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    Abstract

        
            Solar thermal-to-electric power plants have been tested and investigated at Sandia National Laboratories (SNL) since the late 1970s, and thermal storage has always been an area of key study because it affords an economical method of delivering solar-electricity during non-daylight hours. This paper describes the design considerations of a new, single-tank, thermal storage system and details the benefits of employing this technology in large-scale (10MW to 100MW) solar thermal power plants. Since December 1999, solar engineers at Sandia National Laboratories' National Solar Thermal Test Facility (NSTTF) have designed and are constructing a thermal storage test called the thermocline system. This technology, which employs a single thermocline tank, has the potential to replace the traditional and more expensive two-tank storage systems. The thermocline tank approach uses a mixture of silica sand and quartzite rock to displace a significant portion of the volume in the tank. Then it is filled with the heat transfer fluid, a molten nitrate salt. A thermal gradient separates the hot and cold salt. Loading the tank with the combination of sand, rock, and molten salt instead of just molten salt dramatically reduces the system cost. The typical cost of the molten nitrate salt is $800 per tonmore » versus the cost of the sand and rock portion at $70 per ton. Construction of the thermocline system will be completed in August 2000, and testing will run for two to three months. The testing results will be used to determine the economic viability of the single-tank (thermocline) storage technology for large-scale solar thermal power plants. Also discussed in this paper are the safety issues involving molten nitrate salts and other heat transfer fluids, such as synthetic heat transfer oils, and the impact of these issues on the system design.« less
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                    Testing thermocline filler materials and molten-salt heat transfer fluids for thermal energy storage systems used in parabolic trough solar power plants.

                    
                        Technical Report
                            Kelly, Michael; Hlava, Paul; Brosseau, Douglas
                            

                    Parabolic trough power systems that utilize concentrated solar energy to generate electricity are a proven technology. Industry and laboratory research efforts are now focusing on integration of thermal energy storage as a viable means to enhance dispatchability of concentrated solar energy. One option to significantly reduce costs is to use thermocline storage systems, low-cost filler materials as the primary thermal storage medium, and molten nitrate salts as the direct heat transfer fluid. Prior thermocline evaluations and thermal cycling tests at the Sandia National Laboratories' National Solar Thermal Test Facility identified quartzite rock and silica sand as potential filler materials. Anmore » expanded series of isothermal and thermal cycling experiments were planned and implemented to extend those studies in order to demonstrate the durability of these filler materials in molten nitrate salts over a range of operating temperatures for extended timeframes. Upon test completion, careful analyses of filler material samples, as well as the molten salt, were conducted to assess long-term durability and degradation mechanisms in these test conditions. Analysis results demonstrate that the quartzite rock and silica sand appear able to withstand the molten salt environment quite well. No significant deterioration that would impact the performance or operability of a thermocline thermal energy storage system was evident. Therefore, additional studies of the thermocline concept can continue armed with confidence that appropriate filler materials have been identified for the intended application.« less
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                    Advanced Materials for CSP Molten Salt Storage

                    
                        Technical Report
                            Hensel, Joseph; Werry, Brian; Anderson, Mark
                            

                    Because solar power is variable and intermittent, methods of energy storage are required to shift power production to match demand and power prices. Currently, the cost and availability of MW-GW scale energy storage and load leveling are major limitations to the general acceptance of renewable power generation. Unfortunately, current materials technologies limit state of the art molten salt storage and power transfer operations to a maximum of around 565°C (mixed nitrate salts, Solar Reserve Co). Rankine cycle power turbines operating at these conditions have a thermal efficiency around 41%, while ultra-supercritical steam turbines operating at 600°C operate at around 47%more » efficiency, a 15% increase. 700°C turbine operation increases this further to 51%, or a 24% increase in thermal efficiency. Transitioning to higher temperature power cycles can dramatically improve plant efficiencies, reduce the size of the solar field, and reduce salt storage tank size and pumping requirements, reducing costs - Thus, increasing the hot tank or thermocline (small systems) storage and heat exchanger (HX) temperature to 700-750°C can dramatically reduce the size of required tanks, HX, and pump systems (reducing construction cost), while increasing thermodynamic efficiency (decreasing operating costs) of concentrating solar power plants. This advantage is offset by the lack of durable materials, including piping, tanks, pumps, and heat exchangers capable of performing at 750°C in chloride salts for a desirable performance life span of 30 years. A specific challenge with heat exchangers is limited operational temperatures imposed by material limitations like reduced oxidation resistance, thermal stresses, creep, and reduced thermal conductivity at higher temperatures. Under this program of material and process manufacturing development, Powdermet seeks to evaluate and develop design data for the use of multifunctional thermal composites for a highly conductive metal matrix composite alloy for superheater and reheater HX applications. This proposed program’s material development towards high temperature, high pressure, and highly compact heat exchangers will enable efficient and power dense power generation cycles. The material is based on Powdermet’s metal matrix composite, also known as cermets, technology, which has been demonstrated for ballistic impact energy mitigation (Al, Mg alloy base) and thermally constrained high temperature systems (Ti, Ni, FeCrAlY, Nb based). In considering heat exchangers for this program, substituting high conductivity carbides, diamond, or BN in place of insulating microballoons enables high conductivity, corrosion- and wear-resistant composite materials. Powdermet’s HybriMet™ hierarchically engineered nanocomposite materials combine the hardness of ceramics (1600VHN), with the toughness of metals (>20MPa/m(1/2)). Under a prior Phase I, and ongoing Gen 3 CSP program, Powdermet’s HybriMet™ nanocomposite cermets have demonstrated near zero corrosion in 750°C molten salts. This project utilized the proven matrix materials used in HybriMet’s ongoing testing, and their evolution to include high oxidation resistance in sCO2 systems, to resolve heat exchanger life and reliability issues as well as to provide size reduction in high temperature molten salt thermal energy storage systems. A joint multi-disciplinary team comprised of material experts (Powdermet), heat exchanger design (University of Wisconsin and Brayton Energy) and scale up processing/manufacturing (Powdermet) extended Powdermet’s HybriTherm™ metal matrix composite material into the HX market – overcoming material, design, and manufacturing technical barriers. A cost-effective material and manufacturing process was developed for HX for modular power cycles, thermal energy storage and energy-waste recovery systems.« less

                        
                            
                            
                    

                    

                

            
        		
    
                                        
                                    
                                        	
            



                    Operational Modes of a 2.0 MWth Chloride Molten-Salt Pilot-Scale System

                    
                        Conference
                            Armijo, Kenneth; Carlson, Matthew; Dorsey, Dwight; ... 
                            

                    The limit of traditional solar-salt thermal stability is around 600 °C with ambient air as the cover gas. Nitrate molten salt concentrating solar power (CSP) systems are currently deployed globally and are considered to be state-of the art heat transfer fluids (HTFs) for present day high-temperature operation. However, decomposition challenges occur with these salts for operation beyond 600 C. Although slightly higher limits may be possible with solar salt, to fully realize SunShot efficiency goals of $15/kWhth HTFs and an LCOE of 6¢/kWh, molten-salt technologies working at higher temperatures (e.g., 650 °C to 750 °C) will require an alternative saltmore » chemistry composition, such as chlorides. In this investigation a 2.0MWth Pilot-scale CSP plant design is developed to assess thermodynamic performance potential for operation up to 720 C. Here, an Engineering Equation Solver (EES) model is developed with respect to 14 state-points from the base of a solar tower at the Sandia National Laboratories, National Solar Thermal Test Facility (NSTTF), to solar receiver mounted 120 ft. above the ground. The system design considers a ternary chloride ternary chloride (20%NaCl/40%MgCl/40%KCl by mol%) salt as the HTF, with 6 hrs. of storage and a 1 MWth primary salt to sCO2 heat exchanger. Preliminary system modelling results indicate a minimum non-dimensional Cv of 60 required for both cold and hot-side throttle recirculation valves for the operational pump operating between speeds of 1800 and 2400 RPM. Further receiver comparison study results suggest that the ternary salt requires an average 15.2% higher receiver flux with a slightly lower calculated receiver efficiency when compared to a binary carnelite salt to achieve a 2.0 MWth desired input power design.« less
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                    Development and Performance Evaluation of High Temperature Concrete for Thermal Energy Storage for Solar Power Generation

                    
                        Technical Report
                            Hale, Micah; Strasser, Matt
                            

                    Thermal energy can be stored by the mechanism of sensible or latent heat or heat from chemical reactions. Sensible heat is the means of storing energy by increasing the temperature of the solid or liquid. Since the concrete as media cost per kWhthermal is $1, this seems to be a very economical material to be used as a TES. This research is focused on extending the concrete TES system for higher temperatures (500 °C to 600 °C) and increasing the heat transfer performance using novel construction techniques. To store heat at high temperature special concretes are developed and tested formore » its performance. The storage capacity costs of the developed concrete is in the range of $0.91-$3.02/kWhthermal. Two different storage methods are investigated. In the first one heat is transported using molten slat through a stainless steel tube and heat is transported into concrete block through diffusion. The cost of the system is higher than the targeted DOE goal of $15/kWhthermal. The increase in cost of the system is due to stainless steel tube to transfer the heat from molten salt to the concrete blocks.The other method is a one-tank thermocline system in which both the hot and cold fluid occupy the same tank resulting in reduced storage tank volume. In this model, heated molten salt enters the top of the tank which contains a packed bed of quartzite rock and silica sand as the thermal energy storage (TES) medium. The single-tank storage system uses about half the salt that is required by the two-tank system for a required storage capacity. This amounts to a significant reduction in the cost of the storage system. The single tank alternative has also been proven to be cheaper than the option which uses large concrete modules with embedded heat exchangers. Using computer models optimum dimensions are determined to have an round trip efficiency of 84%. Additionally, the cost of the structured concrete thermocline configuration provides the TES capacity cost of $33.80$/kWhthermal compared with $30.04/kWhthermal for a packed-bed thermocline (PBTC) configuration and $46.11/kWhthermal for a two-tank liquid configuration.« less
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                    Solar Thermocline Storage Systems: Preliminary Design Study

                    
                        Technical Report
                            Pietruszkiewicz, J.; Brandon, B.; Hollenbach, R.; ... 
                            

                    Solar thermal energy storage (TES) has the potential to significantly increase the operating flexibility of solar power. TES allows solar power plant operators to adjust electricity production to match consumer demand, enabling the sale of electricity during peak demand periods and boosting plant revenues. To date, TES systems have been prohibitively expensive except in certain markets. Two of the most significant capital costs in a TES system are the storage medium (typically molten salt) and the storage tanks. Thermocline storage is a relatively unproven TES method that has the potential to significantly reduce these costs. In a thermocline system, approximatelymore » 75% of the required storage medium is replaced with an inert quartzite rock, and only one storage tank is required instead of the two typically needed for high-temperature TES. This report includes preliminary designs and cost estimates for molten salt thermocline systems with capacities ranging from pilot scale to commercial scale. Thermal and system level modeling was conducted to determine the performance of these systems.« less
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