SOLAR ENERGY

THROUGH SOLAR SPACE STATIONS

ABSTRACT:
Conventional energy sources will last only up to the middle of the next century due to enhancement in living standard and explosive population growth. The current primary energy source –fossil fuel threatens global environment by emitting CO2, which is responsible for green house effect. Solar Power from Space (SSP) promises clean and everlasting energy supply for the growth of the mankind. With the state-ofart technologies yet developed, SSP is feasible but not economic. Key issues regarding SSP are launch cost, efficiency of solar cells, wireless power transmission, heavy investment, maintenance etc. Yet proposed models suggest to place space segment in GEO, LEO or at lunar surface, which are either economically infeasible due to huge launch cost or require long setup time. This paper presents a mutual collaboration based solar power model to overcome launch cost, which involves three GEO satellites and two earth stations. Next major breakthrough required is efficiency of solar cells, to reduce launching weight and size for SSP to be economic. Yet stateof- art solar cells have efficiencies only about 15%. Author proposes Metal-Metal junction cavity structure solar cell, which theoretically promises to increase solarelectric conversion efficiency many folds. Rest of the paper discusses fetter’s analysis about economic feasibility of SSP, issues regarding microwave power transmission and influences of SSP on environment and existing life.
1. INTRODUCTION: FUTURE ENERGY NEEDS:
Mankind has recently enhanced its living standard and its population in an explosive way. In fact, the human population quadrupled and primary power consumption increased 16-fold during the 20th century . The consumption of energy, food, and material resources is predicted to increase 2.5 fold in the coming 50 years. As a result of our efforts for better life, we have come to face, in this 21st century, serious global issues threatening our safe life or even our existence itself on our mother planet earth. These are issues such as global warming, environmental degradation, declining nutrition on land and sea from rising CO2, and rapid decrease of fossil reservoir. Since the living standard and the population of developing countries are increasing continuously, the demand of energy will be several times larger than that of today's requirement by the time of the half way of this century. In 2000, the world had 6.1 billion human inhabitants. This number could rise to more than 9 billions in the next 50 years as shown in Fig.-1. This future population increase is mostly due to very rapid increase in less developed countries although the number in more developed countries will be almost constant (about 1 billion) or rather decrease .
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Fig.-1 World Population Prospects 

The explosive increase in the human population inevitably requires an exponential increase in the consumption of energy, food, and material resources. One primary power source at present comes from fossil fuels such as oil, coal and natural gas. However, the fossil fuels have two serious factors which prevent them from being used for a long term as primary power source. One is their limited amount that does not last long if used with the same or higher pace than that of today . The other is their negative feature of emitting carbon dioxide, one of the green house gases, which causes the global warming. Atmospheric CO2 has increased from 275 parts per million (ppm) before the industrial era begun to 379 ppm . Some scientists suggest that it will pass 550 ppm this century. Climate models and paleoclimate data indicate that 550 ppm, if sustained, could eventually produce global warming comparable in magnitude but opposite in sign to the global cooling of the last Ice Age . Global energy demand continues to grow along with worldwide concerns over fossil fuel pollution, the safety of nuclear power and waste, and the impact of carbonburning fuels on global warming. As a result sustainable energy sources like solar, wind, hydropower, biomass, geothermal, hydrogen, ocean thermal, tidal power etc are drawing prime attention, out of which solar power is the most promising one. Terrestrial solar power has too many limitations like atmospheric attenuation, daily and seasonal variation, and affects by climate conditions etc. To overcome these limitations concept of Solar Power from Space is getting momentum, Solar Power from Space is a proposed concept to place a gigantic solar power station in space orbiting around the earth that uses microwave power transmission to beam solar power to a very large antenna on earth where it can be used in place of conventional power sources.

2. SPACE SOLAR POWER (SSP) vs TERRESTRIAL SOLAR POWER (TSP):

The SSP concept arose because space has several major advantages over earth for the collection of solar power. Space is free from day-night cycle, atmosphere, clouds, dust, rain, fog and other climatic changes, so it would receive 30% more intense and at least eight times more sunlight than that of at ground constantly and continuously unaffected by the weather. In geosynchronous orbit it would receive sunlight almost 24 hours a day hence avoiding the expensive storage facilities necessary for earthbased solar power systems. Since earth’s axis is tilted, it would be in earth’s shadow only for 70 minutes maximum at late night when power demands are at their lowest, during 42 days near the equinoxes as shown in Fig.-2.
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Fig.-2 Daily duration of eclipses as a function of the date 

3. SSP: SYSTEM DESIGN AND TECHNOLOGIES:

The SSP system is composed of a space segment and a ground power receiving site (Fig.-3). Space segment consists of mainly three parts; solar energy 

[image: image3.png]===
e —=—
i = == === \
Sinuciura g / : = fokm
Sota et Amsy Y !
—
Transmiting Anterna Subarmay
fristay High Poiwer Darstyy

Aot Wavegides

Hall s
Anen

Dipsia

Microwava Boan

Recliying Artenna
10km x 3k 1 3 dg. lnicode K

Low Power Densiy
Microwave Beam




Fig.-3 : Reference Model: 5 GW GEO based Space Solar Power Station Designed by US Department of Energy (DOE) and NASA

collector to convert the solar energy into DC (Direct Current) electricity, DC-to-microwave converter, and large antenna array to beam down the microwave power to the ground. Ground power receiving site uses a device called rectenna (rectifying antenna) to receive and rectify the microwave power beam. The rectenna system converts the microwave power back to DC power which is then converted to conventional AC (Alternating Current), and is connected to existing electric power networks. Assuming typical values for efficiencies like 15% for solar panels to convert solar energy into DC, 70% conversion rate in the space segment from DC to microwave, 90% beam (power) collection efficiency, and 80% conversion rate for rectenna from microwave to DC in ground segment, the estimated over-all efficiency is approximately 7.5 %. With such efficiency a SSP space segment would be of size of about 50 km2 (5 km x 10 km) to generate 5 GW DC power on earth (Fig.-3).
3.1 -SOLAR CELL: EFFICIENT STRUCTURES:

In the very near future, breakthroughs in nanotechnologies promise significant increase in solar cell efficiencies from current 15% values to over 50% levels. That might decrease required size of space segment by about 3 fold. In this paper we proposes Metal-Metal junction cavity solar cell which theoretically promises to increase solarelectric conversion efficiency many folds. A cavity of metal m2 (work function W2) with thin polish of metal m1 (work function W1, W1 <W2 , Fig.-4) on inner surface, with a pin hole is kept at the focus of the solar concentrator coinciding the pinhole and focus. Pinhole is covered with transparent glass to protect inner polish of cavity from atmospheric reaction. Such cavity behaves as metal-metal junction solar cell (termed as M-M cavity solar cell) with various features (described below) leading to enhancement of solar-electric conversion efficiency.

• The major loss in usual structures is the reflection loss (about 30%) but in M-M cavity solar cell once ray enters in cavity, undergoes multiple inner reflections till completely absorbed.

• Quantum efficiency curve for all types of single incidence photoelectric conversion 

processes w.r.t wavelength as shown in Fig.-5. Due to this, usual structures are not efficient over whole spectral range. There is not such a problem in M-M cavity cells as all the photons are completely absorbed.

• In usual structures energy of the photons greater than band gap or work function is lost emitting the photons of surplus energy (surplus loss).and also photons of energy below the band gap or work function are completely wasted (cutoff loss).So in usual structures a compromised value of band gap or work function has to be taken, which should be near peak spectral intensity. In practice semiconductor solar cells have band gap around 1 ev. Solar spectrum composition is 8% UV + 44% VL + 48% IR (0.4-4.0ev). So a major portion about 25% is wasted as cutoff loss. But in M-M cavity solar cell cutoff loss can be made zero having appropriate combination of metals for junction eg.- Cu-Al junction 4.7-4.28 = 0.42ev. A number of such cells can be connected in series to get higher voltage. There is no surplus loss due to cavity structure.
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Fig.-4Metal-Metal junction Cell                           Fig.-5Quantum efficiency vs                                                   

          Mechanism                                                                         wavelength

• In semiconductor solar cells heat loss decreases efficiency further due to rise in temperature. In M-M cavity cells only loss is heat loss. Metals are good reflectors so a small portion is absorbed to produce loss in metal M1. Heat can flow from metal M1 to metal M2 via free electrons which will contribute photocurrent or via phonons which will be only the wasted part and increase temperature of both the metals.

• Other major losses in semiconductor solar cells are due to recombination loss (created holes and electrons recombine before contributing photocurrent), natural resistance of semiconductors and electrical contact resistance to external circuit. There is no such a loss in M-M cavity cells as they are metal-metal junction having no internal resistance and no contact problem with external circuit. They also don’t involve electron-hole creation mechanism so no recombination loss. Further these are much cheaper to produce than semiconductor solar cells. So M-M cavity solar cells having no loss except phonon heat conduction loss, will give optimum solar-electric conversion efficiency.

3.2 -SPACE SEGMENT: WHERE TO BE PLACED?

Due to the huge size of the SSP space segment launching cost is the major factor affecting its economic feasibility. Consequently various ideas arouse due course of time about where to place it. The first concept is proposed to place it in GEO (Geostationary Earth Orbit, 36000 km) so that it would be always in sunlight and directly above earth station hence it would supply non-stop constant energy to the earth station without need of controlling microwave beam’s direction. Major drawback of this model was huge launch cost to place such a large size station in GEO. Later on SPS Model, which was proposed by the SPS (Solar Power Satellite) working group of the Institute of Space and Astronautical Science (ISAS)  suggests to place space segment in an equatorial LEO (Low Earth Orbit) at an altitude of 1100 km to reduce the launch cost. This Model needs retrodirective beam control capability to direct beam always towards rectenna site on ground and can serve only near equatorial zones. Some other models suggested to place it at lunar surface, which have benefit of launching cost as moon contains all the material for solar panels but it requires manufacturing facilities to be setup there . It also requires relay satellites in earths orbit. Due to very long distance it is expected to have very low over all efficiency of about 0.27%. Some other concepts proposed "SunTower" - a gravity gradient stabilized structure, and "SolarDisk" - a rotationally stabilized structure for space segment . In order to reduce launch cost and to make solar energy economic we proposes a mutual collaboration based solar power model (Fig.-6) in which two opposite side countries are supposed to agree to transmit solar power via wireless power transmission to each other during night. It involves three GEO based power relaying satellite, which are not supposed to be big in size. Transmitting earth station focuses microwave beam at the receiving GEO satellite, which always remains above it.Transmitting satellite then redirects the intensified beam to the relaying satellite (Fig.-6), which then relays it to transmitting satellite, which always remains abovereceiving site. Transmitting satellite defocuses beam towards receiving earth station. Level of focusing and defocusing should be such that intensity of microwave beam near earth surface should remain under acceptable levels.
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Fig.-6 Solar power model based on mutual collaboration.

3.3 -WIRELESS POWER TRANSMISSION:

Power transmission from the satellite to the rectenna on ground is made by microwave beam using DC to microwave converters like Klystron, in ISM (Industrial

Scientific and Medical) band at 2.45 GHz or 5.8 GHz  emitted from the spacetenna with retrodirective beam control capability. The bandwidth of beam is quite narrow since an essentially monochromatic wave is used without modulation. Spacetenna directs the microwave power beam to ground based rectenna site, which transmits a pilot signal to enable spacetenna to locate rectenna site. The spacetenna is constructed as a phased-array antenna, which is a large number of dipoles attached to the same flat surface. Each one is fed energy from the transmitter. The relationship between spacetenna diameter (D1), rectenna diameter (D2), wavelength (ë) and spacetenna to rectenna distance (S) is given by (Fig.-7).(D1*D2)/(e*s)=2.8 

A typical size of the rectenna site is 4 km in diameter for the transmitting antenna diameter of 1km operating at 5.8 GHz. Under these conditions, 93% of the transmitted power is collected. The peak microwave power density at the rectenna site results in 27 mW/cm2 if the Gaussian power profile on the transmitter is assumed. The beam intensity pattern has a non-uniform distribution with a higher intensity in the center of the rectenna and a lower intensity at its periphery as shown in Fig.-8. It is noted that the safety requirement for the microwave power density for human is set to 1mW/cm2 in most countries. The power density satisfies this requirement at the periphery.
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Fig.-7 Spacetenna and ground side rectenna sizing criteria
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Fig.-8 Power density distribution at rectenna site on the ground 

4. SSP: ECONOMIC FEASIBILITY:
The idea of solar power from space is technologically feasible but not yet economic. It’s even not competitive with earth-based solar power. Steve Fetter after gone through rigorous calculations finally quoted a disappointing statement “An Idea Whose Time Will Never Come?”  Fetter’s analysis shows that in order for SSP to be less expensive than earth based systems.
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Assuming typical value for S/S’ = 5 and solving for CLM, we have 
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where ñ, the efficiency ratio, is given by
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Typical value of ñ is 0.4 < ñ < 0.65 Space-based photovoltaic arrays will not cost less than the same arrays based on earth, so [image: image11.png]


. In order to be economically competitive with other sources of electricity, it is generally believed that 
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must fall to 1000 per kWP. Thus CLM < 1000 to 2300 per kWP, where the lower limit is considerably more realistic than the upper limit. The current state-of-the-art for solar arrays for spacecraft is M > 10 kg / kWP. Although improvements are possible using very lightweight materials and/or concentrating lenses, it is unlikely that the total system mass, including structural elements and power handling and transmission systems would be less than 5 kg / kWp. Launch costs therefore must be less than 200 to 460 per kg. For comparison, the current cost to low-earth orbit is about 10,000 per kg. Thus, even a very optimistic analysis requires that launch costs fall by a factor of 20 to 50 simply to allow SSP to break even with terrestrial solar power. To make the SSP power distribution more economic there are some suggestions. Electricity generated by the solar power satellite to be sold in a form of microwave power transmitted from the satellites to the customers who build and own rectennas, to simplify the sales interface or rectennas are to be built and operated by electric utility companies which buy microwave from the satellite.

5. EFFECTS OF SSP:

5.1 -GLOBAL WARMING:

It is commonly argued that since electricity generated by SSP would constitute a net addition of energy to the Earth, it would therefore upset the global energy balance, and in particular would add to "global warming". Although this is correct in principle, the quantities involved are far too small to be significant, particularly when compared to the heating effect of adding carbon dioxide to the atmosphere. The solar energy intercepted by the Earth is some 180 million GW, of which only about half, or some 100 million GW, is absorbed, due to the reflection of sunlight from the Earth. Humans' total electricity production today is of the order of 1000 GW, which is therefore some 0.001% of the solar energy absorbed by the Earth. If this increases by a factor of 10, it will still be only of the order of 0.01% of the Earth's insolation, which is too small to have a significant global heating effect. It should also be noted that because of the high efficiency of rectennas in converting microwaves into DC electricity (some 90%), the heat added to the environment per unit of electric power produced by SSP is less than half that created by even the most efficient thermal power stations hence it will help to overcome global warming instead of increasing.

5.2 -EFFECT ON OTHER COMMUNICATION SERVICES:

Most SSP microwave systems are assumed to use frequency bands around 2.5 GHz or 5.8 GHz. These are allocated in the ITU-R Radio Regulations to a number of radio services and are also designated for ISM (Industry, Science and Medical) applications. So undesired emissions, such as grating lobes, sidelobes, carrier noise, harmonics, spurious, and out-of-band emissions of any Space Solar Power System must be suppressed sufficiently to avoid interference to other radio services and applications, in accordance with the provisions of the ITU-R Radio Regulations (RR).

5.3 -ORBITAL CONGESTION:

If spectrum congestion were negligible, satellites would only require separation of about 64 km [16]. This corresponds to 0.1° spacing. The spectra of signal interference, however, has led regulators to mandate orbital separations of from 1,280 to 2,560 (2 to 4° spacing) or more km in order to avoid signal interference among neighboring communications satellites using the same frequencies. SSP could be operated in smaller separations. There have not yet been adequate studies of the required separation between SSP and communication satellites.

6. CONCLUSIONS:

This paper has examined the aspects of space-based power for the earth, the significance, the need and possible solutions and finds that

• Present energy-supply practices cannot continue indefinitely

• Economic development and a growing population will, by the middle of the next century, combine to require at least twice the energy we use today.

• Importation of solar energy from space could make up the shortfall in an environmentally-benign way.

• Initial studies and technology demonstrations have shown that space-based energy supplies are technologically feasible but not competitive yet with current state-of-art technologies.

• Author proposes cost effective mutual collaboration based model for solar power.

• Paper presents Metal-Metal junction cavity structure solar cell, which theoretically promises to increase solar-electric conversion efficiency many folds.

The conclusion is that space-based power can provide the necessary new source of clean energy for earth in the next century to loosen our dependence on fossil fuels. An international effort will be needed for any space-based system and many segments of the world's business and technical communities must be involved.
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