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“In The Case for Space Robert Zubrin lays out an exciting vision for the future of humanity in space. The narrative explains a practical, albeit challenging, path to the stars in the tradition of Mars Direct.”


—John Grunsfeld, astrophysicist, astronaut,
Hubble repairman, and former NASA chief scientist
and associate administrator for science


“Zubrin is the leading space visionary of his generation, and the most eloquent.”


—Stephen Baxter, author of Voyage, The Time Ships,
and Vacuum Diagrams


“In The Case for Space Zubrin shows why and how he is the foremost advocate for results, not mere rhetoric, in space. He applies a rigor to mission plans that NASA can only admire—though it doesn't—and try to emulate. His realism is the key to our larger future.”


—Gregory Benford, author of The Berlin Project


“At last, here is the vision we were aiming for when we landed on the Moon. The Case for Space is the case for the future!”


—Buzz Aldrin, Apollo 11


“Zubrin is one of our generation's thought leaders in space exploration, and with The Case for Space he makes another major contribution to humanity's journey to the stars. We are several human generations since Apollo, yet nation-states have retreated from their once-bold path beyond our planet. With the amazing private efforts such as SpaceX now bearing fruit, a revolution is upon us such that space exploration is becoming the domain of private companies and citizens. Zubrin paints the picture of how the space frontier will be settled—in much the same way that the New World was—by individuals looking for new opportunities and new horizons. This is a bold and inspirational work drawn from Zubrin's insider knowledge of the industry and his own role in bringing this pioneering venture to fruition. This book is a must-read for every daydreamer, every space geek, and indeed every human being who dares to look up at the sky and imagine that someday we too will be ever present there.”


—Jim Cantrell, chief executive officer of Vector Launch Inc.




“The tools needed to move into space have radically changed in the last decade. Zubrin has put together an excellent guide on how we got these amazing new machines and how we can now use them to break out into the solar system for the benefit of everyone. Highly recommended not only for space buffs but also for anyone who would enjoy an astonishing but true story about how a few somewhat eccentric individuals accomplished what neither NASA nor any other government space agency could do.”


—Homer Hickam, author of Rocket Boys


“In The Case for Space Zubrin lays out a vision for our space program whose boldness and clarity of thought we have not seen since we took on the challenge of reaching for the Moon. This is the kind of thinking we need. Nothing great has ever been accomplished without courage.”


—James R. Hansen, New York Times–bestselling author of
First Man: The Life of Neil A. Armstrong


“One thousand years from now, whatever the human race has evolved into, we will look back and see the next few decades as the moment in time that the human race irreversibly moved off the Earth and to the stars. Why should we do that? It is our moral obligation, and in The Case for Space, Zubrin creates one of the most powerful and coherent arguments to date. This is a must-read for anyone who cares about the survival of our species.”


—Peter H. Diamandis, MD, founder and executive chairman of the
XPRIZE Foundation, executive founder of Singularity University,
and New York Times–bestselling author of Abundance and Bold


“Zubrin is a respected evangelist for manned spaceflight. This fascinating book—a distillation of his decades of expertise—combines a lucid exposition of future technologies with an eloquent and inspiring vision of humanity's future as a space-faring species.”


—Martin Rees, Astronomer Royal, past president
of the Royal Society, and author of On the Future


“Beyond this tiny speck whirls a universe—truly everything. All who want their heirs to share some of that should read Zubrin's fact-filled call for a push beyond our planet. As it happens, out there lie the tools, resources, and keys to saving our earthly garden home.”


—David Brin, bestselling, award-winning author of
The Postman, Earth, and Existence
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Great things are happening.


On February 6, 2018, the SpaceX Falcon Heavy rocket took flight, demonstrating a capacity to lift sixty tons to low Earth orbit and playfully sending a Tesla Roadster on a trajectory that took it beyond the orbit of Mars. To add to the coup, two of the Falcon's three booster stages flew back to land gracefully together at the Cape, while the third barely missed pulling off a recovery landing on a drone ship stationed downrange. (See plates 1, 2, and 3 in the photo insert.)


To understand how extraordinary this accomplishment was, let us recall that in 2009, the Obama administration's blue-ribbon review committee, headed by former Lockheed Martin CEO Norm Augustine, declared that NASA's moon program had to be canceled because the development of the necessary heavy-lift booster would take twelve years and $36 billion.


Yet SpaceX did it, in half the time and at a thirtieth of the cost. And, to cap it all, the launch vehicle is three-quarters reusable.


This is a revolution. The moon is now within reach. Mars is now within reach.


And it's just the beginning. SpaceX is developing the means to allow refueling the booster second stage after it reaches orbit. Once this technology is in hand, the Falcon's interplanetary payload will triple, giving it a capability greater than that of the mighty Saturn V rockets that sent astronauts to the moon in the 1960s. SpaceX's fully reusable 150-ton-to-orbit Starship launcher, now under development, will multiply that capability nearly three times over again. With such a system, the entire inner solar system will be wide-open to exploration and development.


The possibilities abound. A reusable rocket system that can send 60 or 150 tons to orbit can also send 60 or 150 tons from New York to Sydney in less than an hour. For comparison, a Boeing 737 has an empty weight of 45 tons. If the Falcon Heavy or its successor, the Starship two-stage launch system, can be made fully reusable, then an entirely new market for space launch can be created, one involving not a hundred or so launches per year, as is currently the case, but hundreds or even thousands per day. Such a market would drive a radical cheapening of space technology, finally making possible all the dreams of space tourism, industrialization, and colonization that have been within view but out of reach since the dawn of the space age.


So the dam has been broken, and the four-decade-long post-Apollo age of stagnation in space launch and human spaceflight technology has come to an end. An entrepreneurial space race has erupted with players including Firefly, Vector Launch, Virgin Galactic, Stratolaunch, and, most important, Jeff Bezos's Blue Origin—which will soon launch its own reusable New Glenn booster with similar capabilities to the Falcon Heavy—competing to take their share of a market that will soon explode in size. They will soon have plenty of company. SpaceX has shown that it is possible for lean, hard-driving entrepreneurial ventures to do—better—what it previously was thought only the governments of major powers could attempt. With the naysayers refuted, dozens of would-be emulators from around the world are sure to enter the fray, and their fierce competition will crash the cost of space launch and, with it, the cost of developing more advanced in-space technology as well.


Furthermore, while NASA and the other government space agencies may have gone adrift in the space launch and human spaceflight arenas, they have delivered extraordinary results in the fields of space science. Indeed, over the past several years, a series of remarkable discoveries has changed our understanding of the relationship between the human future and the rest of the universe. Launched in 2009, the wildly successful Kepler Space Telescope has found thousands of potential alternative Earths nearby. As a result, it is now clear that planetary systems—potential homes for life—are the rule in the universe rather than the exception. Also, since the 1990s, evidence has piled up to the point where it is now conclusive that asteroidal impacts on the Earth have been responsible not just for the extinction of the dinosaurs, but for other mass extinctions as well. The message here is that life on Earth is part of a larger cosmic system, which we humans ignore at our peril.


In 1994, the US Strategic Defense Initiative Organization (SDIO) launched a low-cost space probe to the Earth's moon, finding evidence for the presence of water—the staff of life and the basis of chemical industry—on the Earth's nearest neighbor. This was confirmed in 2009, when the Centaur upper stage that was used to launch NASA's LCROSS probe was crashed into a crater near the moon's south pole, sending up a cloud of water vapor. In 1996, NASA's Galileo probe uncovered evidence for what appears to be an ocean of liquid water under the ice-covered surface of Jupiter's moon Europa. This set off a wave of discoveries by subsequent probes, so that we now know that tidally heated under-ice oceans that may contain life are a general phenomenon, existing not only on several of Jupiter's other major moons but even Saturn's tiny satellite Enceladus—and probably on billions of other worlds throughout the universe.


A string of incredibly successful NASA orbiters and rovers launched since the mid-1990s has revealed Mars to be a world rich in all the resources needed to support life, and therefore future technological civilizations. A few years ago, methane—which can only exist on Mars as a product of life or of hydrothermal environments that can support life—was detected by the Curiosity rover. Then, in 2018, scientists using the MARSIS ground-penetrating radar on the European Mars Express Orbiter announced the discovery of an underground lake of liquid salt water near the Martian south pole. On the basis of such data, it is becoming increasingly likely that we will discover not only the remains, but even living survivors of ancient microbial life on the Red planet.


As humble as such Martian microbes might be, the implications drawn from their existence are spectacular: the processes that lead to the origin of life are not peculiar to the Earth. If we combine this with the Kepler Mission's discovery that most stars have planets, and that virtually every star has a region surrounding it—near or far, depending upon the brightness of the star—that can support the type of liquid-water environments that gave birth to life on Earth and Mars, the conclusion is that a very large number of stars currently possess planets that have given rise to life.


The history of life on Earth is one of continual development from simple forms to more complex forms, with the more advanced forms manifesting ever-increasing degrees of activity, intelligence, and capability to evolve still further at an accelerated rate. If life is a general phenomenon in the cosmos, then so is intelligence. The implication is clear: we are not alone.


Yet there is still more good news. In early 2018, the SHARAD ground-penetrating radar team on NASA's Mars Reconnaissance Orbiter announced the discovery of massive ranges of glaciers on Mars, covered by only a few meters of dust, extending down from the poles to latitudes as far as 38 degrees north (the same latitude as San Francisco), and containing 150 trillion cubic meters of water, an amount six times greater than that contained in the Great Lakes on Earth. Not only that, the same team has also discovered gigantic underground caverns on the Red Planet—potentially offering vast volumes of shielded habitation for future human settlers.


Collectively, these discoveries are making it apparent what sort of birthright humanity has been given, if only we are bold enough to step up and embrace the challenge and the opportunity before us.


In The Case for Space, we explore the possibilities. Starting with a discussion of the present-day breakthroughs, we will take a deeper look at where it leads: to ultrafast global travel through suborbital space; to new industries on orbit; and to human settlement of the moon, Mars, the asteroids, the outer solar system, and ultimately the stars. All these things are possible, and we will explain how to achieve them.


Then we will look at what such mastery implies: what we will gain by undertaking this grand adventure and what we would lose by failing to do so. There is immense knowledge to be gained in space, but there are also deadly hazards to be faced, which we need to control if we are to protect ourselves and all other life on Earth. The value of the challenge itself, stimulating the creative forces of society as a whole and our youth in particular, will also be explored. There is also the question of the influence of an open frontier—or the lack thereof—on human freedom and on the battle of ideas that can sustain it or defeat it. Finally, there is the question of the human future itself: Will we be limited to one world, with limited resources and limited prospects? Or will we become something far grander in space, time, diversity, and ultimate potential?


Many years ago, the Russian space visionary Nikolai Kardashev outlined a schema for classifying civilizations.1 According to Kardashev, a Type I civilization was one that had achieved full mastery of all the resources of its planet. A Type II civilization was one that had mastered its solar system, while a Type III civilization would be one that had control of the full potential of its galaxy. All of human history up to this point—from the trek out of our African birthplace to the settling of the continents and then the linking together of the disparate branches of humanity through first long-distance sailing ships, then telegraphs, telephones, radio, television, satellites, and the internet—has been a process of our rise from a local Kenyan biological curiosity to a full-fledged Type I civilization. That transition is now nearly complete, and we stand at the beginning of a new history—our rise to become a Type II civilization capable of measuring itself against the further challenge of becoming Type III.


It's a grand time to be alive. We are living at the beginning of history. We are present at the creation.


Nothing is inevitable, and nothing worthwhile is ever easy. Not all revolutions succeed. Some are suppressed by the forces of the old order. Others simply lose their way. We are surrounded by a living cosmos of unlimited possibilities. Will we ignore it or enter it? Will humanity retreat and allow itself to be, and to see itself, as mere passengers adrift in a sea of stars? Or will we step forward and, in taking hold of our solar system, take charge of our destiny, a species fully capable of contending with the challenges to come?


The choice is ours—yes, ours. We, the people of this time, this moment in history, have the privilege, the responsibility, and—provided we live up to the moment we have been given—potentially the honor and eternal glory of establishing humanity as a multiplanet, spacefaring species.


My father and all my uncles served in World War II. One of them landed on Normandy Beach. For doing such, they and their kind have rightly been called the Greatest Generation. By doing what history called upon them to do, they made this moment possible.


We owe it to them to make the most of it. We owe it to our posterity too.


It's our turn at bat. If we prove worthy, we can earn our own title as a Great Generation and be remembered as such for ages to come, on not just one but thousands of civilized worlds.


We can do it. This book will show you how.
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Nothing can stop an idea whose time has come.


—Victor Hugo


December 21, 2015. The flight controllers are glued to their consoles. The SpaceX Falcon 9 took off minutes ago, and its upper stage is well on its way to deliver its payload of eleven ORBCOMM satellites to orbit. In the conventional sense, the mission is already in the groove to success. But the SpaceX team is reaching for more—much more. The Falcon's first stage is on its way down, and they are going to try to land it.


This isn't their first attempt. They tried five times before, and failed every time. No matter what they did, something always seemed to go wrong. The team is young—most members are under thirty, many just barely out of school. They had come to SpaceX and worked their hearts out—far, far harder than their peers who had found places at the established companies—in order to do what had never been done.


But maybe there was a reason why it had never been done.


Now, after ascending to more than one hundred miles altitude, the ship is coming back again for one more try. Hope mingles with dread as they once again hear the mission controller rattle off his narrative: “The first stage will soon begin its series of three burns to head back to Cape Canaveral.”


But no burn is observed.


“This is bad. This is potentially bad,” Elon Musk mutters.


Then the rocket lights and the team cheers, but only briefly, becoming somber again after the engine goes out. For three more minutes, they watch and wait. The second stage carrying the payload is driving hard toward orbit, but it is almost an afterthought. The real issue is what happens with stage 1, now coasting back toward the Cape with engines off. Will they light yet again?


“The second landing burn has commenced,” the speaker announces.


The team cheers again, then quiets as they nervously watch the descent continue, the rocket's exhaust flame growing brighter and brighter as it screams down fast through the dark night sky.


A huge explosion sounds. Hearts sink: another failure. But no, telemetry keeps coming in. It isn't an explosion. It's the boom of the Falcon coming through the sound barrier.


The controller keeps talking.


“Final burn commencing.”


“Altitude three hundred meters.”


“Altitude one hundred meters.”


Now the Falcon comes into view on the landing pad camera. It's descending slowly enough, but it's tilted! Will it tip over, and explode, as it had before? The rocket plume licks the pad. The team holds its breath, tense beyond measure. This is the moment.


“The Falcon has landed,” the controller announces.


Musk yells, “It's standing up!” The room roars in wild cheers.


Staring at a computer screen video of the Falcon on the pad, Musk whispers, “Holy smokes, man.” Then he sits down and taps out a tweet: “Welcome home, baby.”


History turns a page.


Some people think that space settlement must be forever impossible because of its cost. This idea is absolute nonsense. There is no law of physics that requires spaceflight to be hopelessly expensive. On the contrary, the energy per unit mass that must be added to an object to send it from the ground to low Earth orbit is about nine kilowatt-hours per kilogram. At a typical American price of $0.08 per kilowatt-hour, this would amount to a cost of $72 to send an eighty-kilogram person with twenty kilograms of luggage to the space station. Of course, as in air travel, sending passengers also requires sending a flight vehicle that might weigh ten times as much. Even so, the energy to send a spacecraft to orbit is about the same as that required to fly a jet from Los Angeles to Sydney and back. Right now, round-trip tickets for such flights can readily be bought for under $2,000. Trips to low Earth orbit for the few private tourists who have been able to afford them have run ten thousand times that figure, with the bill to taxpayers for launching astronauts costing as much as ten times greater still. That's $200 million per passenger.
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Figure 1.1. SpaceX Falcon 9 successfully lands at Cape Canaveral, December 21, 2015. Image courtesy of SpaceX.


Why is the price so high?


One obvious reason why space launch costs so much more than air travel is that aircraft are reusable, while space launch systems are expendable. A Boeing 747 seats four hundred people and costs $400 million. If the plane were expended after every flight, the ticket price for a round-trip would have to be at least $2 million each, or one thousand times the going rate. Of course, an expendable 747 could be manufactured more cheaply than one built to last, but even so, prices would still be wildly prohibitive.


Clearly, if space launch is to be made economical, the vehicles employed will have be reusable. Why aren't they?


There are two reasons for this: technical and institutional. I'll address the technical issues later. But suffice to say at this point that while significant, the engineering issues facing reusable spaceflight are all solvable. We've been flying to orbit for some sixty years now and have poured hundreds of billions of dollars into the field. We should have achieved fully reusable spaceflight decades ago.


Where there's a will, there's a way. Where there isn't a will, there isn't a way. It is not physics or engineering difficulties that bar our way to the cosmic frontier. To quote Shakespeare, the fault is not in our stars but in ourselves. It is we who, through our elected representatives, have created a set of institutional arrangements that have thus far blocked the achievement of that which we most desire.


The central institutional impediment to space progress is the system of cost-plus contracting the government has put into place in the very foolish belief that the price of hardware could best be kept under control by regulating contractors to charge their documented costs plus a modest set profit rate (of perhaps 8–10 percent). In fact, however, this system both forces contractors to increase their costs, by requiring legions of administrative personnel to document their billings, and incentivizes them to do so, since the more such overhead they incur, the more profit they make. This is in sharp contrast to the way business is generally done in the private sector, where customers are rightly interested not in how much it costs the manufacturer to produce an item, but only its quality and the price they need to pay to get it.


In the free enterprise world, manufacturers increase profit by cutting costs. In the cost-plus contractor world, manufacturers increase profit by increasing costs. No farmer or maker of widgets would ever staff up his or her operation with four administrative personnel for every field or factory worker. At major aerospace companies, this is done all the time. As a result, it is the norm for such contractors to have overhead rates exceeding 300 percent. Indeed, at the Martin Marietta company (later Lockheed Martin), where I was employed from the late 1980s through mid-1990s (and which was, along with Boeing, one of the two most successful of the eight major aerospace companies of that era), we at one point had more than thirteen thousand people at our primary facility, with fewer than one thousand working in the factory—leading one wit to scoff, “At Martin Marietta, overhead is our most important product.”




Clearly, such a system is inimical to cost reduction. The government could probably cut its procurement costs in half nearly immediately, and perhaps as much as tenfold eventually, simply by getting rid of this insane system and buying things the way everyone else does. (This is not just a good idea. If the United States ever again gets into a fight with an enemy with comparable military capabilities, we are not going to be able to win with warplanes that cost as much as warships used to.)


It gets worse, as the inflation of the cost of space launch leads to the inflation of the cost of everything else associated with spaceflight. For example, if you are planning a communications satellite business and the cost of your launch to orbit is $100 million, it really doesn't matter much whether the cost of your satellite is $1 million or $20 million, because the difference only adds 20 percent to the capital cost of your operation overall. In fact, it probably drives your satellite cost over $50 million, because if you are paying $100 million just to get the satellite to its operating orbit, it damn well better work. So you are going to be more than willing to pay Cadillac prices for all your satellite's components and spare no expense in testing everything to the max. Moreover, if the satellite costs $50 million, the launch vehicle damn well better work too, so its cost will be sent up further as well, driving the cost spiral even higher. Furthermore, since neither the spacecraft nor the launch vehicle can afford to risk failure, only components that have previously been proven in spaceflight will generally be acceptable for use, a catch-22 that has led to colossal technological stagnation.


But the impact of cost-plus contracting goes far beyond inflating the cost of and impeding the improvement of spaceflight hardware items. It has fatally affected the progress of spaceflight overall.


For example, why should an industry that gets paid a multiple of its costs, whatever they may be, want to radically reduce the cost of space launch by introducing reusability?


The mainstream aerospace industry is not without merit. It rendered the nation magnificent service during World War II and, working at breakneck speed, got us to the moon. But that was in the days before cost-plus contracting and, moreover, was done by an industry management whose best patriotic impulses were being called forth into action by national leadership unmatched in quality, seriousness, and public spirit since that time. Even in the present period, the industry has displayed a professionalism and commitment to engineering excellence that has made NASA's robotic exploration and space astronomy programs—for example—epic successes. But reducing the cost of access to space is absolutely not one of its priorities.


But now, with the advent of entrepreneurial space launch companies led by visionaries who seek to reduce costs to the minimum—both because they are visionaries and because much of the money they are spending is their own—all that is about to change. Instead of running 300 percent overhead rates to inflate cost-plus billings to the government, these companies are ramming them down to the 20–30 percent typical of the commercial world. Instead of seeking business that allows them to bill for building a new rocket for every launch, these companies are developing reusable launch vehicles that will spread their construction costs across hundreds of launches. As a result, the hugely inflated space launch costs we see today are going to be radically deflated. The consequences of this will be world historic.


THE CONSEQUENCES OF CHEAP SPACE LAUNCH


How cheap can spaceflight get? As noted above, the energy to reach orbit is about the same as a round-trip flight from Los Angeles to Sydney: around $2,000 per passenger, or $20 per kilogram, including luggage. Air travel took a while before it could obtain such economies, so as a near-term goal for spaceflight, we'll estimate ten times that cost, or $200/kg to launch to low Earth orbit. To go to someplace interesting beyond low Earth orbit, we'll assume a cost ten times greater still, so $2,000/kg to go to the moon or Mars. As a check on these numbers, we note that it only takes about twenty-five kilograms of propellant to send one kilogram to orbit, and rocket propellant (for example, current kerosene/oxygen bipropellant—methane/oxygen would be cheaper) has a cost on the order of $0.40/kg. So the propellant cost of orbital launch is only about $10/kg—a figure that strongly supports the attainability of a $200/kg orbital delivery price for a reusable launch vehicle, with plenty of room for future improvement. What would this imply?


If the cost of space launch collapses, then the cost of all space hardware will drop, radically, because it will no longer be necessary to engineer all parts to superexacting conditions. Furthermore, the rate of progress of space technology will dramatically accelerate because it will no longer be necessary to confine designs to previously proven hardware. Not only that, there will be many more players doing things in space, including many risk-takers, inventors, and creative spirits of every kind, and so vastly more novel ideas will be tried and tested. The chains will be broken, the age of stagnation will end, and many of the long-deferred dreams of engineers will swiftly appear as reality.


But what will it mean for you, personally?


Well, for starters, it means that you would be able to fly to orbit for about $20,000. This is in the same range as current long-distance first-class airplane flights, taken by business executives and jet-setters insufficiently well-heeled to have their own private jets (which cost a lot more). Moreover, while such a ticket might seem a bit pricey for you and me, if we consider the probability that jobs on orbit are likely to be very high paying—easily north of $200,000 per year—the fare would be worth it, and most likely covered by employers as a small fraction of the compensation package. In short, with prices this low, not just a few ultrarich tourists but plenty of ordinary working stiffs would get to go to space, where, as we shall see in the next chapter, there will be plenty of work for them to do.


But space doesn't stop at low Earth orbit; that's just where it begins. Beyond Earth orbital space lies a vast frontier, and once prices are dropped to the level we are discussing, it will be wide open for human settlement.


Let's take Mars, for example. The Red Planet is a world with a surface area equal to all the continents of the Earth put together, containing all the resources necessary for life and technological civilization. But who will be able to afford to go there? At these transportation prices, anyone with a skill. One only has to look at American colonial history to understand this. Middle-class people, like many of the Pilgrims, paid for their one-way passage to America by liquidating their homes and farms. Common artisans, without such capital, paid their way by offering seven years’ work in the new world. The modern-day equivalent, in either case, is about $300,000, roughly the same as a settler's ticket to Mars at the $2,000-per-kilogram rate.


In short, the day is not far off when the settlement of Mars will be as practical a proposition as the voyages of the Mayflower and the ships that followed her to create a New England in Massachusetts Bay.


Even Mars, however, is not the destination; it is simply the direction. Beyond Mars lies the asteroid belt, containing vast amounts of platinum-group metal resources with values of more than $40,000 per kilogram, making them exploitable at $200/kg launch costs. Their exploitation will make them much cheaper, to be sure, but will cheapen launch and deep space transportation costs as well—and, more to the point, make important new technologies such as fuel cells (whose expense is driven by platinum prices) economical. This will have enormous benefits for life on Earth.


Beyond the asteroids are the outer planets, whose atmospheres contain virtually unlimited resources of helium-3, the fuel for fusion reactors that can give humanity an endless supply of pollution-free energy and the means to take us to the stars.


All this can soon become attainable.


A new force has broken loose. A new tree is growing. We have only to water it, foster it, clear its way upward, and make sure that no one does anything to kill it.


Before the Renaissance, people believed the Earth was not only at the center—or rather bottom—of the universe but surrounded by crystal spheres made of unknowable, unbreakable material, forever barring us and banning us from the heavens.


The spheres are about to be broken.






GETTING TO $200 PER KILOGRAM


For the four decades following the Apollo program, the cost of launch to orbit held steady at about $10,000 per kilogram ($10 million per ton). With the advent of the reusable Falcon 9 and then Falcon Heavy, SpaceX has broken this barrier, crashing prices down to $2,000/kg. But can we reach $200/kg? In table 1.1, I give a general notion how this might be done.


TABLE 1.1. REDUCING LAUNCH COSTS
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In the top line of table 1.1, we show a conventional aerospace industry cost-plus contractor booster, lifting twenty tons to orbit at a cost of about $200 million, or $10,000/kg. In the second line, I show estimates (I am not privy to SpaceX inside information) for the cost structure of the Falcon 9. Note that the first stage costs three times as much as the second stage. That is because it is nine times bigger, and a general rule in aerospace is that cost of hardware increases in proportion to the square root of its size. So the payoff of making the first stage reusable, shown on the third line, is quite large, cutting costs to less than a third of the conventional system. This is where the Falcon 9 is right now. SpaceX could advance this technology by making the Falcon 9 upper stage reusable, but since this stage is small, only a modest additional reduction in launch costs would be achieved by this advance because the other costs, such as payroll for the whole company and rents, dominate.


What to do? One approach is to go to a larger launch vehicle, such as the fully reusable heavy-lift Starship launcher that SpaceX has under development. By simply increasing the payload, a lower cost per kilogram can be achieved. Indeed, the Falcon Heavy, with sixty-ton-to-orbit capacity, already beats the Falcon 9, sporting a $2,000/kg price to orbit today.


But the largest potential gains lie in increasing the flight rate. With around thirty launches per year, a company like SpaceX spending something like $1.2 billion yearly would need to charge at least $40 million per launch to balance its books. But if it could get three hundred launches, only $4 million per launch would be needed.


Currently there are slightly fewer than one hundred satellite launches per year worldwide. So, for a single company to get three hundred launches, the total is going to have to be greatly increased. But this is exactly what lower launch costs could make possible.





THE POWER OF AN IDEA


There are much easier ways to make money than starting a revolutionary space launch company. Consequently, it will not be greed that propels us into space. It will be the power of ideas. Fortunately, the idea of creating a spacefaring future is a very forceful one.


Peter Diamandis is one of the most creative people working in the space community today. A former medical student turned serial entrepreneur, he has racked up a number of successes. One of the first (and least appreciated, because it brought him no money, but perhaps—as we shall see—the most consequential) was the founding of the intercollegiate organization Students for the Exploration and Development of Space (SEDS). Later, working with others, he created the International Space University, a notable institution with a substantial endowment that now has a campus in Strasbourg, France. In the 1990s, he decided to take on the central challenge of opening the space frontier—the creation of reusable space launch systems.


After reading a biography of Charles Lindbergh, Diamandis had been impressed by the fact that Lindbergh had flown the Atlantic—and eight others had been motivated to try—for the possibility of winning a prize. Furthermore, the estimated $400,000 (in 1920s money) collectively spent to win the Orteig Prize was much greater than the $25,000 prize fund itself. Not only that, the intellectual impact resulting from Lindbergh's spectacular achievement had resulted in the rapid expansion of the airline industry shortly thereafter.


Diamandis reasoned: if prizes had worked to unleash aviation, why not try the same approach for space? Inspired, he founded the XPRIZE Foundation, offering a $10 million prize to the first team that could send a reusable spacecraft to one hundred kilometers altitude (i.e., beyond the atmosphere, although not necessarily into orbit) twice within two weeks. This was a bit of a gamble for him, since he did not actually have the $10 million prize to give out. But he was willing to take that chance and ultimately found the funds when Iranian American billionaire Anousheh Ansari agreed to put up the cash. More than twenty teams entered the XPRIZE contest, and ultimately one of them, the Spaceship One group led by aviation genius Burt Rutan and backed financially by Microsoft cofounder Paul Allen, won the prize in 2004.1 The headlines made by the success of Spaceship One (which was a small suborbital rocket plane launched off of a subsonic aircraft carrier vehicle) attracted Virgin Group CEO Sir Richard Branson, who adopted the concept and, with the addition of some truly serious money, has since been moving to commercialize it under the name Virgin Galactic as a system for suborbital space tourism. More recently, the late Paul Allen started his own company, called Stratolaunch, to commercialize a much larger version of the Spaceship One concept for orbital delivery.


There is a lot more that could be said about this episode, but the point I want to make here is this: Ansari did not get, or expect to get, any significant financial return for her $10 million prize fund donation. Allen received the $10 million prize but spent $50 million to win it. Branson is spending hundreds of millions, and while it is possible he might someday see a profit from Virgin Galactic, he certainly knows plenty of better bets for making money. The same can be said for Allen and his Stratolaunch venture. In short, none of these people were moved to do these things by the power of money. They were moved by the power of an idea.


This brings me to Elon Musk.


In 1996, I published my book The Case for Mars, which laid out how we can reach Mars using present-day technology and why it is a societal imperative that we accept the challenge to do so.2 This book was very successful, resulting in a deluge of more than four thousand letters and emails from a wide variety of people and, ultimately, the formation of an organization, known as the Mars Society, devoted to making the human exploration and settlement of the Red Planet a reality.


The Mars Society engages in public outreach, political work, and private projects, the most important of which have been the construction and operation of Mars analog research stations (for learning how to explore Mars on Earth) in both the Canadian Arctic and the American desert. This latter activity requires money. So it was that in the spring of 2001, we held a fundraiser in California's Silicon Valley.


The fundraiser entry fee was $500 per plate, but for some reason, one fellow sent in a check for $5,000. This got my attention. The check was signed by someone named Elon Musk. I had never heard of him. But I did some research and discovered that he was the founder of PayPal, a financial service that I had heard of, since a few irritating individuals kept asking us if they could pay their dues using it instead of credit cards or checks like normal people.


Under the circumstances, I thought it best to put this grievance aside and sought Musk out, meeting him for a very long cup of coffee before the fundraiser and then inviting him to spend a day with me at my company near Denver afterward. This kicked off a very productive interaction. Musk donated $100,000 to the Mars Society, which helped us fund the deployment of our Mars Desert Research Station, and he joined our board of directors for a while. He took a keen interest in the Mars Society's concept for the “Translife” (later “Mars Gravity”) mission to fly a group of mice to orbit in a rotating capsule which would provide them with a long-duration life support system and a 38 percent gravity environment, thereby yielding the first data on how mammals—both those from Earth and those born on Mars—might thrive and develop in Martian gravity.3 I hooked him up with a very sharp engineer I knew named Jim Cantrell to be his technical adviser, and together they went shopping for a low-cost launcher for the mission in Russia, where Cantrell had many contacts.


Some time later, however, Musk confided in me that he really didn't see himself as a team player helping someone else's operation. He had to have his own show—one lion on a hill and all that. Furthermore, he was wrestling with the question of what to do with the rest of his life. He had already made all the money he could ever want. Now he wanted to do something of enduring significance for humanity. He had read The Case for Mars and agreed with its thesis that transforming humanity into a spacefaring species was essential for the human future and the settlement of Mars was the key next step to bring that about. On the other hand, he also thought the creation of cheap solar energy was a critical advance that needed to be accomplished in our time. To which goal should he devote himself: Mars or solar energy?


I argued forcefully for Mars. Solar energy, I said, had obvious commercial potential. There were already billions of dollars flowing into it. Anyone with a credible idea for advancing it either technically or commercially could readily find investors. To that end, the technology would inevitably advance to its limit, and if that limit allowed solar energy to become more economical than fossil fuels, it would replace them, regardless of whether Musk was involved in the game or not. On the other hand, the business case for building a company to send humans to Mars is anything but clear. It would take a person of true vision to make it happen. If he did not devote himself to that goal, we might not make it.


In the end, Musk decided to do both, and he started an electric car company too. Thus was born SpaceX, the most remarkable aerospace company ever. When he began it in 2002, many space veterans shook their heads. Another rich kid who thinks he can open the space frontier in his spare time; we've seen more than a few of them come and go, most thought. Indeed, there had been some zillionaires behind several of the failed start-ups of the 1990s—Rotary Rocket and Beal Aerospace come to mind. But the backers of those companies were dilettantes. They threw a bit of spare change at some visionaries, and when things didn't work out or move fast enough, got bored and moved on.
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Figure 1.2. The author and Elon Musk at the Mars Society convention in Pasadena in 2012. Image courtesy of the Mars Society.


But Musk was different. He didn't just put some money into SpaceX. He devoted his mind, his heart, and his full business talent. When I first met Musk in 2001, he had a good scientific background but didn't know anything about rocketry. When I visited him at his first factory in El Segundo in 2004, it was clear he had taught himself a great deal about rocket engineering—but he was still naive about the difficulty of space launch. When I told him he should expect his first several launches to fail, he brashly challenged my reasoning. But by 2007, he knew everything—including the pain of seeing his first two launches end in failure. He told me then he was good for one more try. However, when the third launch failed too, Musk was tough enough to press on regardless, and in 2008, SpaceX finally reached orbit with the successful flight of its little Falcon 1—the first orbital launch vehicle ever developed by private money.4


In 2010, SpaceX bested this with orbital flights of Falcon 9, a bona fide medium-lift launch vehicle developed in one-third of the time at one-tenth of the cost generally considered normal by the mainstream, government-funded Fortune 500 launch companies.5 But Musk didn't stop there. He developed the Dragon capsule, a vehicle capable of carrying human crews, with similar radically superior thrift and speed and then went on to demonstrate return, controlled landing, and reflight of the first stages on his rockets—a feat the mainstream aerospace industry has never been able to do, or try, at any price. Then, in 2018, he Sputniked the established aerospace industry again by flying the Falcon Heavy, a 75 percent reusable launch vehicle with twice the payload and one-third the launch cost of its closest competitor.


Musk spends SpaceX's money like it's his own—for the simple reason that much of it is. As a result, he does things much more cheaply than government-funded, cost-plus corporate contractors. He also does them more quickly, because in aerospace, cost equals people times time. He also possesses far more drive to innovate—to find new technologies that will make his spaceflight services ever cheaper still.


People sometimes ask me about Musk, since I knew him at the beginning of his quest. What is he like? He is a humanist, to be sure, but he is no Mother Teresa. There is a ruthlessness to his character. He doesn't hesitate to use people. There is also an aspect to his personality that some see as egomania. Indeed, if there is a practical flaw in Musk's personality, I would say that it is his difficulty in sharing credit with others. That is why the public has very little knowledge of the rest of the SpaceX team. This could cost him some of his best talent in the end. It also makes it difficult for him to join forces with others—for example, when, in 2013, billionaire Dennis Tito started his Inspiration Mars effort to launch a two-person Mars flyby mission, Musk gave him the cold shoulder.6 But I don't think his aloofness is due to egomania. Rather, I think that what fundamentally drives Musk is a desire for what the ancient Greeks called kleos—eternal glory for doing great deeds. He enjoys money and finds it useful, but he's most definitely not in it for the money. He doesn't want fame as such—cheap fame of the Paris Hilton variety has no interest for him. No, he wants kleos.


In Shakespeare's Henry V, on the dawn of the day of battle, the king says:


The fewer men, the greater share of honour.


God's will, I pray thee wish not one man more.


By Jove, I am not covetous for gold…


But if be a sin to covet honour


I am the most offending soul alive.


That's Musk to a T. Not an ideal person, perhaps, but of such stuff are heroes made.


Musk wants to open the space frontier. But if the only competition he faced were that offered by the wildly expensive cost-plus aerospace majors, the temptation to just take their business and make off like a bandit by simply pricing his launches at a modest discount against theirs—rather than cheaper by a factor of ten or more—would be very strong indeed. This would be particularly true if Musk were to go public and had to explain his business decisions to dividend-driven investors. Fortunately, he's not going to have that option for long.


Where Musk has gone, others are already following.


The most important of the SpaceX emulators is the Blue Origin company, founded by Amazon CEO Jeff Bezos. Once again, we see the power of the space idea. I had no direct involvement with the chain of events that led to this rather secretive start-up, so I don't know all the details, but it appears that the key formative influence was Princeton professor Gerard K. O'Neill, whose visionary concepts, published in the 1970s, of building orbiting space cities financed by solar power satellites beaming power down to Earth inspired a large following.7 Among these followers was the young Bezos, who included many O'Neillian ideas in his high school graduation address and then went to Princeton, where he studied with O'Neill directly. While at Princeton, Bezos was also recruited into Peter Diamandis's SEDS organization, which further expanded and deepened his contacts in the space movement, who no doubt contributed further to bringing him into the fold. In any case, hats off to all who helped deliver the message, because Bezos is reportedly the richest man in the world, and as forces on behalf of the spacefaring future go, they don't come much bigger.


Blue Origin's goal is also reusable space launch, and it has demonstrated significant steps toward achieving that goal by repeatedly performing controlled landing of the booster stage of its suborbital (reaching one hundred kilometers in altitude) New Shepard launch vehicle. Until late 2016, Blue Origin's public profile was that of a company planning to offer suborbital five-minute zero-gravity rides to space tourists, which would not have made it a serious competitor to SpaceX or the aerospace majors. But in September 2016, Blue Origin announced its plan to create the New Glenn, a reusable two-stage Earth-to-orbit booster. Bezos says he is prepared to put $1 billion per year of his own money into Blue Origin to make this system a reality, so it must be taken very seriously.8


SpaceX's Falcon Heavy employs a triplet of the same kerosene/oxygen first stages that power its veteran Falcon 9 medium lifter. In contrast, New Glenn is a totally new system that will use a single large-core methane/oxygen booster for takeoff. But while the designs of the two systems are completely different, their fifty- to sixty-ton-to-orbit delivery capacities (about twice that of the much more expensive Atlas and Delta systems offered by the Lockheed Martin–Boeing United Launch Alliance) are close to identical, making them direct competitors. So the new space race is on.


They won't be its only participants. Around the world, people are watching these developments and planning their own entries. Perhaps nowhere is the desire to emulate Musk's accomplishments felt more fiercely than in Russia, a country with a very proud spaceflight tradition of its own. The old Soviet space industry still exists, for the most part, and by sticking to designs that have worked since the 1960s, it can punch out launches at somewhat lower costs—if significantly lower reliability—than the American aerospace majors. But Russia has nothing like SpaceX—yet. I am aware of groups over there who would like to start such an enterprise. It's possible they could pull it off. The country certainly has the aerospace talent, and there are large pools of capital—some of which are held by people who share the vision of human expansion into space—potentially available to support such a venture. The only thing standing in their way is the kleptocratic governing style of the rulers of the Kremlin, which introduces uncertainties into any investment: why make what others might just take? But, as we shall discuss in the next chapter, Putin and company must know that if they are to maintain anything like military parity with the West, they are going to need comparable space launch capabilities. Like it or not, they may have to reform.9
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Figure 1.3. Space launch systems. The key reusable commercial competitors for the near term are the SpaceX Falcons and the Blue Origin New Glenn series. The United Launch Alliance's veteran Atlas and Delta series are being priced out of the market, a trend ULA hopes to correct with its new Vulcan booster. The Russians and French are going to have to come up with something better than their expendable Soyuz, Proton, and Ariane rockets soon if they want to remain competitive. The NASA SLS offers almost twice the lift capability of the Falcon Heavy or New Glenn, but its costs are an order of magnitude greater. The Saturn V moon rocket could lift even more (140 tons to orbit) but went out of production almost half a century ago. At the small end, there is a new generation of entrepreneurial microsatellite launchers, typified by the Vector-R and the Electron-sized Vector-H. Image courtesy of Kim Jennett, Vector Launch.




Modernity doesn't just offer a carrot; it also holds a stick. The need to compete with other nations forced literacy on Russia. Who knows, it might yet force liberty as well.


But an entrepreneurial space race need not be limited to entrants from countries that already boast major government space establishments. People can enter from anywhere—and they will—provided that their countries offer decent conditions, educations, skills, and property protections and a fair amount of liberty under law.


To paraphrase John F. Kennedy's words from the dawn of the space age: a new ocean has opened, and free people will sail it.


FOCUS SECTION: RISE OF THE MICROLAUNCHERS


The entrepreneurial space revolution has not just opened up the new frontier to billionaires. It has made it possible for inventive people of ordinary means from all over the world to obtain investment to start their own space launch companies. Dozens of such ventures have been launched, with many securing substantial funding. Three of the most promising are Vector Launch, Firefly, and Rocket Lab.


Vector Launch was founded by Jim Cantrell, the crack engineer I hooked up with Elon Musk to help him launch SpaceX. After getting that venture underway, Cantrell and his friend Jim Garvey split off to start their own outfit, focusing on the microsatellite market, which is becoming increasingly important as advances in electronics make possible tiny spacecraft with capabilities equaling those of multiton satellites of a generation ago. Accordingly, the company's first vehicle, the Vector-R, is being designed to deliver a payload of just sixty kilograms to orbit (compared to twenty-two thousand kilograms for a Falcon 9). Among Vector-R's innovative features is the designers’ decision to use LOX/propylene propellant. This is a combination that my team at Pioneer Astronautics, backed by NASA funding, first put to the test using small-scale rocket engines in 2003. We found it to be highly attractive, as it delivered a significantly higher exhaust velocity than the time-honored LOX/kerosene rockets used by SpaceX and Lockheed Martin (3.7 kilometers per second, compared to 3.4), and was easier to start and restart as well. Our test engines had a thrust of one hundred pounds. Vector Launch has developed practical units delivering six thousand pounds of thrust; designed a complete two-stage launch vehicle to employ these; built a launch site in Kodiak, Alaska; and made progress on numerous other fronts. As a result, in late 2018, the company received $70 million in investment. First launch is expected in 2020.


Firefly was founded by Tom Markusic, a veteran of NASA, Virgin Galactic, Blue Origin, and SpaceX. Designed to deliver one thousand kilograms to orbit, Firefly Alpha is a two-stage booster combining traditional LOX/kerosene propulsion with innovative carbon structure technology. In 2016, Firefly came close to bankruptcy but was rescued by Ukrainian American investor Max Polyakov, who then split its operations between the United States and Dnipro, Ukraine, where a great deal of aerospace talent is available at bargain prices. As a result, Ukraine may well beat Russia into the entrepreneurial space race.


New Zealand–based Rocket Lab has done best of all the microlauncher start-ups. Employing revolutionary carbon structural technology; advanced 3-D printed, electrically pumped rocket LOX/kerosene engines; and a host of other inventions, the company's Electron launch vehicle reached space on its first test flight in May 2017 and succeeded in delivering satellites to orbit in its second test flight in January 2018.


As a result, orders are now pouring in.


(See plate 4.)
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Reusable rockets fielded by competitive entrepreneurial companies are necessary to bring the cost of space launch down to levels that can truly open the cosmos to humanity. But they are not enough. One factor is missing: the launch rate must be radically increased.


To understand why this is so, let us consider the situation facing SpaceX, the leanest, meanest, smartest, and by far most cost-effective space launch company around. SpaceX currently has around six thousand employees. At an estimated average yearly cost per employee, including wages, benefits, and taxes of $100,000 each, that comes to a payroll bill of $600 million per year. If we assume all other company costs, including materials, rents, taxes, insurance, legal fees, and others, are at least that much again, the total gross annual bill for running the company must exceed $1.2 billion.


Now, during 2018, SpaceX performed twenty-one launches. This was an incredible feat because not only were they successful every time, but the number of launches constituted 20 percent of the entire world launch market—truly an extraordinary result for a single, relatively small company. But even so, if we take the $1.2 billion low estimate bill to run the company, divide it by twenty-one launches, and assume (rather naively) that all Elon Musk wants to do is break even, we find that SpaceX would need to charge at least $60 million per launch to stay afloat. In fact, they charge about $80 million—or about $4,000 per kilogram for a twenty-ton payload. This is less than half the price anyone else is offering, but it's no revolution in launch costs.


It's a matter of simple math. Even with full reusability, if we want to get the cost per launch down by a factor of a hundred, we are going to need a market for at least a hundred times as many launches. Can such a potential market be created?


I believe it can. It won't be led by satellite launch—that market (about one hundred launches per year globally at last count) is far too small, even if we take into account its potential tripling as a result of the massive satellite constellations that Musk and others are now planning. But there is a much larger space launch market waiting to be opened, and that is long-distance rapid passenger travel around the Earth.


A fully reusable orbital class launch system could be used to deliver passengers point to point from anywhere on the surface of the Earth to anywhere else in less than an hour. As someone who has done my share of twelve-hour-plus global air flights, I can testify that the ability to cut short their monotony could be worth a lot. With my middle-class means, I just suck it up and fly economy. But others pay up to $20,000 per ticket to make such trips less unpleasant.


So consider one such route: Los Angeles to Sydney. Currently it is serviced by many flights per day of large jets, each taking eighteen hours. If a rocket plane service provided just one flight per day each way, that single route alone would increase the world launch market by 730 flights, multiplying it eightfold. But what about Seattle to Sydney, New York to Sydney, Atlanta to Sydney, London to Sydney, London to Johannesburg, London to Rio, New York to Rio, New York to Abu Dhabi, St. Petersburg to Rio, Tokyo to Santiago, New York to Tokyo, Atlanta to Shanghai, Los Angeles to Bombay, and so on, and so on? There are dozens of worthwhile routes, collectively providing a market for tens of thousands of flights per year.


But is the technology near at hand to make such transportation systems possible? It wasn't before, but it is now. The key to global transport using rocket propulsion is a two-stage, fully reusable system in which the first stage returns to the launch site and the second makes the long-distance trip, to be sent home with the help of a first stage based at the destination. This is precisely the sort of system that is now emerging from the two-stage reusable booster development programs of SpaceX and Blue Origin.


The reason a two-stage system is necessary is a result of the basic equations of rocketry. To obtain global reach, a rocket must reach orbital velocity, which in the case of the Earth is eight kilometers per second. However, a rocket experiences velocity loss during ascent due to aerodynamic drag and gravity, and so the real velocity increment (or “delta-V,” abbreviated ∆V) that needs to be delivered by its propulsion system is closer to 9.5 km/s. This is more than twice the exhaust velocity of any practical propellant combination, which means that the amount of propellant needed will greatly outweigh the payload. (See box.)


As the amount of propellant increases, however, the vehicle needs ever-bigger tanks and engines, which eat up ever-larger fractions of the dry mass until there is nothing left for payload. In consequence, it is impossible for a single-stage rocket system to obtain the 9.5 km/s ∆V orbital velocity necessary for global reach, because its payload falls to less than zero. It could go some distance with a small but nevertheless positive payload, but when all is said and done, the potential performance is insufficient. This is shown in figure 2.1, which compares the payload and range of a single-stage rocket with that of a two-stage system of the SpaceX/Blue Origin type, where the stay-near-home first stage does the first 4 km/s of ∆V, while the passenger-carrying upper-stage vehicle does the rest. In figure 2.1, the rocket planes are all assumed to have a ground liftoff mass of 2,500 tons, roughly the takeoff mass of the Saturn V, space shuttle, or SpaceX's Starship booster system design, and employ methane/oxygen rockets for propulsion.1 (Methane/oxygen is the best propellant combination for rocket planes because it offers high performance, ease of handling, worldwide availability, and very low cost.) Their payload, in tons, is shown on the vertical axis as a function of range, in kilometers, which is displayed on the horizontal axis.


It can be seen that the payload of a single-stage rocket plane falls to zero at a range of eight thousand kilometer, or five thousand miles, while the two-stage system can deliver a one-hundred-ton payload passenger cabin over global distances. Figure 2.1 shows performance data for both ballistic flight vehicles and winged craft with lift/drag ratios of 2 (the space shuttle had a hypersonic L/D of 1, NASA's Orbital Sciences X-34 of 2.5). Such lifting configurations allow gliding after reentry, but they add dry mass to the system, so the net range extension they provide is limited. Higher L/D winged configurations are possible that could enable somewhat greater reach for each option, but the basic story remains the same.
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Figure 2.1. Comparison of the payload of two-stage and one-stage reusable rocket planes as a function of range. Payload (y axis) is in tons, range (x axis) is in kilometers.


So what would this two-stage global reach rocket plane be like? Takeoff would certainly be noisy, as would landing for nonwinged options, so the pads for such systems would probably have to be platforms located some tens of kilometers offshore, or else far out in open country or desert. This suggests a brief boat, seaplane, or helicopter ride would also be part of the trip. Also, an aspect of the experience of a transglobal flight would be about forty minutes of zero gravity and the same view of space that astronauts get. This would be a big plus for sales. In fact, companies like Virgin Galactic are currently offering four minutes of zero-gravity experience for $200,000, without transporting anyone anywhere, and getting a fair number of takers.2


By my math, each flight of a one-hundred-ton passenger cabin rocket plane would consume about 2,100 tons of methane/oxygen propellant. At a cost of $120 per ton, this would entail a fuel bill of about $250,000 per trip. At 140 tons, including cabin, tanks, and engines, the long-distance flight vehicle would have a dry mass comparable to a Boeing 767, which carries about two hundred passengers. If each passenger paid the $20,000 price of current global-distance first-class tickets (getting, in addition to fast global transportation, ten times the Virgin Galactic zero-gravity fun for one-tenth the price), a gross revenue of $4 million per flight could be obtained. That leaves plenty of room for other operating costs besides propellant, even allowing for some tickets to go for less than the premium price. (At $5,000, I'm in, for at least one flight, because I want to experience zero gravity and the brilliant starry sky of space at least once before I die. Book me for New Zealand.)




TECHNICAL NOTE: FUNDAMENTALS OF ROCKETRY


Let's say you weigh fifty kilograms and are standing on roller skates. If you throw a five-kilogram brick in one direction with a velocity of 10 meters per second, that action will send you scooting the other way with a velocity of 1 m/s. This illustrates the basic principle known to physics as conservation of momentum. Split an object into two parts and send them flying in opposite directions: the momentum—or mass times velocity—of each will be the same.


Rockets work on this same principle. The more momentum a rocket vehicle can shoot out one way in the form of fast-moving propellant gases, the more it can increase its own velocity the other way. In the example above, the skater weighs more than the brick and so moves away slower. A rocket might work that way too, using a small amount of propellant to effect a tiny velocity change. If speed is called for, however, a rocket can be made to move faster than its propellant exhaust velocity by piling on the gas. But while the final kilogram of propellant used by a rocket only has to push the rocket, the next to last has to push both the rocket and the final kilogram, and the third to last must push all the above, and so forth. As a result, the amount of propellant a rocket needs to use increases exponentially with the ultimate speed desired. This leads to the famous rocket equation, which says that for any rocket with exhaust velocity C, the “mass ratio,” the ratio of its total mass (i.e., its dry mass plus propellant) to its dry mass alone increases exponentially with the factor (∆V/C). Put mathematically:




[image: images]


The meaning of this equation is shown in figure 2.2, below, where we see how the mass ratio of the vehicle and the payload it can deliver changes as the key factor ∆V/C, displayed on the horizontal axis, changes.
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Figure 2.2. Change of mass ratio and payload of a rocket as a function of ∆V/C.


In figure 2.2, it is assumed that the vehicle has a dry mass of ten tons, including payload, tanks, and engines. If ∆V/C is zero, no tanks or engines are needed, so the ten tons of dry mass is all payload. But as ∆V/C increases, the mass ratio goes up, and more and more propellant is required. So now the vehicle needs tanks and engines, and these might typically weigh 10 percent of the propellant, which is what I assume in figure 2.2. But the vehicle only has ten tons of dry mass, so as the tanks and engines get bigger, the payload must get smaller, falling drastically when ∆V/C is greater than 2.0, until mission capability drops to zero when ∆V/C reaches 2.4.


Methane/oxygen rocket propellant has an exhaust velocity of 3.7 km/s, so for an orbital mission where ∆V is 9.5 km/s, ∆V/C is 2.6, making a single-stage-to-orbit vehicle infeasible. Hydrogen/oxygen can obtain an exhaust velocity of 4.4 km/s, so ∆V/C using it would only equal 2.16. But that propellant is not only much more expensive but bulkier, which increases the mass of the tanks, so at the end of the day, a vehicle employing H2/O2 would do no better.


(Note: Astronautical engineers frequently report the exhaust velocity of rockets not in units of km/s but in seconds of “specific impulse,” or “Isp.” Conceptually, the specific impulse of a rocket is the number of seconds it can deliver a pound of thrust using a pound of propellant. That said, you can translate Isp, given in seconds, directly to exhaust velocity, given in meters per second, simply by multiplying the Isp by 9.8. So, for example, a typical methane/oxygen rocket engine with an Isp of 378 seconds would have an exhaust velocity of 3,704 m/s or 3.7 km/s.)


If we use two stages, however, the required ∆V can be split between them, with the ∆V/C required of each being less than an easy-to-do 1.4.


This is why the two-stage reusable vehicles being developed by SpaceX and Blue Origin are the right designs for both orbital delivery and fast intercontinental travel.


More broadly, if you want any rocket vehicle to achieve a ∆V more than twice its exhaust velocity, you need to use more than one stage.





SPACE TOURISM


Since the 1990s, a number of promoters have pointed to space tourism as a clever business path to opening the final frontier. In the era of ultra-high-priced spaceflight, such concepts were impractical, with the only achievements being several flights delivering a few billionaires to either the Russian Mir or the International Space Station at prices of around $20 million each.3 However, in the relatively near future this picture could change radically, as the same intercontinental rocket plane technology enabling fast global travel could also be used to send passengers to orbit at much more affordable rates.


Why would anyone want to take a vacation on orbit? Well, for those who have had too much of the Aegean islands, Aspen, and Tahiti, a stay in a space hotel could offer something truly different. Still not convinced? How about the attractions of zero gravity, which, it has been argued, will be of special interest to honeymooners and other fun-loving couples? (There is a hilarious folk song popular in the science fiction community in which exactly the opposite proves to be the case.) This experience could well be expected to be enhanced, at least for some people, if the bedroom suite module includes a huge transparent window facing downward to give the couple a spectacular view of the blue rotating Earth (and vice versa). For those with other tastes, the module window could face out toward the endless sea of space with its myriad of unblurred stars glistening like a million jewels on black velvet. In between bouts in the bedroom, the couple could enjoy unique zero-gravity sports such as tennis, racquetball, basketball, soccer, gymnastics, or martial arts carried out in a large module suitably designed to accommodate numbers of people rapidly bouncing off the walls. For a modest extra charge, guests could take classes in extravehicular activities and become certified to wear space suits and go EVA. An astronaut certification suitable for framing would also be provided. Those with a more sedentary bent could while away the hours before bedtime engaged in astronomy or Earth studies in the hotel's observatory. To increase the variety offered by the hotel's primary attraction, a matchmaking service could also be provided. This would be especially valuable since in addition to being fun-loving and adventurous, most of the people you would meet at the hotel would undoubtedly be rich.


It's easy to see how such a business could evolve once there are orbital rocket planes engaged in fast global transportation. For example, instead of flying from New York to Sydney and landing, the rocket plane could remain in space for several orbits, turning a one-hour trip into an all-day trip, before landing back at the Big Apple. A logical evolution of such excursions might be to extend the day trips to overnights and eventually to weeklong cruises. But the cruise ship model only goes so far, because a rocket plane that could do a surface-to-surface flight every day with two hundred passengers would have to increase its rates quite a bit to maintain income when switching to weekly cruises, each necessarily accommodating fewer people.




A better plan, therefore, if multiday trips are contemplated, would be to create space hotels that remain on orbit with all the accommodations appropriate for a fun vacation and only use the rocket planes to ferry customers up and take them home.


Such hotels are already in the works. Robert Bigelow, the billionaire owner of Budget Hotels of America, has founded a company called Bigelow Aerospace to build them and has already tested habitation module technology in space.4 When Bigelow founded his company some twenty years ago, he was way ahead of his time. But now it would appear that time may soon catch up with him.


DOING RESEARCH ON ORBIT


Orbital research labs that take advantage of the unique zero-gravity and high-vacuum environments available in low Earth orbit could also be producing a profit in the relatively near future. The product of such labs is knowledge, which is massless. Thus, precious little raw material is required, at least in principle, to produce marketable products of enormous cash value. This is so forcefully the case that even the vastly overpriced space shuttle managed to produce what might be considered a kind of profit during two ten-day missions in which zero-gravity experiments helped researchers determine the structure of certain animal viruses, thereby enabling the development of veterinary vaccines worth several billions to the economy. As part of the shuttle program, a successful company called SpaceHab created and rented out the use of its lab module, which flew periodically on the shuttle. Because of the high costs and difficulty of dealing with the opaque NASA bureaucracy, commercial enterprise never signed up for this service in a big way, leaving NASA as the primary customer. The same proved true of the research facilities offered by the International Space Station. However, a dedicated orbiting research lab with a long-duration professional staff could offer much more than simply lab space. With a lower-cost launch vehicle to support the operation, prices could conceivably drop to the point where investment in such research would be competitive with the return offered by terrestrial research facilities.




On orbit, the distorting influence of gravity is nearly absent, which creates conditions enabling the production and determination of the structure of various types of crystals and other compounds. In addition, low Earth orbit provides access to very high-quality vacuum conditions that cannot be economically produced in earthbound labs. The knowledge that flows from investigations conducted in these environments can enable the development of a range of products, from disease cures to “brains” for new supercomputers so advanced that their proponents claim they would revolutionize life on Earth. Potential microgravity or high-vacuum research products with astronomical value exist in the form of vaccines, synthetic collagen (which could be used to construct corneas), targetable pharmaceuticals, structured proteins, crystal materials (for computer chips and quantum devices), ultrapure epitaxial film production, unique polymers and alloys, and electrophoresis applications. These products could lead to breakthrough applications in such high-growth areas as semiconductors, computers, instruments, biotechnology, and drug manufacturing, areas that today represent a business base of more than $240 billion per year.


Some have advanced the notion that zero-gravity research could better be done on unmanned satellites. No doubt such facilities will also be launched. But having run a research lab myself, I believe that such claims are mistaken. Yes, isolated well-planned experiments can be flown on automated spacecraft and useful data returned. But to effectively perform an investigative research program into unknown intellectual territory requires real live human experimenters with constant access to their apparatus. An automated experiment can record data that are expected; only a human investigator can respond to surprises—and most big discoveries come as surprises.


The right surprise could be worth billions.


ORBITAL INDUSTRIES


Producing patents is the best way for an orbiting lab to make money. The discovery of knowledge in space that enables industrial processes to be realized on Earth is clearly the highest payoff path for such space-based facilities. But what if that is not possible? What if the lab discovers a process that can only be replicated in the zero-gravity environment of space? Could profitable mass-production operations actually be initiated on orbit?


The answer to this question depends upon a variety of factors, chief among them the cost of space launch, which today stands at roughly $5,000 per kilogram to low Earth orbit. At such rates, creating orbital industries is out of the question. But at the $200/kg rate that now appears to be achievable, matters change radically. In order for space-based manufacturing to be profitable, the value of the goods produced per unit weight must exceed this figure. In fact, it must exceed it by a good deal, because in addition to transporting the raw materials up and the product back down, the launch system will also have to transport the orbital factory; its spares, consumables, and power system; the workforce and their consumables; and the propellants and other consumables necessary to keep the factory spacecraft functioning and stable in its proper orbit. In addition, the orbital factory business will have to support the salaries and fringe costs of the company's earthbound and spacebound staffs; its offices, advertising, insurance, taxes, interest payments, and other overhead; and the standard retail markup, and, given the high level of risk in such a business, will have to pay large dividends to investors. So if the launch cost is $200/kg, the orbital factory's product will have to boast a retail sales price of at least $2,000/kg for there to be a net payoff sufficient to motivate investment. Roughly speaking, this is about one-twentieth the price of gold or three times the price of silver ($2,000/kg works out to $57/ounce). In addition, the product produced would have to be so superior to terrestrial alternatives that it would sell well despite the fact that it might cost more. Taken together, these factors would tend to rule out almost all alloy or other materials production operations, but the production of advanced computer chips, unique pharmaceuticals, or lossless fiber-optic cables (which a company called Made in Space has demonstrated can indeed be produced under zero-gravity conditions) could certainly qualify.


Finally, the sales volume of the product must be sufficiently high. If the basic costs of running the orbital lab are $40 million per year (a number that would allow shipping about one hundred tons per year of various supplies, assuming half the budget was so dedicated), the operation will still fail if only twenty tons of its $2,000/kg wholesale-priced product can be sold. To allow for all the business's costs, at least $80 million in gross revenue would be needed, or forty tons of product. Let's say that the end use for the product was a drug or computer chip selling retail for $200 for a hundred-gram unit. In that case, four hundred thousand units would have to be sold per year. Given a sufficiently desirable and unique product, sales numbers such as these are entirely feasible.


SPACE BUSINESS PARKS


The idea of the space business park is not to define the business but to create the infrastructure to support any need. If you build it, they will come—or so the theory goes. In other words, you build a large spacecraft with a truss, a power array, attitude control systems, and some pressurized modules, and then you announce that you have space on orbit for rent. Perhaps your first customer might be an orbital research outfit. That would be logical; as we have seen, of all the orbital businesses we have discussed so far, research has the best chance of producing a big profit under near-term technological assumptions. In the course of its investigations, the research company may discover a unique product that, contrary to their initial hopes, can only be produced on orbit. In so doing, they are forced to rent additional modules from you for factory space. If necessary, you expand your space business park with additional pressurized modules to meet this demand. The operation of the orbital factory might create sufficient demand to drop the cost of providing orbital accommodations, thereby improving the economics of space tourism. At that point, the space hotel entrepreneur will find the needed funding, and you add on the deluxe bedroom modules with the reflecting mirror walls.



OEBPS/Images/toc.jpg





OEBPS/Images/ack.jpg





OEBPS/Images/inr.jpg





OEBPS/Images/eq1.jpg





OEBPS/Images/42.jpg
—— Ballistic 2 stage

—=— Ballistic 1 stage

——Winged 2 stage

\\ \\\ - Winged 1 stage

5000 10000 15000 20000 25000






OEBPS/Images/21.jpg





OEBPS/Images/44.jpg
Rocket Payload vs DV/C

05 1

—e— Mass Ratio

15

—e—Tanks and Engines

—e—Payload





OEBPS/Images/ded.jpg





OEBPS/Images/t1.jpg
Falcon 9
Reusable 10X
Flights

Starship 10X
Flights





OEBPS/Images/part1.jpg
Part |

HOW WE CaN





OEBPS/Images/tit.jpg
THE CASE FOR

HOW THE REVOLUTION IN SPACEFLIGHT OPENS
UP A FUTURE OF LIMITLESS POSSIBILITY

ROBERT ZUBRIN






OEBPS/Text/nav.xhtml








		Cover 



		Title Page



		Copyright Page



		Dedication Page



		CONTENTS 



		Acknowledgments



		Introduction



		PART I. HOW WE CAN



		Chapter 1. Breaking the Bonds of Earth



		Chapter 2. Free Space



		Chapter 3. How to Build a Lunar Base



		Chapter 4. Mars: Our New World



		Chapter 5. Asteroids for Fun and Profit



		Chapter 6. The Outer Worlds



		Chapter 7. Reaching for the Stars: Worlds without Limits



		Chapter 8. Terraforming: Bringing New Worlds to Life









		PART II. WHY WE MUST



		Chapter 9. For the Knowledge



		Chapter 10. For the Challenge



		Chapter 11. For Our Survival



		Chapter 12. For Our Freedom



		Chapter 13. For the Future



		Chapter 14. What Needs to Be Done









		Photo Insert



		Appendix



		Glossary



		Notes



		Index













		i



		ii



		1



		2



		3



		4



		5



		6



		7



		8



		9



		10



		11



		12



		13



		14



		15



		16



		17



		18



		19



		20



		21



		22



		23



		24



		25



		26



		27



		28



		29



		30



		31



		32



		33



		34



		35



		36



		37



		38



		39



		40



		41



		42



		43



		44



		45



		46



		47



		48



		49



		50



		51



		52



		53



		54



		55



		56



		57



		58



		59



		60



		61



		62



		63



		64



		65



		66



		67



		68



		69



		70



		71



		72



		73



		74



		75



		76



		77



		78



		79



		80



		81



		82



		83



		84



		85



		86



		87



		88



		89



		90



		91



		92



		93



		94



		95



		96



		97



		98



		99



		100



		101



		102



		103



		104



		105



		106



		107



		108



		109



		110



		111



		112



		113



		114



		115



		116



		117



		118



		119



		120



		121



		122



		123



		124



		125



		126



		127



		128



		129



		130



		131



		132



		133



		134



		135



		136



		137



		138



		139



		140



		141



		142



		143



		144



		145



		146



		147



		148



		149



		150



		151



		152



		153



		154



		155



		156



		157



		158



		159



		160



		161



		162



		163



		164



		165



		166



		167



		168



		169



		170



		171



		172



		173



		174



		175



		176



		177



		178



		179



		180



		181



		182



		183



		184



		185



		186



		187



		188



		189



		190



		191



		192



		193



		194



		195



		196



		197



		198



		199



		200



		201



		202



		203



		204



		205



		206



		207



		208



		209



		210



		211



		212



		213



		214



		215



		216



		217



		218



		219



		220



		221



		222



		223



		224



		225



		226



		227



		228



		229



		230



		231



		232



		233



		234



		235



		236



		237



		238



		239



		240



		241



		242



		243



		244



		245



		246



		247



		248



		249



		250



		251



		252



		253



		254



		255



		256



		257



		258



		259



		260



		261



		262



		263



		264



		265



		266



		267



		268



		269



		270



		271



		272



		273



		274



		275



		276



		277



		278



		279



		280



		281



		282



		283



		284



		285



		286



		287



		288



		289



		290



		291



		292



		293



		294



		295



		296



		297



		298



		299



		300



		301



		302



		303



		304



		305



		306



		307



		308



		309



		310



		311



		312



		313



		314



		315



		316



		317



		318



		319



		320



		321



		322



		323



		324



		325



		326



		327



		328



		329



		330



		331



		332



		333



		334



		335



		336



		337



		338



		339



		340



		341



		342



		343



		344



		345



		346



		347



		348



		349



		350



		351



		352



		353



		354



		355



		356



		357



		358



		359



		360



		361



		362



		363



		364



		365



		366



		367



		368



		369



		370



		371



		372



		373



		374



		375



		376



		377



		378



		379



		380



		381



		382



		383



		384



		385



		386



		387



		388



		389



		390



		391



		392



		393



		394



		395



		396



		397



		398













		Cover



		Begin Reading



		Copyright Page



		Dedication Page



		Contents



		Acknowledgments



		Introduction



		Appendix



		Glossary



		Notes



		Index













OEBPS/Images/36.jpg





OEBPS/Images/cover.jpg
Hl];BEHT ZUBRIN

THE CASE FOR

SPACE

; .. HOW THE REVOLUTION IN SPACEFLIGHT OPENS

. UP R FUTURE OF LIMITLESS POSSIBILITY






OEBPS/Images/32.jpg





OEBPS/Images/ch01.jpg
Chapter |

BREAKING THE BONDS OF ERRTH






OEBPS/Images/ch02.jpg
Chaprter 2

FREF SPACE






