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Sustainable desert communities need a source of low-cost, renewable electricity to provide certain necessities and conveniences needed for a healthy a productive living environment. Concentrating solar photovoltaic technology and hybrid concentrating photovoltaic / heating technology can provide a means of significantly reducing the cost per kilowatt-hour delivered, but most designs require sophisticated optics and pointing/tracking systems that make them impractical for sustainable energy generation. This paper describes a concentrating hybrid photovoltaic technology which takes advantage of the resources available in desert sustainable communities to get the lowest cost and most robust approach. The technology uses an inexpensive, one-axis concentrating, parabolic trough reflector fabricated with moderate sheet metal skills to allow the benefit of high concentration ratio – replacing up to 95% of the expensive solar cells with inexpensive and locally manufactured reflectors.  The one-axis tracking requirement allows a strategy for manual pointing which can be accomplished as part of a daily routine in the sustainable community environment.  Several alternative thermal management approaches are also described which tackle the key problem of temperature rise in concentrator’s photovoltaic receiver.  The design of a hybrid one-axis parabolic trough concentrator is described that uses conventional plumbing and locally available oils, such as olive oil, to create a heat exchanger system that cools the photovoltaic receiver while simultaneously providing a source for domestic or industrial hot water.  Analysis shows that the cost of providing electrical energy for such an approach can be less than one third that of conventional solar photovoltaic panels.
1. Introduction and Design Baseline

The objective of this work was to design a concentrator that takes advantage of the special characteristics of a sustainable desert community to provide a photovoltaic power installation that minimizes the cost of delivered energy. These qualities include the available of locally and readily available materials, including recycled materials and components, and compatibility with available resources, including labor. High technology components are used whenever necessary to achieve appropriate and dignified living conditions, with opportunity for maintenance of health, welfare and education.

Photovoltaics are an ideal choice for sustainable communities because the technology is environmentally compatible, decentralized, and avoids reliance on centrally controlled resources, but photovoltaic installations are costly. Concentrators have been proposed as a means to reduce the cost of solar photovoltaic power, by replacing solar cells with much lower cost optical reflective or refractive elements [1]. The cost of a simple mirror or fresnel lens can be 1/10th the cost of a solar cell, on an equivalent area basis. To effectively use concentrating optics, however, the pointing and tracking subsystem as well as thermal control components must be carefully engineered to prevent their added cost from overwhelming the savings achievable by replacing solar cells with inexpensive optics. Such considerations have prevented the implementation of concentrator photovoltaics in the past..

The baseline design which was the subject of this study uses a one axis parabolic trough reflector to concentrate sunlight onto a linear array of high efficiency silicon solar cells. The general approach is shown in Figure 1.  The use of a parabolic trough reflector provides an easy means for manufacturing the optic out of sheet aluminum and a skeletal structure made of plastic, word or metal. 

[image: image11.png]



Figure 1. Conceptual design of a one-axis photovoltaic concentrator.
It also allows options for easier pointing and tracking, reducing one of the main costs of concentrator implementation. The parabolic trough approach also lends itself well to thermal control. The relatively low concentration provides enhanced area at the receiver for radiation and convective heat rejection. Two general approaches were considered for thermal control, one which uses passive radiation, and the other, a hybrid system which uses a heat transfer medium to reduce the temperature swings of the photovoltaic receiver, either by storing and re-radiating the thermal energy, or by transferring the heat energy to a hot water system which can be used for domestic hot water or industrial hot water utilization.
2. Optical Design
A one-axis parabolic trough reflector design was chosen as the baseline optical configuration. Based on prior work by Winston [2], an optical F/d of 0.5 was chosen. At this F/d, the pointing tolerance for the critical axis (i.e., the axis of concentration) is maximized. The required pointing accuracy for a one-axis concentrator is inversely proportional to the geometrical concentration ratio, defined as the ratio between the size of the mirror and the size of the photovoltaic receiver.  The maximum achievable pointing tolerance is roughly estimated by the arcsine of the reciprocal of the concentration ratio:
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The total pointing tolerance includes considerations of all contributors to a non-ideal concentration of the suns rays. These include the width of the solar disk, +/-0.25, the slope errors in the mirror surface (which cause a doubling effect on pointing inaccuracy because of the effect of reflection, and the accuracy to which the pointing and tracking mechanism can accurately point the concentrator assembly.  Figure 2 shows the relationship between concentration ratio and pointing tolerance which is approached by the baseline design. 
In a practical design, the engineering must assign accuracy budgets to each of the components to provide the most economic design. For pointing tolerances of a few degrees, reasonable accommodations can be made in the mirror and the pointing and tracking system without increasing cost unnecessarily. 
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Figure 2. Maximum Pointing Tolerance is inversely proportional to concentration ratio

3. Mirror considerations

The concentrator mirror needs to have three qualities for efficient operation. First, the mirror surface must be reasonably specular (i.e., smooth and mirror-like in appearance), to minimize light scatter. Secondly, the mirror surface must have high reflectivity to minimize spectral absorption. Thirdly, as noted above, the mirror must have the proper positioning and slope accuracy. All three of of these characteristics can be achieved using a low-cost approach - a thin sheet of aluminum mounted on a structure for creating the parabolic shape. 
The parabolic mirror assembly shown in Figure 1 can use rolled sheet aluminum, which can be acquired with sufficient specularity in the as-rolled condition [3]. Solar concentrators, as non-imaging devices, do not need to have a highly polished surface and can accommodate a level of roughness. Thus the rolling marks typically found on sheet aluminum, if oriented parallel to the curvature of the surface will not affect the line focus integrity. Aluminum also has a high solar reflectance – greater  than 88% for pure aluminum - typically more than 85% for aluminum alloys. By using an accurately punched rib structure, an inexpensive approach to providing sufficient slope accuracy can be achieved. For example, if the error budget allocation for the mirror surface slope accuracy is 1 degree, the slope of the structure needs to be punched to a tolerance of better than +/- 0.2mm per 10cm of arc length. This is easily achieved with conventional manufacturing methods. 

4. Pointing and Tracking
In choosing a pointing and tracking system, we wanted to avoid the typical approach which incorporates sensors, computerized control and stepper motors to evaluate the suns position and track to it. These components aren’t only unnecessarily complex, making long-term reliability and maintainability an issue, they also can increase cost to a point where this assembly is a significant contributor to total cost. Figure 3 shows how cost can be driven by the pointing and tracking mechanism for a concentrator optimized in the trade-offs we did in this program.  
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Figure 3. After reducing cell costs by concentration, tracking costs become a significant factor.

To understand how we can avoid an excessively complex pointing approach, we use the temporal consistency of the sun position, and consider how a one-axis concentrator can be pointed to the sun. Note that tracking is only required in one axis, off pointing in the axis perpendicular to the trough long axis causes a cosine loss, but the line focus is maintained. 

Given these conditions, there are three possible methods for pointing the concentrator to the sun, which can be expressed in the normal lexicon of aviation – by tracking in pitch, by tracking in yaw, and by tracking in roll.  The position of the sun in the sky changes in azimuth and elevation on a daily basis, inscribing an arc across the sky. A key consideration of the pointing strategy is that, while the solar elevation track changes seasonally, the solar azimuth is constant daily. At local noon, the sun is always due south; its azimuth changes daily by 15 degrees per hour. The elevation angle determines sunrise and sunset times, but even after the sun is beyond the horizon, the azimuth angle is still consistent, so that, for example, at local midnight, the sun is located at a point directly downward, through the earth.
A sustainable concentrator can take advantage of the consistency of azimuth changes to create a pointing system that minimizes cost.  To create a pointing system that uses yaw tracking, the long axis of the concentrator is oriented due south. Ideally, the pitch angle is oriented to the median elevation angle of the sun, during the spring or autumn equinox. The yaw angle is adjusted constantly from -90 degrees to +90 degrees, starting at 0600 and ending at 1800 hours. This strategy can work when the axis of the concentrator is oriented to the plane of the ecliptic, as shown in Figure 4, with the general concentrator orientation and tracking of Figure 6.
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Figure 4. Azimuthal sun position is a constant function of time over the seasons.

A second strategy which accomplishes the same pointing is to adjust the concentrator in roll. To accomplish this strategy, the concentrator needs to be mounted on a turntable. Again, the angle of the turntable should be adjusted to reflect the average seasonal variation.  Again, the roll position points the trough due south at noon, due east at 0600, and due west at 1800 hours. The roll pointing approach has the disadvantage of incurring relatively high cosine losses, approaching zero output at 0600 and 1800 pointing. This general approach is shown in Figure 5. 
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Figure 5. Roll orientation approach using an array of parabolic troughs on a rotating platform
Once it is decided to use a temporal based strategy for concentrator pointing, a simple clock mechanism becomes a reasonable option. To avoid parasitic losses of running stepper motors, a spring loaded wind-up mechanism is envisioned, using the characteristic of a sustainable community of the availability of labor and community involvement in the production of needed utilities. Winding the concentrator pointing mechanism would become a daily chore. For optimum power production, an approach for seasonal pitch adjustments could also be considered.

5. Thermal considerations

Two approaches for the concentrator were considered. In a passive thermal control approach, radiation and convection from the photovoltaic receiver assembly provides cooling. The radiation and convection area is enhanced by increasing the area of the cooling fin, which can be made from a simple C-channel of aluminum. The approach provides the simplest approach to thermal control, but limits the concentration ratio that can be achieved before temperatures become excessive for the solar cell.

A liquid cooled approach was also considered using the thermo-siphoning technique with a tube mounted on the backside of the photovoltaic receiver. Although thermo-siphoning is commonly used with water in domestic hot water heating, the higher temperatures that can be achieved with concentrator systems make the choice of an alternative heat transfer fluid. In keeping with the approach of using locally available materials, we assumed the use of olive oil as the heat transfer fluid.  
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Figure 6. Hybrid concentrator design using heat transfer fluid
The liquid cooling approach can take two basic forms, depending on the pointing strategy that is chosen. For the yaw pointing strategy, the heat transfer tube runs along the length of the photovoltaic receiver on the backside, with the pitch of the concentrator providing the inclination for thermo-siphoning, as shown in Figure 6.  Figure 6 does not show the full thermo-siphoning configuration, which would require a water storage tank with heat exchanger to be placed higher than the concentrator.
The capability for the heat exchanger fluid loop to accommodate the rotational degree of freedom can be easily achieved through a spring coil. The capacity of the water tank is sized based on the size of the concentrator aperture, the number of concentrators for each tank, and the expected usage of hot water from the tank.
6. Trade-off study
Starting with a baseline design, we conducted a trade-study to optimize the cost of installed capacity, in $/Watt, and the cost of delivered energy, in c/kW-hr of the baseline concentrator design, and compared it to the planar panels that are commercially available today. The trade-off parameters that were examined included concentration ratio, pointing-and-tracking cost, and passive vs. liquid-cooled thermal control. Solar cell efficiency was evaluated as a function of concentration ratio (voltage enhanced by 60mV/decade), and temperature (voltage degrades by 2.2mV/degC).  Calculation of the expected temperature of the solar cell was based on a radiative transfer model, which considered the photovoltaic receiver radiative area and its emissivity. The contribution of convection to removing absorbed heat was estimated based on a typical ambient temperature. For the liquid cooled designs, the heat capacity of an attached water tank was calculated and assumed to start with ambient temperature water on a daily basis.

The results of the trade studies are expressed in terms of capacity cost in $/Watt. We can compare these against today’s planar solar panel technology achieves a typical capacity cost of $4/Watt. We started by considering the effect on temperature and pointing requirement of concentration ratio, as shown in Figure 7. For the passively cooled system, temperatures become excessively high above around 10 suns, while, for both approaches, the pointing requirements become too tight as concentration ratio exceeds 15 suns. 
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Figure 7. As concentration ratio goes up, so does temperature and required pointing accuracy.

Considering the cell area related costs, and temperature effects on efficiency, we then evaluated the net effect of concentration ratio on  peak power capacity, leading to the results of Figures 8 and 9. It can be seen that the cost reductions reach marginal levels of reduction beyond a concentration of 20, which also corresponds to a design point requiring very tight pointing and mirror accuracy. Figure 10 shows the cost breakdown of the concentrator panel at a concentration ratio of 15. 
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Figure 8. Performance of the Passively Cooled Concentrator as a Function of Concentration Ratio.

[image: image10.emf]Performance - Hybrid Concentrator

-

5

10

15

20

0 10 20 30 40 50

Concentration Ratio

$/Watt

Eff %


Figure 9. Performance of the Hybrid System as a Function of Concentration Ratio.

The bottom line in a sustainable energy system in the provision of energy, not power capacity. We did a comparative analysis of energy costs per kW-hr for the concentrator panel compared to a planar panel. Table 1 shows the added benefit of the concentrator in providing a tracking aperture which increases the amount of energy produced per year. Assumptions for the table include a solar resource of 2500 hrs per year insolation typical of the Egyptian desert environment, and a five year straight line amortization period. The extra energy provided by the tracking system compared to a fixed planar panel enhances the difference in capacity cost. 
Table 1. Relative energy costs from a hybrid concentrator and a planar photovoltaic panel.
	Parameter
	Hybrid Concentrator
	Fixed Planar Panel

	Panel Area (m^2)
	1.7
	1.3

	Watts/panel
	246
	188

	$/Watt
	2.07
	$4.00

	$/kW-hr/5yr
	0.10
	0.32


7. Conclusions

The use of a hybrid concentrator can allow a significant reduction in the cost of delivered energy, if the cost for the optical element and its pointing and tracking subsystem is minimized. Using a simplified sheet metal reflector and a pointing system that relies on the temporal relationship of the sun and earth, such a system can be configured that reduces the cost of power in $/W by more than 50%, and reduces the cost of delivered power by more than two-thirds. This does not account for the credit that can be taken for supplying required hot water. Such an approach is particularly adaptable to the characteristics of a sustainable community because it maximizes the use of available labor and skills, and minimizes reliance on ourside high technology sources other than the photovoltaic cells.
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