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Abstract

New technology of solar energy conversion into the electrical power for window glasses is presented. Theoretical calculations, experimental results for two types of glasses (solid glasses and liquid materials) and the working modules for each type of materials are presented. Theoretical prediction and experimental results are in a good agreement.
Introduction

The solar energy represents a largest energy source available on the earth and seems to be a very promising solution of it energy problems. Solar energy accounts of 99.978% of total available energy, or nearly 175 petawatts (1015 ) or about 340 W m-2, while other next two largest energies sources, geothermal energy is only 0.013% or about 23 terawatts (1012) or about 0.045 W m-2 and tidal energy is 0.002% or about 3 terawatts; or about 0.0059 W m-2. The waste heat from fossil fuel consumption is about 0.007% or about 13 terawatts or about 0.025 W m-2. The world’s total commercial energy consumption today is by factor of 104 smaller than the solar energy intercepted by the earth [1].  
      The 30% of the incident solar energy is reflected (albedo) back into space, while 70% is absorbed by the Earth and reradiated as infrared. All of the 70% absorbed energy is eventually reradiated: 64% by the clouds and atmosphere, 6% by the ground .The same 70% of absorbed energy are split this way: 51% absorbed by land and water and 19% absorbed by the atmosphere.  Anyway solar radiation is by several orders of magnitude higher then other energy sources. 
     Solar energy reaches the earth’s surface as an electromagnetic radiation and the wavelength band is between 0.3 and 3.0 m  (See Figure 1) [2]. The peak of the spectral intensity at the sea level is at 0.48 m and it varies from zero at sunset and sunrise to maximum of 1007 W/m2 at noon on clear summer days. There are three major processes in which sun is participating. They are heliothermal, where sun’s energy is absorbed and converted into a heat, heliochemical, in which the short wavelengths are a reason of chemical reactions on the earth, and helioelectrical, in which part of the energy between 0.33 to 1.3 m can be converted directly into the electricity by photovoltaic cells. The later became last years subject of intense research and development all over the world and already became a standard power sources for communication satellites, spaces probes and orbiting 
laboratories.   

                                                            Photovoltaic devices                                       

        Photovoltaic devices are usually made from silicon, but other materials (GaAs , CaTe) are also used and  are developed today. The first generation, a large-area, single layer p-n junction diodes were capable to generate usable electrical energy from light sources with the wavelengths of solar light. However, successive generations of photovoltaic cells are currently being developed that may improve the photo conversion efficiency for future photovoltaic. The second generation of
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                  Figure1. Spectral distribution of solar radiation outside the atmosphere and at the sea level.
photovoltaic materials is based on multiple layers of p-n junction diodes. Each layer is designed to absorb a successively longer wavelength of light (lower energy), thus absorbing more of the solar spectrum and increasing the amount of electrical energy produced. The third generation of photovoltaic is very different from the other two, and is broadly defined as a semiconductor device which does not rely on a traditional p-n junction to separate photo generated charge carriers. These new devices include dye sensitized cells, organic polymer cells, and quantum dot solar cells. 
Solar cells have many applications. They are particularly well suited to, and historically used in, situations where electrical power from the grid is unavailable, such as in remote area power systems, Earth orbiting satellites, handheld calculators, remote radiotelephones and water pumping applications. Assemblies of solar cells (in the form of modules or solar panels) on building roofs can be connected through an inverter to the electricity grid in a net metering arrangement.
Solar cell efficiency and cost still are not satisfactory and is an issue world wide intense research. There are different types of materials under the investigation. They are silicon and GaAs as single junction solar cells and there are so called thin film solar cells, like cadmium telluride, which also is a subject of intense study.
The highest-efficiency single-junction solar cells are made from crystalline silicon and GaAs. Silicon cells of 23% efficiency and GaAs cells of 25% efficiency have been confirmed. When the same materials are used in concentrator applications, the efficiencies increase to 28% and 29%, respectively. The highest efficiency that has been confirmed is 34% for a GaAs-GaSb stacked cell operating at 100-Suns concentration-light concentrated to intensity 100 times that of ordinary sunlight. For 1-Sun conditions, the efficiency of polycrystalline silicon is approximately 18%; that of cells made using the edge-defined film-fed growth-ribbon process, 14%; and that of dendritic web cells, 15.5%. (Dendritic web cells are built from single-crystal films grown between two dendritic seed crystals.) [3].
The highest thin-film cell efficiency has been confirmed at 15.8%, for cadmium telluride. Thin films of silicon on ceramic substrates have yielded efficiencies of 15.7%; copper indium diselenide, 12-13% (almost 16% has been achieved by the addition of gallium); and amorphous silicon, 12% before light soaking (amorphous silicon efficiencies fall off for a time before stabilizing) . Research continues, and efficiency increases are expected in all materials [3].
For photovoltaics to be widely used, the costs must be competitive with those of conventional forms of electricity. In the US, the average price for electricity if 6-7 cents per kilowatt-hour. Today photovoltaics generate electricity at 20-30 cents per kilowatt hour; therefore the costs must come down by about a factor of 5 to compete in the bulk electricity market [3].
      Last years intense research and developments on photovoltaic systems gives sufficient improvement on there performance, same time reducing there price. As the cost of photovoltaic systems declines, the number of cost-effective applications increases. The ultimate application, bulk electrical power generation, is expected to occur within the next 10 to 20 years, when photovoltaics decline price below about 10 cents per kilowatt hour [3]. 
Principle of operation of an Electro Power Glass
The glasses are one of the important building materials and are very intensively used in modern architecture. In many modern multistoried buildings glasses are occupying vast majority of the building surface. The more popularity have gained the mechanically rigid compositions, multilayer glasses, composed of glasses and organic materials [4], and also organic films, which improving the mechanical properties of ordinary glasses [5]. Adding to these glasses  new characteristics, namely obtaining the electrical energy from them, without worsening their general characteristics, seems to us very promising, because the idea of using building glasses and solar light for electricity generation is very attractive idea.  In this case this new invention could serve as an additional energy generator for the buildings. 
The XSUNX Inc (CA,USA) [6], AAA (England) [7] and other companies are designing and producing glasses which are producing an electricity. The XSUNX Company is developing a transparent semiconductor films which are put on a glasses. The AAA Company exploits way, when liquid is filled between two glasses and passing light through it causes the potential difference on attached metal electrodes. 
In this article we present a new approach using solar energy with sufficiently lower prices. The idea is following: instead of using solar cells as in common way, we propose to use new glasses, which first could absorb part of incoming solar radiation and then reemit them at the end of glasses. 
It is well known [8], that emission of the light by photo luminescent materials in a geometrically symmetric volumes like parallelepipeds or cylinders happens in a way that those shapes are became 
excellent light guides. If fluorescence light is produced within a body that is transparent to its own radiation then the photons will be emitted from or totally reflected by its surface. If this body is of high geometrical symmetry, e.g. a rectangular parallelepiped or a cylinder, then it will act as a light guide. In this case e.g. each end surface of a cylindrical or rectangular rod will emit the same radiation energy independent of the location of the fluorescence event. By using this light collection properties of symmetrical bodies- especially rectangular plates and rods it is possible to construct fluorescence radiation converters which allow the collection of a certain portion of the incident radiation energy through a small output cross section. Such systems were suggested by Shurchiff [9] and Garwin [10] and later investigated by other authors [8]. 
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Fig. 2. Emission of fluorescence light (ray 1 and 2) and trapping (ray 3) in a rectangular parallelepiped [8].
In fig. 2 the cross section of a rectangular parallelepiped is shown with several light rays being emitted from an isotropically fluorescing element. The critical value of the angle  for total internal reflection between a ray inside and the surface normal is c. If n1 is the index of refraction of the body and n2 that of the surrounding medium, we obtain c:
sin c = n2/nl = 1/n




 (1)

If n>2½ then the cones do not overlap and a part of the isotropically produced fluorescence light is reflected at all surfaces and cannot leave the body. For the fraction of the light, which is trapped in this way, we obtain [9]:
FT = [3 (n2 - 1)½/n] – 2



 (2)
Therefore the fraction of the light, which is emitted into the six cones and leaves the body, is: 
FE = 1 - FT = 3{1 - [(n2 - 1) ½/n]}



 (3)
So from each plane surface of the rectangular parallelepiped the energy fraction

F1 = 1/6FE = ½{1 - [(n2 - l) ½/n]}



 (4)

is emitted into the surrounding medium. These fractions are independent of the shape of the body, e.g. they are the same for a cube and for a thin rectangular plate. This effect is used frequently in scintillation counting with large area scintillator plates where a considerable amount of the light can be collected from the edge of the plate [12-14]. Fig. 3 shows the dependence of the fractions Fe and Ft of the effective refractive index n.
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Fig. 3. Dependence of the emitted and trapped light fractions on the refractive index for rectangular parallelepipeds
If we assume refraction index value of 1.5 of the glass (standard value for glasses), then we get that, Ft=0.25F and Fe=0.75F, where F is an initial light flux absorbed by the luminescent materials and we believe that it is more than 0.90 from the initial light flux on the glass surface. As it was shown above the light emission is same in all 6 surfaces of parallelepiped independent of it shape, therefore total amount of light delivered at 4 surfaces will be:
FS = Ft + 4/6Fe=0.25F + 4/6*0.75F = 0.75F



(5)
If we assume that ~half of light is loosed due to the light absorption/emission process, we can come to the amount of 0.3-0.4F of initial radiation which can be used and are directed on 4 surfaces of the rectangular shape. This means that wave length shifter application can provide electrical energy which is by factor of 2.5-3.3 smaller than area of conventional solar semiconductor cells. Same time the area necessary for our application is much smaller than conventional semiconductor application. In conventional application if we have a glass with a size of a, then one sided application requires area of a2 of semiconductor materials, while our application requires 4at, where t is a thickness of the glass. If we consider a=100 cm and glass thickness of z=1mm=0.1 cm, then the ratio of one sided area of conventional approach to our approach will be:

R= a2/4a = a/4z =100/4*0.1 = 250




(6)
For double sided conventional approach this ratio will be 500. Therefore reducing effective light by factor of 2.5-3.3, we are gaining on materials by factor of at least 250, which will give total gain (reduction of price) by factor of 75-100. If we take higher refractive index materials (1.8) one can slightly increase of part of the trapped light:
FS = FT + 4/6FE=0.50F + 4/6*0.50F = 0.83F


(7)

which is not too much than (5), but still is an increase of the effective light.
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To test above assumptions we have simulated photon propagation into the glass materials using detector simulation code GEANT [15].  Figure 3 shows proposed glass configurations which contain two glasses, Gl1 and Gl2 with Gl1 positioned between two glass pieces of Gl1. All glasses are inside an air volume. 
Fig.3 Geant 3 drawing of the proposed light detector with photon propagation inside of Gl2 glass.

The  Gl1 refractive we choose as for standard glasses equal to 1.5, while we have varied Gl2 refractive index between 1.33 (as for water) to 1.59. The xy sizes of all glasses was taken to be 100x100 cm2 , while size along z axes from where light propagates, we took 0.3 cm for Gl1 and 0.1 for Gl2. In this figure an example of light photon emitted in GL2 and propagated inside it is shown. A multiple reflection of this photon is seen, because of its emission angle which is 84.8o guarantees such reflection. At the end of the volume photon leaves the detector.
Next figure shows two angles, one is incident or incoming photon angle and other is outgoing or reflected/retracted photon angle between different glasses or other volumes having different refractive index.  Blue line shows this correlation between air (n=1.0003) and glass (n=1.50). Photons are reflected toward the normal of the boundary plane, as it should be and incident angle always larger than reflected angle. Same is also true between (n=1.50) and (n=1.59) materials (green line). When light goes from higher n to lower n, after so called critical angle, which is determined by the equation (1), then photons are reflected. The red, pink and magenta lines shows this behavior, where outgoing angle is larger than incoming angle, as it expected, and at some point it reaches the critical angle after which it is reflected and incoming angle equals to reflected angle.
After reflection photon is trapped into the volume and finally will hit surface where photovoltaic cells are installed. The amount of trapped photons depends on refractive indexes of adjacent volumes. Larger is difference more photons are trapped. In this figure largest trapping is for pink linel which corresponds to the case, when glass (n=1.50) has adjacent gap filled with an air. If we assume isotropic emission of photons from the trapped centers, then photons with emission angles greater then 42 degrees will be trapped. Therefore trapped efficiency is equal to 42/90, which is 0.47 and corresponds to case of glass/air. If we assume modest assumption as in (5), then our price reduction is still between 75 and 100. All small improvement only makes better this number.
In case when adjacent gap is filled with an liquid (we took n=1.33 for liquid, same as for water) then efficiency of trapping reduces because of less difference between the glass and liquid refraction indexes. The efficiency in this case is (see Figure 4)  28/90=0.31, which still gives  high reduction of the photovoltaic price between 50 and 66.
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Fig.4. Photon incoming versus refracted/reflected angles for different glasses and materials.
Design of test modules
     Next step of our investigations is to find proper luminescent materials with high (0.9) photons trapping possibilities and ptotovoltaic cells which will be installed on a thin side of the glass to convert produced photoelectrons into the current.
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