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Abstract

The author has invented an efficient heat storage process for concentrating solar power (CSP) plants. A major advantage of this unique innovation is its cost-effectiveness; our storage can be designed to operate at temperatures between a low of 200 F and a maximum of 3000 F, an exceptionally wide range, which allows high-efficiency power plants to be used. Solar thermal plants equipped with this innovation can be designed to produce electricity at rates that are competitive with more established methods of generating power because, for the first time, heat storage is no longer a constraint on the operating temperature of solar power plants; instead, heat storage can be optimized to suit the design of almost any solar power plant. 

This innovative process can be adapted to any existing CSP plant or to any design in the development stage. Since temperature is the most important parameter that determines thermal efficiency, designs with a higher operating temperature can produce energy at much lower cost. The temperature in conventional power plants is limited mostly by material constraints. For steam power plant the limit is between 1300-1400 F, the highest temperature at which high quality steel can be used; going to higher temperature requires much more expensive materials, the cost of which exceeds the gain in efficiency. The maximum temperature for gas turbines, about 2400 F, is also due to material constraints for the turbines blades. In present CSP plants with storage, the available storage methods limit the design to much lower temperatures (1050 F for molten salts, and 750 F for Dowtherm). Our invention removes the temperature constraint from the storage and it switches this temperature constraint to the power plant, which is much higher. It has always been possible to design collectors that operate at high temperatures, but the design of the solar plant has been limited by the heat storage method. With our invention, heat can be stored cheaply at high temperatures and with a storage efficiency larger than 95%. Furthermore, depending on the application. The storage method is 3 to 10 times cheaper than methods based on molten salts. 

To operate at maximum efficiency, modern steam power plants require temperatures between 1300-1400 F, and gas turbines require temperatures of over 2000 F. The advantage of our invention is that, CSP plants can now be designed for maximum efficiency. The cost of CSP plants can be reduced by up to 40% because their design is no longer limited by the constraints of the storage method. The land area required is also much less as compared to solar plants that operate at lower temperatures, a special concern in many countries.

Our storage process is based only on known and proven technologies that have been modified to suit the intended purpose. No further research or new development is required for implementation. The patent is available for licensing from the City University of New York and a more detailed description is available to interested parties.

Summary

Concentrating solar power (CSP) plants are receiving worldwide attention as the alternative energy of the future. 354 MWe have been operating since the late 1980s in California and for several years, more than 150 MWe have been operating in Spain. A major advantage of CSP is the ability to store power efficiently at much lower cost than any storage method other than hydroelectric power plants. This advantage stems from CSP's ability to store collected solar heat in a heat transfer fluid. This brilliant concept was first proposed by Arnold Goldman, the founder of Luz, the company that built the original plants. Unlike solar cells and wind energy whose variability limits their potential contribution to a national or local grid, CSP is capable of load following and, therefore, of generating a steady flow of electricity in response to demand.

In later Luz plants heat storage was replaced by a back-up system fueled by natural gas. Today, however, gas is no longer cheap and its supply is decreasing. CSP will become a major source of electricity only if it abandons the use of increasingly expensive fossil fuels and adopts more efficient heat storage systems, limiting the use of fossil fuels to rainy periods. With our invention, CSP plants can be designed for rapid load following which more than doubles the value of electricity for a utility. CSP storage can also help compensate for the variability that solar cells and wind can introduce into the grid.

The original storage method proposed by Goldman used an organic heat transfer fluid. Plants operating in Spain today use the same medium in their collectors but molten salts in their storage vessels. This practice reduces the total efficiency of plants by 15 to 20% because organic heat transfer fluids are only functional at temperatures below 750 F while the collectors can operate at 1050 F. Collectors could be improved to operate at higher temperatures; this would increase the temperature differential, reduce the volume of storage required and lower the investment cost. But, collectors cannot operate at higher temperatures unless a better heat transfer system, such as the process we invented, is adopted. 

Two solar towers were built with molten salt storage to operate at 1050 F, despite the fact that a tower can deliver a much higher temperature. High efficiency modern power plants use steam at 1300-1400 F, which requires a higher temperature storage medium, preferably 1400-1600 F. Additionally, the volume of the storage vessels and the amount of filler required in the storage process are inversely proportional to the temperature differential between the highest temperature at which heat is delivered to the power plant and the temperature at which the heat transfer medium is returned to it.

The main advantage of our invention is that it increases efficiency by using collectors that can operate at higher temperatures, making it possible to reduce the number of collectors needed (70% of the cost). In many cases, collectors can be designed to operate at higher temperature with little additional cost. 

The innovative method we introduce has almost no practical temperature limits other than the constraints on the rest of the plant. It can be adapted to any of the collectors now in use (e.g., parabolic collectors, solar towers, solar dishes, Fresnel lenses) as well as to any type of power generating equipment such as steam power plants, Stirling engines, gas turbines, and more. Storage can be designed for very high thermal efficiency (> 95%) by combining two proven concepts with a special, unique adaptation. The heat transfer medium is a pressurized gas, preferably CO2, flowing in a closed circuit through the solar collectors, either through the power plant or the heat storage system (see Figure 1). Compressed CO2 is one of the most effective gaseous heat transfer fluids for high temperatures used in industry. It is non-corrosive, stable at high temperatures, has a high cp and a low cp/cv. The British Atomic Energy Agency chose CO2 to cool their high temperature nuclear graphite reactor.

The heat storage system of the invention is based on vessels filled with a heat resistant solid filler, for example alumina pebbles. The design is such that when the hot pressurized gas is passed through the storage vessel, heat is propagated in a steep front, leaving a section at the end of the vessel cold. Thus, during heating, no heat is lost when the exit gas is recycled to the collectors. Heat can be removed by a second closed circuit of the same compressed gas flowing in opposite direction. Similarly, a section of the bed at the end of the vessel is left hot; all the gas leaves the storage vessel at the highest temperature of the collector. When the heat is recovered, the hot CO2 (or gas) exits the storage vessel at the top of the collector, is fed to the power plant and, is recycled to the collectors at the temperature it exits the power plant. The storage process causes no loss of temperature or of heat. The only energy losses that occur are due to leaks through the insulation or to the energy used for re-compressing the gas which, at suitably high pressures, is very small. The storage system can be designed to operate at temperatures up to 3000 F. This is far higher than is needed, as no power generator operates at such temperatures and there are other material constraints in the rest of the system that limit the temperature at which plants can operate.

Because our innovative technology can operate at higher temperatures than molten salts and without a lower limit on the temperature, the temperature differential in the storage vessels is significantly increased and the cost is reduced substantially.

Consider a parabolic trough with Dowtherm (or a similar high temperature heat transfer fluid) as the heat transfer medium in the collectors; the maximum temperature cannot exceed 750 F. As an organic heat transfer fluid is both expensive and flammable, for storage purposes it is heat exchanged with molten salt.  Since the freezing point of molten salt is 530 F, the minimum temperature of the salt cannot be below 550 F and its maximum temperature cannot exceed 1050 F. In a trough plant, however, the maximum temperature in the collectors is 750 F; so, the top temperature for the molten salt is also 750 F, therefore, the maximum temperature differential is below 220 F (molten salt is not considered suitable for the collector). A major advantage of our invention is that the maximum temperature is determined by the design of the collector (1050 F) and the minimum temperature by the design of the power plant (about 250 F) –a temperature differential of 800 F.

As the heat capacities for alumina and molten salts are quite similar, the temperature differential achieved by our method will be 3.5 times larger and the required size of the vessels will be 3.5 times smaller. Furthermore, unlike molten salts, the solid fillings used in our method remain in place and do not require separate vessels for the hot feed and cold recycle; as a result, the total volume of the vessels in our system would be less by an additional half. Also, the higher storage temperature that can be achieved by our method creates a higher thermal efficiency and reduces the Btu/kWh required. Not only is the storage volume reduced, but even more important, so are the number of collectors required. A quantitative example will be provided later.

Alumina is no more expensive than special molten salt mixtures; in both cases, at 1050 F, the storage vessel would require no more than a good standard steel. Thus, the cost of our storage method would be three to four times less, especially since molten salts need electric tracing on all pipes and valves and, protection inside the storage tanks to prevent freezing. Even more important, however, is that steam can be superheated to higher temperatures to increase thermal efficiency substantially and reduce the number of collectors required (or to increase the output of the plant). This is a major advantage that can be realized by changing the primary collectors in the trough design or by passing the hot pressurized gas from the collector through additional collectors capable of higher temperatures, such as a solar tower or Fresnel lenses.

If the temperature in the collector could be increased (preferably to 1400-1600 F) by changing the design of the collectors (solar tower, Fresnel lenses, etc.), the steam power plant could be operated at 1300-1400 F, increasing efficiency and decreasing storage costs further. Such a design change would utilize the ability of solar towers to achieve high temperatures. A hybrid design in which a solar tower with our storage technology is used only for supplying super heat and reheat to a trough plant, could be very attractive. When such superheat is introduced into a Rankine Cycle, the whole plant could achieve the efficiency of a plant in which all the heat is supplied at high temperature. 

Our innovation can also make it possible to store energy in power plants that use gas turbines, as there would be no limit on temperature. When the heat is recovered, the hot CO2 (or gas) exits the storage vessel at the top temperature of the collector and is fed to the power plant and recycled to the collectors at the temperature it exits the power plant. An additional benefit is that an expensive conventional heat exchanger for transferring heat from a fluid storage medium to the compressed air or gas used in the turbine is not required. Our system, therefore, allows for the design of turbines that operate at very high temperatures. With our method the compressed feed to the turbine can be passed through the storage vessel and then expanded through the turbine. 

Some Examples and General Design Considerations

The cycle that circulates CO2 through pipes can be adapted without major changes to any collector, as long as the collector pipes are designed for pressurized CO2 at a minimum of 3 atm, but probably above 20 atm. With higher pressure, performance improves and pressure drops are smaller. It is preferable to arrange a number of collector pipes (10 to 60) in series, simplifying piping and control (detailed design examples available upon request). Almost any pipe can withstand pressures up to 70 atm. The storage vessels can be designed in many ways, as long as they can withstand the pressure and the temperature required. 

The storage temperature depends on the design of the power plant and the collectors. For temperatures below 1250 F standard carbon steel is sufficient and requires only outside insulation. A stainless steel vessel is sufficient for temperature up to 1400 F. Alternatively, a regular steel vessel lined with ceramic bricks can be used. This type of storage vessel can be used at temperatures up to 3000 F. Storage vessels can also be made of other materials. A L/D ratio of 6 is preferred. 

Vessel design. There are many suitable vessel designs described in our patent. Because a high L/D ratio is required, vessels should be placed horizontally. The design we favor, at least for steam power plants for which temperatures up to 1500°F are sufficient, is vessels made by assembling sections of 4 to 5 foot pipes prepared for assembly in a shop. The sections should be 40 to 60 ft long; the maximum length would be determined by transportation costs. On site, the sections would be assembled in 80 to 120 ft vessels. The end sections would have identical tops with inlet and outlet pipes; the distributor would have flanges at both ends. The middle section would only have flanges and would be covered at both ends with a perforated plate to keep the filling in place. A number of these vessels (12 to 20 or more) would be assembled into a single storage unit using the flanges on the outside. This design resembles that of a tubular reactor, so no shell is needed. Each of the inlets of the vessels is fitted with a pressure drop device and is connected to a common feed pipe to ensure a uniform distribution. Similarly, all the outlet pipes are connected to a single pipe to allow for common compressors and common controls.

Advantages of the design. CSP’s that integrate our new method benefit from two important advantages: (1) Field construction, which is especially expensive in deserts and remote areas where skilled personnel and the required infrastructure are essentially lacking, is largely avoided. Also, the cost of the many pipes required should be significantly lower than for a smaller number of larger vessels as the pipes are mass-produced on a much larger scale. (2) As all pipes are designed for pressures of up to 70 atm, our system allows plants to operate at pressures up to 70 atm with the result that re-compression requirements are lower and the heat transfer in the collectors is better. When larger vessels are used, pressures above 30 atm increase the cost. 

Storage volume. The volume required is determined by the amount of heat to be stored, defined as the heat to be supplied per kWh. Of course, this depends on the thermal efficiency of the power plant or the Btu the plant requires per kWh generated. The volume required is also dependent on the cp (heat capacity) of the stored solid (our method) or liquid (molten salt) per unit volume. It is also a function of the temperature differential (the difference between the temperature at which the heat transfer medium leaves the collector and the temperature at which it is recycled to the collectors) between the hot stage and the cool stage of the storage material. The heat stored per cubic foot of storage volume is therefore the product of the weight of the storage material (e.g., alumina pellets) contained in a cubic foot multiplied by its specific heat and by the temperature differential in the storage tanks. 

If we assume that the storage temperature is 1400 F and that the temperature for the recycle is 250 F, the temperature differential is 1150 F. We assume that the power plant is a modern high pressure, high efficiency design operating at 1350 F and 2500 psi, which for coal has a 45% efficiency. As CSP operates with no losses to the stack, the efficiency should be 10% higher, and the heat requirement only 7000 Btu/kWh.

As the average cp for the solid filling is 0.27, we need 22.5 lb/kWh; adding 30% for stabilizing the two ends, this increases to 29.3 lb/kWh. A cubic foot of water (density = 1) weighs about 62 lb. The specific density of alumina is 4.0, and the packing density is 60%. Alumina pebbles therefore weigh 150 lb/ft3 and store about 5.1 kWh. For a steam plant with 1050 F maximum temperature and a Btu requirement of 8500 Btu/kWh this becomes 2.9 kWh/ft3 (all approximate numbers, as they depend on the design of the power plant). We note that high temperatures strongly reduce storage cost. 

Comparison for a trough plant using Dowterm in the collectors and molten salt (density = 2, temperature differential = 220 F) for storage would store 0.76 kWh/ft3 (no excess is needed). As molten salt requires both hot and cold storage tanks, for the same trough plant, the vessel volume would be 7 times larger than with our method. If the temperature is raised to 1400°F, the storage volume required is smaller by a factor of 13. 

In our method, the storage requirement for solar towers operating at 1050°F is lower by a factor of 2.5; at 1400°F, storage requirements are reduced by a factor of 4.4. The reduction in storage volumes required will translate into substantial cost savings.

Large cost savings resulting from the smaller size our method requires for storage vessels is, however, not the only advantage. The main advantage is that by removing constraints on temperature, our method produces a much higher thermal efficiency and substantial saving in the cost of the collectors. The number of collectors required for a single-trough plant operating at the same temperature could be reduced by at least 15%. If the number of collectors remains unchanged, 17% more electricity could be produced. The smaller number of collectors required and the reduced storage volume realized by our method would yield a combined savings of at least 20 to 25%.

If the temperature in the trough collectors were raised from 1050°F to 1400°F, the storage costs would be reduced and, more importantly, the output of electricity would be increased by an additional 20%. Compared with designs currently in use (Dowtherm and molten salts at 750°F), the increase would be 35%. The temperature can be raised to 1400°F in two different ways: (a) by finding a way to modify all the collectors, and (b) by adding a Rankine cycle, a cheaper method in which only the final temperature matters. In this case, it is only necessary to superheat the steam from 1050°F to 1400°F. Only 12-13% of the total heat input would be required. A second set of collectors could be built that either superheats the CO2 from the first collectors or a separate set of collectors with their own storage could be designed to provide superheat for the stream power plant. The second set of collectors could be built in two ways: with a set of Fresnel lenses capable of heating to 1400°F, or an available solar tower could be used to provide heat. If this second option were adopted, the power output of the first collectors would be increased and the total cost would be reduced; but there would be no change in the volume of storage required. Even so, CSP could compete with other alternative technologies without subsidies because the overall savings would be approximately 40% of the total cost. Our numbers are approximate since they will vary with the design. For example, if available power plant designs are implemented an additional significant cost reduction could be realized. 

An additional advantage our method offers is that the storage tanks can be placed horizontally. Consider that a 250 MWe plant operating at 1350 F with 14 hours of storage would require a total storage capacity of 685,000 ft3. If the vessels used are 5 ft wide and 120 ft long, about 280 such vessels would be required. If they are arranged in units of 12 to 20, there would be 14 to 24 clusters, each one an independent unit. This is the cheapest storage method and the most efficient one available.

Conclusions

Manufacturers of CSP plants can benefit from the invention we developed for storing heat because it allows plants to operate at very high thermal efficiency, > 60%, for CSP plants using conventional gas turbines, and close to 50% for steam power plants. The various elements of our design are all based on well-known technologies, which are used for other purposes, but have been adapted and modified for CSP applications.

A major advantage of this storage system is that it can be designed for temperatures up to 3000 F (well above the maximum temperature of 2400 F currently allowed for gas turbines, so that the constraint is no longer in the storage method, but rather in the design of the turbine and the rest of the plant. Another very important advantage is the much lower cost for storage we project. Depending on the design of the plant, our storage method would cost 3 to 10 times less than the cost of storage based on molten salt. This is due to the fact that the heat that needs to be stored per kWh is lower due to the higher thermal efficiency; additionally, the temperature differential is much higher as the upper temperature of the storage cycle is higher and the lower temperature is lower, because CO2 has no temperature limitation. Furthermore, in our method, the solid filler remains in place and, therefore, the need for hot and cold storage vessels is avoided. With a lower cost, more storage volume could be built and in the future, weekend or multi-day storage may be economically feasible.

The author of the patent is a recognized expert in design and scale up and has been involved in the successful design and scale up of new technologies at many large plants in different industries, several without pilot planting. This new technology is ready for large-scale implementation without R&D. He is also available for consulting and for assisting with the integration of the patent into different collector designs, including the improvement of the total design to maximize the benefit of this new storage method for a specific collector or power plant design. The inventor has had first-hand experience with all of the technologies involved. 
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Figure 1: Concentrated Solar Energy with Heat Storage Capability
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