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Solar Power Satellites: Panacea or Pie in the Sky?


[Slide 1]Thanks to an outrageous disaster-porn movie released in 2009 every movie-goer knows that the great cycle of the ancient Mayan calendar cycle will end on 21st December 2012. The Maya, however, did not believe that date would mark the end of the world. Their calendar was cyclical, and the cycle of day and night compounded to the greater cycle that marked the annual progress of the Sun across the heavens. The rise and fall of dynasties reflected even greater cycles. The end of the great cycle during 2012 would signify the completion of a distinct epoch in the mighty arc of human history. Its passing would introduce a time of renewal and rebirth or perhaps still birth and decay. 

 
The current cycle began on 6th September 3114 BC as mankind's first cities were emerging from the delta lands of the Tigris and Euphrates in what is today southern Iraq. Little more than villages, those tight clusters of buildings were unprecedented. The citizens of Sumer could readily exchange the results of their labour and a city was easy to defend from theft and attack. For the first time human beings had the security and opportunity to develop specialized trades and organizational skills. Unlike the settlements and isolated farms that preceded them, however, those cities were not self sufficient, but had to draw their food, fuel, building materials and other necessities from the surrounding hinterland. 


Five thousand years later, more than half the human race calls a city home. Cities span the globe and their lights bejewel the night side of the planet. [Slide 2] Like the cities of ancient Sumer the modern city is not self sustaining, and thanks to our modern trade routes its hinterland is global. The city has become a machine for sustaining human life and, like any machine; a city needs energy to function. Modern civilization’s appetite for energy is truly impressive. [Slide 3] The energy company BP's global statistical survey of 2008 calculated that during 2007 the primary energy demand of the world was the equivalent of burning 11 Billion tonnes of oil, or 206 million barrels of oil a day. This estimate did not include the burning of dung, wood and other waste that would add perhaps 10 million barrels of oil equivalent a day. Electrical energy generated by wind and direct solar conversion was not sufficient to appear on this presentation. Burning the carboniferous fossil fuels oil, coal and natural gas satisfied 89% of the world’s energy demand. In particular the demand for coal, which has the highest carbon content, has been rising steadily during the past decade. Nuclear and large hydroelectric power stations generated almost all of the remaining 11%. 
Ever since Man first harnessed fire he has simply dumped the carbon dioxide he created when he burnt carbon into the atmosphere. Carbon dioxide is a dynamic minor natural component of the atmosphere. Natural processes, such as the photosynthesis that plants use to make sugars, draw carbon dioxide out of the atmosphere and some of that carbon is eventually retained within the ground or in the oceans. Decay and geologic forces in due course of time will return that carbon to the atmosphere so that over geologic periods of time the planet’s natural carbon cycle is in balance. 

Since the beginning of the industrial revolution, our furnaces and combustion engines have feasted on fossil fuel and spewed a torrent of carbon dioxide into the air. In two centuries humans have released and sent skywards what took ancient plants millions of years to absorb and imprison. Our emissions eventually overwhelmed the global ecosystem’s ability to digest them sometime during the 20th century. Consequently the proportion of carbon dioxide in the atmosphere has been increasing dramatically for more than half a century. [Slide 4]
At the same time global temperatures have been rising significantly. [Slide 5] As the atmosphere warms local growing seasons change, droughts can become more severe and storms more intense. The temperature of the atmosphere is coupled to the temperature of the oceans, and that is also rising. Water expands when it is heated, and even a small rise in oceanic temperatures can cause the global sea level to rise significantly. The sea level is currently rising at the rate of 1.8 mm per year and half that rise is simply because the oceans are heating up. The other half is caused by the melting of land based ice caps. The effect of rising sea levels and more intense storms on coastal cities could be severe. 

Carbon dioxide is a greenhouse gas that retains solar heat re-radiated from warm ground. If there were no natural carbon dioxide to warm the atmosphere, this planet would be an iceball. It is a logical conclusion that is backed by the most thorough scientific peer review of the experimental evidence and interpretation ever conducted that burning fossil fuels is driving global warming. Many scientific studies project that as the carbon dioxide content of the atmosphere increases the global temperature will rise dramatically. [Slide 6] The dynamics of the atmosphere are extremely complex and accurate predictions are not possible but those studies agree that temperatures will rise significantly during the coming century and severe consequences are possible. 

True, the global climate is not naturally stable. The climate has changed throughout geological time and sometimes major changes have occurred during the course of a century or less, with catastrophic effects on the global ecosystem. Carbon dioxide is the fluid in the Earth’s thermostat. It is surely unwise for us as a species to be playing mindlessly with an unstable system of which we have a very limited understanding and on which we depend for our well being.

Nevertheless the world's appetite for fossil fuels continues to increase. The International Energy Agency projects that oil demand will rise from about 85 million barrels a day today to 125 million barrels by 2030. [Slide 7] There will be similar increases in the demand for coal and natural gas as the emerging economies of the BSIC group of countries (Brazil, South Africa, India and China) follow the economic road of market capitalism pioneered by Britain, then Western Europe and the United States during the 19th century. 

Seen from space the Earth is a sphere and is clearly limited. Its resources are not infinite, and the reserves of oil that were the easiest to find and exploit have been largely consumed. To supply increasing demand new reserves will have to be continually brought on stream. These will be more difficult and expensive to exploit and require increasing investments in effort, resources and time before production starts. Soon oil production will not keep pace with demand. Oil prices will inevitably rise as a consequence. The statistical review projected a significant and growing gap between oil production and demand over the coming decades.

The Alberta tar sands are a dramatic demonstration of the world's insatiable demand for liquid hydrocarbons. In 2009 the National Geographic Magazine published an article dedicated to Fort McMurry and its industry. [Slide 8] Under the boreal forest of Northern Alberta lies the world's second largest reserve of hydrocarbons. The reserves are not conventional liquid crude oil but an icky-sticky goo of sand and bitumen. Some of the tar sand can be strip mined and the tar extracted with steam and centrifuges, but most of the bitumen has to be extracted by a system called SAGD (Steam Assisted Gravity Drainage). Steam is injected directly into the deposit to liquefy and force the bitumen to the surface.

The open pit mines of Alberta are vast and like all such mining operations dirty and ugly. Some of the world's largest dump trucks crawl like toys amidst a landscape reminiscent of the western front of the First World War. [Slide 9] Unlike the generals of the great powers, the mine operators prefer their heavy equipment to be driven by ladies, for they are gentler on their mounts than men. Natural gas and coke equivalent to one barrel of oil has to be burnt in order to manufacture two barrels of synthetic crude oil. The tar sands currently produce one million barrels of oil a day and production is expected to double during the next two decades. Even so, the tar sands will still only supply 0.5% of the world's demand for fossil fuels.

China is currently negotiating a $60 billion contract with an Australian company to open a mining complex that would supply China's power stations with coal for 20 years. The world's demand for industrial energy will continue to rise for the foreseeable future. If the burning of ever increasing quantities of fossil fuels is not severely to affect the world's climate new clean sources of power must be found.

When fossil fuel is burnt the energy released is sunlight trapped by ancient plants, and short circuiting the fuel cycle by converting incoming solar radiation directly into electricity might seem an obvious solution to our energy demands. Unfortunately, sunlight that reaches the Earth is dilute and unreliable. Recently solar farms have been springing up around the world. The German government provides very generous subsidies to companies supplying electricity generated from solar radiation [Slide 10] and solar farms dot the German countryside. The Ontario government now offers similar subsidies and consequently local companies are racing to build similar solar arrays.

Mann Engineering has applied for approval to build several solar farms in Eastern Canada. The proposed Wolford solar farm would occupy 116 acres of low grade farm land and is planned to generate a peak output of 10 MW of electricity. This may sound a lot, but over the noon hour of a sunny summer day the array will capture the energy equivalent to burning less than 6 barrels of oil. Of course, the Sun does not shine all the time. If a power grid is to depend on electricity supplies from wind generators and solar arrays that are unreliable and may not be available at times of highest demand, somewhere in the system there has to be a large hydroelectric station, a hydro pump storage station, or most likely, a large fossil fuel burning generating station. These can respond rapidly to demand when more politically attractive sources of power fail.

[Slide 11] The graph shows the raw energy content of sunlight striking the ground in Britain. A typical solar electrical system will harvest only a tenth of this energy, and even that will not be available when it is most needed, at night and in the middle of winter. In space however, the Sun shines continuously, its rays undiluted by atmospheric absorption and uninterrupted by clouds and the night. The insolation at the orbit of the Earth is 1400 watts per square meter and the weightless conditions of orbit would allow very large solar arrays to be built.

[Slide 12] Peter Glazer first proposed Solar Power Satellites in 1969. Huge power stations would be constructed in the Geostationary Orbit from where they would appear to hover over one site on the equator. Solar arrays kilometers across would turn sunlight into electricity. That electricity would be converted into microwave signals that would be beamed to Earth. On Earth large antennas would collect and convert the microwaves into electricity to supply our urban power grids. A more speculative approach would use large lasers to beam power to photoelectric arrays on the ground. 

The science of the concept is sound; however, a space based solar power (SBSP) system using microwave transmission would have to be large. A familiar application of wireless power transmission is the common [Slide 13] RFID (Radio Frequency Identification) wireless key tags. A small, low power, microwave transmitter and antenna are mounted in the door jamb next to a lock. The key tag has its own antenna that, when it is held close to that of the transmitter, will absorb all of the transmitter’s output. The tag's antenna, or rectenna, has a built in rectifier to turn the received signal into direct current, like that from a battery, to power its own transmitter. This in turn sends a coded signal back to a receiver in the door jamb to release the lock. Rectennas are 98 percent efficient and there is almost a 100 percent transfer of power between two antennas that are coupled in what is called a ‘near field’ configuration. ‘Near field’ coupling will continue even if the antennas are pulled apart provided they increase in size as their separation grows. Antennas for higher frequencies are smaller, but very high frequency microwaves are absorbed by water vapour in the atmosphere and cannot be used to transmit power over long distances.
The Geostationary Orbit is 36,000 kilometers above the Earth. [Slide 14 shows the distance from the GSO to scale with the Earth] The atmosphere is most transparent to microwaves between 2.5 GHz, the frequency used in a microwave oven and 5 Ghz. A Solar Power Satellite using these frequencies would have to have a transmitting antenna 1 kilometer across to be in the ‘near field’ of an antenna 5 kilometers in diameter on the equator [Slide 15]. The antennas would have this size if the power being transmitted was 1 Watt or 10 GigaWatt (10,000,000,000 W). The receiving antenna would be constructed a millions of rectennas assembled on racks aimed at the satellite and mounted above ground. [Slide 16] 90 percent or more of the power received on Earth would converted into electricity. Over 70% of the electricity generated in space would be supplied to customers on the ground. 
The amount of power that could be safely transmitted from a single geostationary installation is limited by two factors. The ionosphere is a region in the high atmosphere where ultra violet radiation from the Sun makes the air electrically conducting. An intense microwave beam would interact with this conducting plasma and heat it. Power would be lost, and the beam could be partially dispersed. No antenna system is perfect and the leakage of microwave energy at the edges of the antenna must not exceed nationally accepted exposure limits. To minimize this leakage the microwave flux must be transmitted as a shaped beam with the highest intensity at the centre smoothly decreasing to the edge of the receiving antenna. [Slide 17] A practicable solar power system would have a capacity to continuously supply between 1 and 10 GW of non polluting electricity. There would be short predictable power outages during the spring and the fall as the satellite is eclipsed by the Earth's shadow.

Interest in Solar Power Satellites waxed and waned during the decades since 1969 as oil prices rose and fell. During 1979, at the end of a decade of oil crises and rapid oil price increases NASA published a bench mark study that examined the concept in detail.[Slide 18] The study envisaged 35,000 to 50,000 ton satellites with solar arrays 10 kilometers long that would turn to face the Sun as the satellite orbited the Earth. At the same time a microwave antenna 1 kilometer across would swivel on a massive joint to continuously face a receiving station on the ground. This station would have a 'rectenna' array 10 kilometers in diameter. [top left] Tens of thousands of mass produced rectennas would be aimed at the satellite from the top of poles 10 meters above the ground. To the eye the array would look like a field of chicken wire rectangles on poles. The direct current generated by the array would be inverted into alternating current and sold to power utilities. A complete system could supply 5 GW of electricity, about the same as a large nuclear or coal fired station.

The ground under a conventional solar array receives no direct sunlight or rain and is effectively sterile. A rectenna would only obscure 30% of the sky and rain would pass through it and hence the ground beneath the array could be farmed. A space energy company might choose to diversify its portfolio by growing biofuel crops such as saw grass and hemp under its ground installation. Microwave exposure to the public outside the boundary of the array would be below nationally set safety standards. Only within a kilometer of the centre would the signal intensity exceed industrial exposure standards, and protective clothing would be made available for workers servicing the inner array.

NASA estimated that a Solar Power System would cost $250 billion, and although technically feasible it was far from economically viable. In particular launch costs would have to come down to no more than $500 a kilogram to Geostationary Orbit. Placing a kilogramme into low Earth orbit using the Space Shuttle cost $20,000. 
As oil prices fell, interest in Space Solar Power waned, enthusiasts, however, particularly in Europe and Japan, continued to develop the concept. At the end of the 20th century NASA took a fresh look at the concept and published a number of interesting designs for 21st century space power stations. These designs attempted to reduce the mass and the complexity of the satellite design and took into account improvements in solar cell, transmitting array and materials technology. [Slide 19] The huge mechanical joint connecting the solar arrays to the microwave transmitter was removed. Mirrors held in place by tethers now concentrate the sunlight onto a small solar array mounted against the transmitter. [Slide 20] Despite these improvements none of the designs were deemed to be currently economically viable. The high cost of launching large masses into space remained a problem. 
Space Based Solar Power cannot be scaled down significantly so it is difficult to demonstrate the technology of SBSP on a small scale. The transmission of power using microwaves between sites on the ground has been demonstrated on several occasions. Japanese experimenters have flown sounding rocket payloads that have shown that microwave beams would not be seriously absorbed by the ionosphere. [Slide 21]
There would be no danger of the solar power satellite being used as a 'death ray'. A low power pilot signal would be transmitted skywards from the centre of the receiving array on the ground. A satellite’s transmitting array would consist of thousands of small, independent, low power transmitters each with its own antenna. The pilot beam would conduct the choir of transmitters to form and aim the ground directed power beam. Without a pilot signal the power beam would spread out and dissipate over a wide angle. If beam coherence was lost any accidental exposure would be well below the most stringent safety limits. Even if the formed beam could be independently deflected away from the rectenna the maximum beam intensity would not cause immediate symptoms in anyone exposed to it for several minutes. Japanese researchers have publically demonstrated a laboratory scale pilot beam controlled microwave transmitting array. [Slide 22]
Other NASA Solar Power Satellite designs included the Solar Disc and the Power Tower. The Solar Disc [Slide 23] is held under centrifugal tension and faces the Sun as it slowly rotates. The microwave transmitter behind it has to swivel to track the ground station as the satellite orbits the Earth. The next [Slide 24] is an artist’s impression of the mirror based satellite, and the Power Tower [Slide 25] was designed to bring electricity to developing equatorial countries. Unlike Glaser’s original patent it would operate from low Earth orbit, which means an observer on the ground would see it pass from horizon to horizon. The International Space Station is in a very low Earth orbit that is highly inclined to the equator and consequently it can be only be seen from one place a half a dozen times a day and for only a few minutes at a time. A Power Tower would orbit over the equator and would pass over a location on the equator during every orbit. Receiving and transmitting antennas would have to follow each other as a satellite moved across the sky, but eight satellites could provide a continuous supply of power to some of the neediest countries on the planet. Alas, those countries would also be the least able to pay for this service.      

In 2007 the National Security Space Office of the United States conducted a feasibility study into the practical use of space based solar power and their report concluded, as many others have, that spaced based solar power is technically feasible, though challenges remain. In particular launch costs are currently much too high to make the concept economically viable, and an 'anchor tenant' will have to be found who will be prepared to pay a premium price for a reliable clean source of energy beamed from space. Last year Pacific Gas and Electric of California signed the first contract to receive supplies of power beamed from space. The company that would supply the power has not published details of their proposed satellite and ground systems. They claim that they would use new technologies that would make space based power viable.

Possibly the greatest challenge facing the promoters of space based solar power is to bridge the cultures of space technologists and the energy business. Space based solar power will not be a space project; it will be an energy project that happens to be in space! The culture of space is that of a team of hypernerds [Slide 26] working in a clean room. A satellite must be hand built to extract the greatest performance possible from a very limited mass of technology. It will be expensive because launch costs are high, but the same time launch costs can be high because satellites are so expensive. The holy grail of the space technologists is a 'breakthrough technology' that will magically improve the performance of satellites or launch systems. 

The culture of the energy business is that of a crew of roughnecks [Slide 27] in the bush drilling for Alberta’s tar sands at 30 below using a heavy rig whose technology was perfected in 1950. As befits an industry that is the foundation of our civilization, the energy business is technically conservative. It prefers systems that are well tested and proven in use. It expects to work in harsh, unforgiving environments, but unlike those who develop space technology it uses heavy, rugged systems, and 'breakthrough’ technologies are viewed with the greatest suspicion. If the product, however, has a market that justifies the investment the energy business can deploy financial and material resources on a truly heroic scale. Its installations dwarf the world's space efforts to near insignificance. 
NASA's annual budget is approximately $20 billion a year. A hundred billion dollars is currently being invested in the Alberta tar sands alone to raise production there from 1 million to 2 million barrels of synthetic crude oil a day. The International Energy Agency has estimated that to meet world demands for energy over $25 trillion will be have to be invested during the next two decades. Even the current annual market for wind generated electricity is worth $20 billion. 

[Slide 28] The Hibernia oil platform off the east coast of Canada cost $5.3 billion. The question should be asked, if, as seems likely, space based solar power will not become a viable space project in the foreseeable future, nonetheless could it be a viable energy project by harnessing the considerable resources of the energy business and deploying proven technologies on a massive scale. If so, what contribution could space based solar power make to a future world economy?

You cannot build an offshore oil rig using a cigarette boat, and an off planet energy rig is not going to be built using today's disposable launchers. Space based solar power will have to call upon the services of the world’s first true spaceship. Ships are large, robust, and reusable, and operate to a regular schedule.
I have been privileged to work with Professor H.H. Koelle for over a decade. He was the director of the Marshal Space Flight Center's future projects division during the glory days of the 1960's and since then he has been a professor at the Technical University of Berlin. For thirty years he has been developing models that project how a lunar base could be established and supported. His models are complex computer programmes that generate lists of the essential M and M’s of space flight: mass and money. The resulting data represent the best currently available projections of the development and deployment of large space systems. As Koelle has said: "these data are certainly wrong, but they are the best wrong data you can find."

The initial requirement of these models is the development of a very large heavy lift launcher called the Neptune. [Slide 29] The Technical University of Berlin published the Neptune as a design concept using 1980's proven technology. Fully fueled it would weigh 6000 tonnes, or twice as much as a Saturn V, and would stand 70 meters high on the launching pad. All of its three stages would be reusable and would use liquid hydrogen and oxygen fueled motors. [Slide 30] The first stage has 40 SSME's (Space Shuttle Main Engines), the second 9, and the top stage has 8 RL10 engines. This spaceship could send over a 100 tonnes into Geostationary Orbit, and 50 to the lunar surface. It could lift the whole of the mass of the International Space Station into orbit in one mighty heave and be ready to do it again in 2 months. Clearly a Neptune would only be built to support a massive construction effort in space. 

[Slide 31] The computer model used over 400 independent parameters in its calculations and projected that the first Neptune would take a decade to develop and certify at a cost of $22 billion. At last the time would have arrived to build a fleet and haul mass! [Slide 32] Thirty years later a fleet of 100 Neptunes flying three times a day would have delivered a total of 1,750,000 tonnes to the Geostationary Orbit at a total cost of $ 1 Trillion. 

Even though many solar power satellite designs have been published during the past two decades, the only fully developed study remains the NASA reference report of 1979. [Slide 33] We assumed that a modern orbital power platform would mass 20,000 tonnes and would deliver 4 GW of electricity from its associated rectenna. Its systems would be developed in parallel with those of the Neptune launcher. [Slide 34] The first platform would come on buss six years after the start of construction. That is 16 years after the start of the development phase of the project. After 30 years of construction the complete constellation of 100 power platforms would be delivering power to the Earth. The estimated cost of the orbital systems came to a total of $855 billion. [Slide 35] The estimated cost of the logistics and delivery during construction and initial operation was $1,048.500 $billion. [Slide 36]. A very crude estimate of the price of the power delivered by the SBSP constellation was under 5 cents a kilowatt-hour, about the same as power generated by a coal burning power station. [Slide 37]
The cost of the Neptune can be projected with a reasonable degree of certainty, but the cost of the orbital power platforms is admittedly only an educated guess. What is called in the trade a Rough Order of Magnitude Estimate (ROM). The rule of thumb in the space business is that the cost of the payload will be approximately equal to the cost of the transportation, and so the projections seem to be internally consistent. Debt servicing charges and revenue from power sold to terrestrial customers during construction were not included in the model. 
The cost of shipping people and freight into space would fall dramatically. The fleet of Neptunes could deliver freight to the geostationary orbit for $500 a kilogram. Since the beginning of the space age many have pointed out that radically new technologies may be welcome, but are not needed. Build a big launcher. Build it rugged, reusable and reliable. Build a fleet and fly frequently and orbital delivery costs will plummet. 

It seems reasonable to venture that after 40 years and an investment of between 2 and 3 trillion constant dollars a space solar power constellation could be orbiting the Earth. [Slide 38] By 2050 space utilities could be delivering 9.6 Terawatt-hours of electricity a day. The generation of this electricity would be pollution free and would replace the energy extracted from the burning of 5.65 million barrels of oil. Electrical motors are three times more efficient than combustion engines, so the orbital power platforms would be providing mechanical energy equivalent to that delivered by consuming over 17 million barrels of oil a day. 

The International Energy Agency estimated that the world will have to invest $25 trillion to provide for the world's growing energy needs over the next 20 years. At first sight spending $3 trillion over 40 years to provide the pollution free equivalent of 17 million barrels of oil a day looks attractive. 
This modest exercise concludes that an all out effort to develop and build Solar Power Satellites during the next four decades could result in an economical and viable contribution to the world’s energy demands. Clearly, however, Space Based Solar Power is not a ‘killer app’. It will not be a panacea that will cure the all the world's energy woes. Energy equivalent to burning 17 million barrels of oil a day is only 8% of our current primary energy demand.

During their development Solar Power Satellites will need a charter customer who is willing to pay a premium price for electricity delivered from space. The U.S. military is considering if power beamed from space could supplement or replace fuel delivered to its forward bases at high cost and risk. In the civilian sector energy companies could be their own first customers for space power. Frontier mining operations are notorious energy hogs. Their operations will be forced to harness new power sources as fossil fuels become more expensive, and caps are placed on carbon dioxide emissions. The Alberta tar sands plants consume nearly a billion cubic feet of natural gas a day. Most of the gas is burnt to fuel on site steam and electricity generating plants. 

Giant electrically powered excavators are the kings of the open pit tar sands mines. [Slide 39] These behemoths do not run on AA cells. Each consumes 10 MW, the peak output of a solar farm, and unlike a solar farm, the excavators have to work 24 by 7 through the dark depths of the Alberta winter. Space based solar power would be clean and readily available. [Slide 40] The satellite view of the tar sands mines shows the plans of rectennas needed to supply 5 GW and 1 GW from a satellite in the Geostationary Orbit. The rectennas have to be elliptical to receive all the power transmitted by a circular beam sent from a satellite that would appear to be 25 degrees above the horizon.
NASA’s Power Tower is an example of a solar power satellite that is not in Geostationary Orbit. Satellites in other orbits would appear to move across the sky and their antennas would have to track the rectenna on the ground. A circular rectenna would capture all the power beamed from a power satellite that was overhead. Russian communications satellites use a highly inclined orbit called a Molniya orbit. Seen from Fort McMurry a power platform in a Molniya orbit would appear to rise rapidly over the horizon to hover almost overhead for 8 hours each day, before descending below the horizon.
[Slide 41] The land over laying the tar sands is a boggy undulating plain covered with scrubby trees. The trees would have to be removed to make room for a rectenna, but otherwise the ground cover would remain. Buffalo could safely graze around the antenna supports. 

Reliable but predictably intermittent power supplies would be welcomed at many of the world's remote mine sites. [Slide 42] The Ekapi diamond mine at Lac du Gras in the North West Territories must ship all the fuel it needs for a year during six short weeks during the dead of winter. Heavy tankers drive a risky 500 kilometers over frozen muskeg and lakes to reach the mine. Frontier mines could be an initial market for solar power sent from space as fuel prices rise and supplies become uncertain. The resource companies of the world would have the financial strength to take that giant leap and begin the exploitation of space energy.

[Slide 43] The construction of solar power satellites would only be the beginning of the exploitation of space. Neptune class launchers and their infrastructure would be the firm abutments of a bridge to span the solar system. Returning to the Moon and establishing a permanent lunar base would require only a little shuffling of regular launch schedules. Large, well supplied Martian expeditions could fit out in Earth orbit before setting out to the Red Planet. The Asteroids could be reached and their mineral wealth extracted and sent to enrich the world economy.[Slide 44]
The ancient Maya were truly prescient. [Slide 45] The last five thousand years have seen Mankind’s cities grow, multiply and cover the Earth. Like so many others before and after them the great cities of the Maya climbed to their zenith of power and wealth and then rapidly collapsed. All cities must feed off a surrounding hinterland whose area is defined by the limits of the available transportation. When their hinterland has been sucked dry cities must shrivel and die, leaving the desert and the forest to claim their abandoned ruins. 
Our cities now span the globe and their common hinterland is the whole planet. Oil production will soon begin to decline. Undeveloped arable land is scarce. Forests are being reduced at an alarming rate. The era of the city dependent on its local hinterland is quickly drawing to an end. Either our cities will suffer the fate of their Mayan predecessors and wither as their spreading, entangled roots choke, starve and dry, or humans will reach out beyond the confines of this little planet and claim the hard, costly, but rich inheritance of the Solar System.

This century will know the answer to H.G. Well's famous challenge. [Slide 46] The last scenario of his of epic film of 1936 'Things to Come.’ is set a century hence in 2036. As the first space explorers of his history are shot into the sky the film ends with the words:  "It's all the Universe or Nothingness...which will it be? Which will it be?







THE END

