go back in the bottle easily.

I finish the book with stories of success—from fossil fuel companies transforming their businesses to individuals changing the world in their homes, neighborhoods, and beyond. Our journey ends in the Amazon. There, even one of the wildest and remotest habitats on Earth is threatened by climate change. We’ll need to act quickly to save it and ourselves. The vision of an atmosphere restored should help.



Drifting front to back in the Sistine Chapel, I pass below the nine famous scenes from Genesis that Michelangelo painted on the ceiling, from Adam and Eve to Noah. In the center, God floats in the sky, right arm and finger stretching for Adam. Adam reclines along a line of hills, his left elbow resting languidly on his knee.

Much has been made of the most famous gap in art—two fingers close but not quite touching—a metaphor for the gap between God and man, between knowledge and responsibility, between responsibility and action, between inaction and judgment.

I exit the chapel reluctantly before ducking back in for a final look. I picture scaffolding, a decade of restorers just starting to cleanse centuries of grime from the frescoes one puzzle piece at a time. In the beginning, their task must have seemed as daunting as ours today: wiping centuries of fossil fuels from our lives one car, one cow, one coal plant at a time.

The day of my visit was Vittoria Cimino’s last workday before retirement. Reflecting back on her career, she offered me final guidance: “Restoration is patience.”






Part I EMISSIONS FIRST







1 Fair Shares


From “Code Red” reports highlighting climate calamities to gleaming white wind turbines to hydrogen in green or blue hues, a rainbow of climate consequences and technologies unfurls before us. Before exploring new technologies and climate solutions, however, we must grapple with issues of fairness and equity, consumption and demand, ethics and justice. New technologies will help us restore the atmosphere to preindustrial health, but we can’t simply build our way out of climate change—no matter how green new technologies may be.

We live in a time when the top 1 percent of the world’s population contributes more fossil carbon emissions than half the people on Earth. In class I call our time, somewhat facetiously, the Myocene, the era in which the top tenth of humanity emits half or more of global carbon pollution.

What do global hyper-consumers in the United States and elsewhere gain by consuming so much? Not much, my research suggests. I led a recent analysis of health, well-being, and energy use across 140 countries. Energy use was linked positively to every aspect of well-being we examined, including infant mortality, life expectancy, air quality, food supply, happiness, and prosperity—but only to a point. People’s lives improved substantially with access to more energy, but the benefits plateaued at energy uses well below the global average. People in energy-rich countries fared no better than people in countries who used many times less energy per person. Some of us could apparently use far less energy without compromising our health, happiness, or prosperity—and possibly improving our mental and physical health by reducing stress and decluttering our lives.

Everyone needs access to a minimum threshold of energy for a decent quality of life, but using four times the global average nets U.S. residents nothing, at least for the metrics of well-being we examined. Headlines about our research read “How much energy powers a good life? Less than you’re using, says a new report” (NPR’s All Things Considered), “World Doesn’t Need More Energy to End Poverty” (Bloomberg News), and “Where the Energy Link to Well-Being Starts Fraying” (Axios). Equity in energy—and everything—girds climate solutions.

I often receive emails and phone messages after our studies are published, sometimes nice and sometimes threatening. Regarding this study, I received many, including, “I recently learned of a comment from you, that Americans should be content to live on a quarter of the energy they do now. I gave it some thought and then considered it to be an unrealistic, if not bizarre, expectation. For my wife and I to reduce our power consumption by that much would require turning off our electricity the majority of the time. Are you living by this credo? If so, I would be interested to know how it’s working out for you without a refrigerator, air-conditioning, central heating system, etc, for 18 hours of the day? I invite your reply.”

I don’t typically reply, but I did in this case: “Thank you for reaching out. I aspire to this credo, and as I improve at home it’s working out pretty well. Most of our energy use comes from cars, planes, and homes. One could choose to not drive one’s car 5 days a week or choose instead to live close enough to work to commute by bike, as I do. If that’s not possible, one could carpool or take mass transit at least a few days a week. At home, I traded in my gas furnace for a heat pump that is substantially cleaner and more energy efficient. I don’t have air-conditioning and we keep our winter thermostat at 62, as people all across Europe do. When I had gas appliances, my household gas use was one-quarter of the U.S. average. That’s not too bad and it didn’t destroy my life. Now I use no gas at all. It’s possible and, I would argue, has made me and my family healthier.”

My research also shows that today’s global energy consumption—if distributed more equitably—could allow everyone on Earth to realize a good quality of life. That includes at least a billion people stuck in energy poverty who lack access to reliable electricity. They need to use more energy, not less.

Climate solutions will require fairer energy use—either at lower levels of consumption than in the United States or, if absolutely necessary, at U.S. levels. But what would the world look like if everyone consumed at that higher rate?

A fifth of the billion and a half gasoline-powered vehicles on Earth are in the United States, with almost one passenger vehicle per person. Europe has one vehicle for every two people, South America one for five, Asia and Africa one for every seven and twenty people, respectively. If eight billion people on Earth owned cars at the U.S. rate, the world would have seven billion vehicles, almost five times the number today. No matter how “green” those new vehicles might be—electric vehicles (EVs) or otherwise—adding five billion more won’t make the world more sustainable by any definition.

More electric cars and trucks mean more transmission lines riving the landscape, more lithium mining for batteries, and more spontaneous lithium battery fires. More biomass burning for electricity means more logging, truck trips, and wilderness roads. More solar panels mean increasingly large land areas needed for harvesting electrons, less land for biodiversity and natural areas, and more mining of rare metals such as gallium and indium. What’s true for renewables applies to fossils, too—more fossil fuel energy means more drilling, mining, spilling, and refining. Climate solutions start with consuming less.

When Faria Khan asked me what was fair about Pakistan contributing only 1 percent of global carbon dioxide emissions yet being one of the countries most hurt by flooding and climate change, the only possible answer was “nothing.” My Australian colleague Pep Canadell, executive director of the Global Carbon Project, and I wrote a recent opinion piece in the New York Times titled “What’s ‘Fair’ When it Comes to Carbon Emissions?” Our two countries—the United States and Australia—together emit one-sixth of the world’s fossil fuel pollution with less than one-twentieth of its population. Despite falling emissions for more than a decade due to declining coal use, carbon emissions per person in both countries remain some of the world’s highest.

Explicit or implied, issues of fairness and environmental justice underpin all discussions of climate solutions in the following pages—among richer and poorer nations and among richer and poorer people within richer nations. Fairness is about how much we use and who bears the harm from pollution. People like Faria Khan certainly bear disproportionate harm, as do people in poorer communities worldwide.

To understand these concerns better, I turned to environmental justice expert Catherine Coleman Flowers. She founded the Center for Rural Enterprise and Environmental Justice in 2002 to advocate for “grassroots-led solutions in policy and technology.” A passionate champion of climate action, she is also an international expert on sanitation and waste. When she was awarded a MacArthur “genius grant” in 2020, her citation praised her for “Bringing attention to failing water and waste sanitation infrastructure in rural areas and its role in perpetuating health and socioeconomic disparities.” She is a fierce proponent of environmental justice broadly and a tireless advocate for poorer communities in the southern United States—particularly the two million people whose homes lack indoor plumbing, septic systems, and connections to sewer systems.

“Environmental justice” is defined by the U.S. Environmental Protection Agency (EPA) as “the fair treatment and meaningful involvement of all people regardless of race, color, national origin, or income, with respect to the development, implementation, and enforcement of environmental laws, regulations, and policies.” It requires the same protections from harm for all people plus equal access to the decision-making process to guarantee everyone’s right to live and work in a healthy environment.

Coleman Flowers and I had met a few years before, when we spoke together on a panel during the United Nations Climate Change Conference in Glasgow, Scotland (referred to as COP26, which stands for conference of the parties). She sat before me in a blue business suit, sharing a smile as infectious as the solutions (and justice) she promotes. I sought her thoughts on the development of new clean technologies, including how and where to deploy those technologies (and distribute their pollution) more equitably across communities than happened during the fossil fuel era.

Coleman Flowers describes herself as a “teacher activist.” “I’m an educator,” she began. “I was a high school teacher and a junior high school teacher in social studies, a subject I think is sorely needed right now. Social studies and the liberal arts provide the understanding for everything that allows us to act collectively as a society. I’ve been able to draw upon those skills to not only educate people, but to educate myself, because part of teaching is learning, and I’ve learned a lot from the people I’ve encountered.”

In Lowndes County, Alabama, for instance, where she grew up, rural—mostly Black—residents are denied access to city or county sewer systems and often can’t afford a septic system. Many have no choice but to “straight-pipe” sewage from their toilets onto the grass outside their homes. Children play in this grass; mosquitoes breed in the stagnant pools. Residents fall prey to diseases that are normally found only in the poorest tropical countries. Coleman Flowers fights for friends like Pam Rush, who lived for years with sewage pooling outside her door, her friend “Shar,” and countless others who want their families to be able to play safely outside.

That’s why a 2017 study that Coleman Flowers organized with doctors at the Baylor School of Medicine made waves when it showed that more than a third of residents they tested in Lowndes County had hookworm, a disease believed to have been eradicated from the United States in the 1980s.

Hookworms affect more than half a billion people worldwide, burrowing under their skin and moving to their intestines. Although primarily tropical, hookworms used to be found across the warm, humid southeastern United States, from east Texas through Virginia. Proper sanitation eliminated most cases because a common path for infection is for people to walk barefoot across ground contaminated by sewage. That hookworm and related pathogens have reappeared in the United States is a travesty of poverty and systemic racism.

It’s a travesty of climate change, too. Hookworms are restricted in range by cold temperatures. They tolerate, even thrive in, warmer areas. Not surprisingly then, many species are expanding their ranges. Scientists call this process “global worming.”

Coleman Flowers realized that the wetter weather and more extreme storms already happening in the southern United States made it harder for sewage to drain into the soil and more likely to spread across yards during heavy rain. “Affordable sanitation is a right,” she told me. “People can’t afford to fight climate change and poverty at the same time.”

Beyond our homes, Coleman Flowers champions greater equity in the planning and siting of new energy infrastructure and climate solutions. “I don’t believe in sacrifice zones,” she said, “where someone thinks it’s okay to sacrifice one group of people for the good of another.” A sacrifice zone is an area that bears exceptional environmental hazards from toxic or polluting industries located nearby—some of the most poisoned and polluted places on the planet. The health and safety of the people in these communities, who are typically lower-income residents and people of color, are sacrificed for the economic gains and prosperity of others located elsewhere.

“Sacrifice zones are not the way to equity,” Coleman Flowers continued. “And equity is an issue for both water quality and air pollution. A lot of these problems have been created—and made worse—because of structures put in place that exploited people or that were built upon racist principles.” For instance, people of color comprise 45 percent of residents living within two miles of commercial hazardous waste facilities in the United States. People living within six miles of a coal or natural gas power plant are also far more likely to be poor and of color.

Sacrifice zones and environmental equity are global concerns. In Europe, France operates more than one hundred municipal waste incinerators that produce ash and slag and emit dioxins, heavy metals, and particulates. Such facilities are disproportionately located near where immigrants live. In the UK, scientists who performed an analysis of air quality and poverty concluded that “the poorest tend to experience the worst air quality.” People living in the poorest 10 percent of neighborhoods breathed far more nitrogen dioxide (NO2) pollution generated by fossil fuel combustion than the national average. (NO2 is the same asthma trigger we will measure indoors from combustion by gas stoves in Chapter 2.) The clean-energy transition is an opportunity to remedy injustices in pollution exposures and to improve water, air, and soil quality for all.

“We have to be mindful we aren’t just powering on, instead of realizing that some structures must be dismantled,” Coleman Flowers said. “Otherwise, we’ll never have the type of equitable solutions that will impact all of us—that will yield the kind of successes we’re seeking—which are to reduce carbon and hopefully hold things to where we don’t have any more climate chaos than we’ve already created.”

Coleman Flowers experienced some personal climate chaos a few weeks before we spoke. She had recently moved to Madison, Alabama, just south of the Tennessee border. “It was eighty degrees on New Year’s Day,” she said, “which set a record high temperature for the state. The next day tornadoes touched down, one of them within a few miles of my house. And the next day we had snow!

“The dramatic swings we’re seeing are crazy,” she continued. “Out there [in California] you’re getting the wildfires and potentially the droughts, but here we’ve gotten lots of water.” The southeastern United States, where Coleman Flowers lives, now has two times more drenched days with three or more inches of rain than it used to. The extra water is a problem on top of water tables that are already high and septic systems already failing. “We’re going to see even more septic failures with sea level rise, because the groundwater tables are getting even higher,” Coleman Flowers said. “And then we have all this extreme weather because we have warm currents coming off the Gulf, and colder air coming from the north. It collides here, and we get turbulent weather.”

“People feel swamped by climate change,” Coleman Flowers said. “We all feel overwhelmed sometimes. Yesterday, I got a little overwhelmed, so I had to stop everything and bake some gingerbread.”

Liking Catherine Coleman Flowers comes easily. “Part of my optimism comes because I’m a Black woman that grew up in the South, along the Selma-to-Montgomery march trail,” she said. “The reason I’m optimistic is because I never allowed my conditions or what people put upon me to keep me in a box. And likewise, I think when it comes to not only environmental justice, but climate justice, too, I think we will get to where we need to go, because ultimately the deciding factor is Mother Nature. And she can change minds.”

“Mother Nature” is already changing minds, or at least making her presence felt, because we’re already paying for climate inaction. The National Oceanic and Atmospheric Administration (NOAA) has been collecting data on billion-dollar weather disasters in the United States since the early 1980s. Such disasters cost Americans $165 billion in damages and killed 474 people in 2022. Adjusted for inflation, billion-dollar disasters happen twice as often today as they did a few decades ago. Americans are also paying $50 to $100 billion more a year for them.

Coleman Flowers continued. “We can’t predict what Mother Nature will do or where she’s going to do it, but that’s the deciding factor. I think that’s also the unknown factor because it’s not something we can control. What we can control is how much worse things get.”

While things get worse (before they get better), people in lower-income neighborhoods and nations will keep paying more than their share. Half of all U.S. households facing energy insecurity are African American, despite being only 15 percent of the U.S. population. People in lower-income areas worldwide are more vulnerable to floods, storms, storm surges, droughts, and other weather and climate extremes.

“Many people who didn’t believe in climate change are suffering today,” Coleman Flowers said. “They don’t know what to do. Some people are pretending it’s not real, but others, when it gets close to them and they see the suffering we could have prevented, they want to do something.”

In the sacrifice zones and cancer alleys of the world, perhaps a different family of solutions is needed, solutions where we start by asking people for their ideas of what they need and want. Coleman Flowers promotes the voices of those who’ve borne more than their share of pollution: “They have the type of knowledge we need to connect with the people in academic halls. We need real solutions that can work locally. That’s what I’ve learned coming from a rural community—there’s a lot of indigenous knowledge that could provide answers we don’t tap into, because our assumption is that because people have not left the area, they don’t know. They may not have had the chance to travel the world, but they do have knowledge to help us find solutions quicker if we would just have them sitting at the table.”






2 Home on the Range


Red or black? High or low?

You don’t always know when dangerously high pollutants will appear when you light a gas stove. They don’t, and then they do—often enough for games of roulette to come to mind—except the wheel or chamber is the knob on a gas burner or oven.

Our homes are an apt place to begin examining greenhouse gas pollution because they comprise one of the biggest sources in our lives. Not including the emissions from producing food, our homes and buildings contribute a third or more of all greenhouse gas emissions in the United States and Europe, primarily through electricity use and the need to heat our water, living spaces, and meals.

My lab and I have visited hundreds of homes with environmental justice groups in lower-income and other neighborhoods to measure methane and carbon dioxide emissions and air pollution arising from burning fossil fuels indoors. Our work is a chance to heed Catherine Coleman Flowers’s call to bring everyone to the table—we’ve sat at kitchen tables in hundreds of homes across Australia, the United States, China, and Europe. Gas use ranges from 40 percent of homes in Australia and roughly half of U.S. homes to nearly all homes in the Netherlands, where a transformation to cleaner electric stoves is underway. In each country we test for toxins in the natural gas entering homes and the pollutants released by stoves when lit. While in people’s homes, we also listen to their concerns and their ideas for solutions.

Natural gas is the fastest-growing fossil fuel in the world. It’s cleaner than coal but dirtier than almost everything else in use today (unless you’re one of the billion people still cooking over wood indoors). The world is approaching eight billion tons of carbon dioxide pollution annually from gas use alone. That level of carbon pollution from only one fossil fuel is incompatible with a world where we stabilize global temperatures at any safe threshold.

Just how far are we from preindustrial levels of greenhouse gases? Prior to the Industrial Revolution, greenhouse gas concentrations in the atmosphere were fairly stable. The concentration of carbon dioxide was about 280 parts per million (ppm), compared to today’s value of ~425 ppm. Natural carbon sources, including respiring plants and animals, volcanoes, and wildfires, were balanced by carbon uptake from the oceans, plant photosynthesis, rock weathering, and more.

Land clearing and fossil fuel burning began thousands of years ago but surged with the Industrial Revolution. Greenhouse gas emissions skyrocketed as the global population grew and energy use per person rose. We are still setting yearly records for greenhouse gas emissions today—roughly 370 million tons of methane pollution from human activities each year and 38 billion tons of fossil carbon dioxide pollution globally in 2023 alone.

In class, students inevitably ask me, “When did people first link greenhouse gases to global warming?” I call this period of awareness the Cognocene. The physics behind how greenhouse gases warm the Earth has been clear for centuries. Scientific giants such as Jean Baptiste Fourier, Svante Arrhenius, Eunice Foote, John Tyndall, and P. C. Chamberlin—Nobel Prize winners and beyond—probed the greenhouse effect through careful experiments, theories, and models beginning in the 1820s and throughout the nineteenth and twentieth centuries. Eunice Foote filled glass cylinders with different gases in the 1850s and examined the temperature of the gases in sunlight. Referring to carbon dioxide, which yielded the highest temperature, Foote wrote, “An atmosphere of that gas would give to our earth a high temperature; and if as some suppose, at one period of its history the air had mixed with it a larger proportion than at present, an increased temperature from its own action as well as from increased weight must have necessarily resulted.”

As early as the 1890s, Arrhenius even predicted a rate of warming that proved to be remarkably accurate (in °C): “Any doubling of the percentage of carbon dioxide in the air would raise the temperature of the earth’s surface by 4°; and if the carbon dioxide were increased fourfold, the temperature would rise by 8°.”

Through 2022, the Earth had already warmed 1.2°C through a CO2 increase of 50 percent and a methane increase of 160 percent. Recent work suggests a doubling of atmospheric CO2 will increase average global surface temperatures by 1.5 to 4.5°C compared to preindustrial conditions. Arrhenius’s estimate from over a century ago still falls well within today’s best estimate. His projection is also consistent with Exxon’s internal estimate from their models of warming from the early 1980s for a doubling of CO2.

If the CO2 emissions from burning natural gas use weren’t enough to spur climate action, methane leakage should be—because natural gas is nearly 100 percent methane. Some of that methane leaks out all along the supply chain—from oil and gas wells to the pipelines under our streets to our homes and buildings. There, gas stoves and other appliances leak unburned methane and emit pollutants into the air we breathe when gas is burned.

Our homes are therefore a fitting place to begin reducing both carbon dioxide emissions and methane leaks. Gas appliances, including stoves, water heaters, and furnaces, emit one-ninth of U.S. carbon dioxide emissions when lit. More than 60 percent of U.S. households use gas for heating or for cooking, and nearly fifty million U.S. households have gas stoves.

Home appliances are also the least studied part of the natural gas supply chain for methane emissions. My group published some of the first complete measurements of methane emissions from gas stoves and water heaters. We are still sniffing out surprises as we sample homes today.



My students and I park on a hilly Oakland street in spring, where an apricot tree hides the left side of a 1940s-era house. It’s two stories, with leaded glass windows and cream horizontal siding. I open the car door into an apple tree pruned carefully to fit in the narrow rectangle between the driveway and sidewalk to the front door.

Homeowner and fervent gardener Kathy Simon bounds down the driveway to greet us. The spring in her step echoes the tight coils in her dark shoulder-length hair. Simon teaches communication—“helping people collaborate and navigate conflict” she tells me—with “people” referring widely to couples, parents, teachers, and administrators. Based on her experience and graduate research, Simon wrote Moral Questions in the Classroom, a book that examines how high schools can help students better explore issues that they care about and that are essential for democratic citizenship. She raises questions such as how to balance individual freedoms with the needs of society, how the interests of the public align with or differ from those of corporations, and how citizens can influence policy issues they care about.

Simon is also an early adopter of green technologies. “I’ve been interested in reducing my carbon footprint for a long time,” she said. “We bought this house in 1997 and put solar on it around 2005. I don’t remember if there were incentives at the time. Not many people were doing it back then, but I thought this is probably the single biggest thing we could do to reduce our carbon impact. So we did it.”

She turned next to her vehicle to extinguish another big source of pollution in her life. “We bought a Prius in 2004, which was also early in the curve,” and replaced it with a Chevy Bolt EV in 2019. “I had a hybrid for many years but eventually felt I no longer wanted to run both of those technologies—gasoline and electric—side-by-side in a car.”

Now Simon’s contemplating “electrifying” her home—getting rid of all fossil power and gas appliances. That’s one reason she answered my group’s request for volunteers to measure methane emissions in their homes—to understand how much pollution her appliances emit.

Before starting our measurements, PhD student Yannai Kashtan and I enter the cellar crawl space by Simon’s garage to examine her gas water heater and furnace. We immediately smell a gas leak. Using a handheld methane wand, we trace it to a fitting on her water heater. We aren’t surprised to find a leak because our previous research has shown that storage-tank water heaters, like Simon’s, emit most of their methane while off. She will need to call her utility or repairman right away.

We lug our fans and other gear upstairs into Simon’s home to measure methane emissions from her stove. We unspool two white Teflon sampling tubes and snake them through her house. One draws air from her kitchen back to our analyzers. We suspend the tube’s end shoulder-height on a stand in the center of the kitchen to sample the air before and after lighting her stove. We unroll a second tube down the hall into a bedroom to test how far pollution from gas flames travels.

We began this set of studies a few years ago, when we realized the EPA was not including methane leakage from gas appliances in their estimates of U.S. greenhouse gas emissions. Our measurements include how much methane leaks into the air when gas appliances are off, how much unburned methane puffs into the air each time gas appliances switch on and off, and how much methane goes unburned while appliances are lit. We also measure the carbon dioxide pollution that comes with burning gas as a fuel.

Today, we begin by measuring the volume of Simon’s kitchen and the background gas concentrations in her air. In almost all cases, including this one, carbon dioxide concentrations remain constant until we light a stove burner or oven, after which CO2 levels rise.

But methane acts differently. The concentration of methane in Simon’s kitchen climbs slowly but steadily even when her stove is off. We almost always find an increase in methane concentrations attributable to leaks in kitchens with gas stoves. In our first gas stove study, for instance, we found that three-quarters of all methane emissions occurred while the stoves were off. We estimated that this steady bleed of climate-busting methane from gas stoves in U.S. homes equaled the yearly emissions of half a million U.S. cars—not including the additional methane that leaked while extracting and delivering the gas to homes or the carbon dioxide pollution arising from burning gas as a fuel.

Simon watches methane concentrations rise on our analyzer’s display while her stove is off. They rise even faster when her stove is lit and when methane puffs into the air in the delay between turning the burner knob and the flame lighting or extinguishing. Seeing greenhouse gas emissions in real time is enough to motivate her change. “Once I saw what was happening,” Simon said later, “I knew I had to do something to reduce my emissions.”

But watching greenhouse gas emissions in real time wasn’t the sole motivation for Simon wanting to change. We also measured other pollutants generated in the flames of her stove: cancer-causing benzene, carbon monoxide, and NOx gases such as asthma-triggering nitrogen dioxide (NO2). We had found these same pollutants in dozens of other homes we visited, too.

Most people’s exposure to benzene comes from breathing first- and secondhand cigarette smoke and from gasoline-powered vehicles. On average, the gasoline sold in the United States contains 1 percent benzene. Until my group started our work, no one had quantified whether—and how much—benzene forms when gas stoves are lit, or how high benzene concentrations reach indoors as a result. Benzene is known to form outdoors in open flames—in refineries, for instance, and in the flares of oil and gas fields.

Simon watches as our AROMA benzene analyzer dings, marking another fifteen-minute measurement cycle. “Look!” says technician Colin Finnegan when the first benzene readings pop up as blue dots on the screen. Measuring Simon’s 2003 Hotpoint stove, we are finding some of the highest benzene emissions we have ever recorded. After turning Simon’s ventilation hood on and setting her oven to 475°F in a “bread-baking” scenario, we watch the benzene in her kitchen air jump a hundredfold in less than an hour, from a background of near 0 to 11 parts per billion (ppb) benzene. According to both the World Health Organization (WHO) and the state of California, exposure to 8 parts per billion of benzene for more than one hour is hazardous. What we found easily exceeded that value for hours while her stove was on and after it was off. WHO also concludes that for cancer effects “there is no known exposure threshold for the risks of benzene exposure,” meaning that all additional benzene is harmful, and that “it is expedient to reduce indoor exposure levels to as low as possible.”

We had detected benzene emissions in many other homes before, but never had we seen dangerous benzene levels appear so quickly in kitchen air.



Measuring pollutants presents a dilemma. We tell homeowners what we find, but we’re reluctant to pass judgments or create anxiety about health and safety. The risks of gas stoves depend on people’s exposure, how—and how often—residents cook with gas, whether they use their hood to improve ventilation (surveys show most people don’t), what type of hood they have, and how well-maintained it is.

No matter what we find, we tell people to use their ventilation hood every time they cook. However, as we’ve begun to test how hoods perform in homes under real-world conditions, we have found that many do little to reduce pollutant concentrations. A surprising number don’t even vent pollution to the outdoors. Rather, such “recirculating hoods” mix the air back into the kitchen using a fan. Outdoor vent hoods are rarely mandated by code—new construction codes should require them—and retrofitting a home or apartment with one can be expensive.

Simon’s kitchen wasn’t the only room where we were finding high benzene concentrations, even with her hood on. Down the hall, in the bedroom farthest from the kitchen, benzene concentrations were reaching 7 or 8 ppb an hour or two after we turned the oven on. Those values were lower than the shocking 11 ppb kitchen readings we found—you’d expect lower concentrations as pollution dilutes through home air—but still higher than anyone should breathe daily. Furthermore, concentrations of benzene in the bedroom lingered for hours above the 1 to 2 ppb chronic exposure limit set by France, India, South Korea, the European Union, the state of California, and other jurisdictions. The only thing worse than measuring high pollutant concentrations in kitchens—where gas burns—is finding them down the hall where your children sleep.

Simon’s misfortune extended beyond high benzene readings to elevated levels of nitrogen dioxide (NO2), as well. Nitrogen dioxide is a respiratory irritant that triggers asthma, coughing, wheezing, and difficulty breathing. The U.S. EPA concludes that studies “show a connection between breathing elevated short-term NO2 concentrations, and increased visits to emergency departments and hospital admissions for respiratory issues, especially asthma.”

We measured nitrogen dioxide readings of 200 to 300 ppb in Simon’s kitchen for over an hour with her oven set to 350°F (rising from a background reading of only a few ppb). NO2 concentrations also rose to 190 ppb down the hall in the bedroom and remained above 100 ppb for hours. The U.S. EPA’s national ambient air quality standard (NAAQS) for nitrogen dioxide outdoors is only 100 ppb. Other countries and regions have even stricter standards. Canada, for instance, has a maximum residential exposure limit of 90 ppb over a one-hour period and 11 ppb over twenty-four hours. There’s no indoor standard for NO2 in the United States, but you certainly don’t want to breathe higher concentrations indoors every day than are recommended for you outdoors.

Doubt spreads like rot when I weigh how harmful benzene and nitrogen dioxide can be. My youngest son had asthma as a child. And yes, we had a gas stove. I’ll never know if pollution from gas flames caused or worsened his asthma. You can never prove that a particular person—my child or yours—gets asthma, or leukemia for that matter, from pollution. You can only show statistically that more people suffer from asthma in homes with gas stoves. A 2013 summary of forty-one studies from Europe, North America, Asia, Australia, and New Zealand determined that “children living in a home with gas cooking have a 42% increased risk of having current asthma, a 24% increased risk of lifetime asthma and an overall 32% increased risk of having current and lifetime asthma.” My group’s work showed that breathing NO2 pollution from gas stoves causes 200,000 cases of childhood asthma each year and as many as 19,000 U.S. deaths.

The gas industry knew the risks of indoor pollution more than a century ago. In 1907, the second annual meeting of the Natural Gas Association of America featured the following exchange as documented in the association’s proceedings. The text discusses whether gas stoves should be allowed in homes without the direct “flue connection” required for furnaces and water heaters in homes today:


Association president Kerr Murray Mitchell: “Yesterday we were discussing the matter of flueless gas stoves, and it was moved that this association condemn the use of any appliance without a flue connection. We might settle this question now.”

Mr. J. F. Owens: “I move that it be the sense of the association that a flue connection for every furnace or gas stove is essential.”

[And after a page or two of discussion on the risks of indoor air pollution…]

Mr. J. S. McDowell: “I, therefore, move that the resolution which has been offered be amended to read as follows;

“Resolved: That it is the sense of this association that we condemn any appliance installed in such a manner as to permit the products of combustion to enter the room.”

The resolution was unanimously passed.



And yet that is exactly what we do today in nearly fifty million U.S. homes and hundreds of millions more worldwide. There are no “flues” for stoves as required for furnaces and water heaters. Rather, the “flue” is a voluntary ventilation hood that surveys show most people don’t use, that often does not send pollution outdoors, and that our tests and those of other scientists show often isn’t effective.

I hear the concern in Kathy Simon’s voice as we discuss her results. “I knew about the greenhouse gas pollution associated with gas appliances,” she said, “but I had no idea about the NOx and certainly not the benzene pollution.” She paused. “My wife passed away eight years ago of ovarian cancer. I am not making any causal link at all, but the notion of having a carcinogen in the middle of my kitchen every single day is not okay with me.”



What does it take to go gas-free in our homes? Simon did it, and so did we.

Inspired by Simon and others, my wife and I decided to replace all of our gas appliances, too. Because my lab developed all of our methods for measuring gas-stove pollution in our home, my (very tolerant) wife and I spent weeks watching our kitchen nitrogen dioxide and benzene readings shoot up every time we lit our gas stove. That pollution motivated us to change every bit as much as measuring our stove’s persistent methane leaks and carbon dioxide emissions.

We first replaced our on-demand gas water heater for an electric heat pump model. We chose a SANCO2 high-efficiency model that—as the name suggests—uses carbon dioxide as a refrigerant rather than the common hydrofluorocarbon refrigerants that are super greenhouse gases when they leak. We replaced our gas stove with an electric induction model that cooks faster, gives us better temperature control, and emits no NO2 or benzene pollution. Plugging it in was easy but did require us to install a 240-volt electric line to the kitchen. No more fossil carbon pollution, no more methane leakage, and, best of all, no more needless nitrogen dioxide, carbon monoxide, and benzene pollution for my family to breathe. We replaced our gas furnace with an electric heat pump that not only heats our home carbon-free (coupled to our carbon-free electricity) but also provides summer cooling in the absence of air-conditioning.

I acknowledge that not everyone can make such a transition quickly. Many renters do not own their appliances. People in lower-income neighborhoods may need financial help to replace their appliances. The recent U.S. High-Efficiency Electric Home Rebate Act includes up to $14,000 in rebates for low- and middle-income families to make their homes more energy efficient and to help them install electric water heaters, heat pumps, stoves, and clothes dryers.

Kathy Simon reached the same decision that we did. “My stove worked fine,” she said, “and I don’t think I would have been inspired to get rid of it except for wanting to electrify. Learning about the pollutants from gas absolutely impacted me and fueled my desire to replace my appliances. I’m grateful for your research, because if people aren’t worried about the world’s climate, they’re certainly worried about their health.”

The surprise for Simon was how simple the transition was. She said, “When I first thought about electrifying, I thought I was downgrading, but for a good cause. But each of my new electric appliances—the induction stove, heat pump hot water heater, heat pump furnace, not to mention my EV—all of them are just plain better than the gas versions.”

Simon wrote me recently: “It happened! My utility came by last week and took out the gas meter. And I put a little baby toyon in its place. Here are the photos to prove it.” One photo shows a utility worker wrenching her gas meter off the wall of her house. A new toyon plant in front of it is flagged in blue for safekeeping.

As a long-term community organizer, Simon knows that transformation starts with local action and engagement. She mentioned another Oakland resident whose home we’d sampled a few weeks earlier. “She’s got one of these big beautiful old Wedgewood ranges that she loves,” Simon said. “It’s classic.” (For the uninitiated, Wedgewoods are to gas stoves what 1960s Mustangs are for car buffs.) “She was blown away by your NOx and benzene readings, and both of her kids have asthma. She said, ‘I’ve got to move on this.’ ”

Simon was hyped. “I’m on a mission now,” she said. “A friend told me her gas water heater had broken and she was searching quickly for a new one. I gave her the talk about not buying gas again, and she got an electric tankless.

“Friends don’t let friends buy gas, you know.”
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