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Overview

An idea that has been floated in European media is that the reservoirs of hydropower plants in Norway and Sweden can serve as battery storage for Europe. The recent decision to close down nuclear plants in Germany has led to an increased emphasis on ambitious plans for investing in renewables like wind and solar in Germany. These plans have been accompanied with an expressed German interest in pumped storage in hydro-rich countries like Norway. Pumped-storage hydroelectricity has been proposed as one of the solutions to the non-storability of intermittent energy. The basic economics of pumped storage is explored using thermal generation, pure intermittent energy and general hydropower “topped up” with pumped-storage hydroelectricity. The implications of using pumped storage for trade in electricity between a hydro country and an external market and between a hydro country and an intermittent country both with endogenous prices are analysed.
Methods

The fundamental requirement for pumped storage being an economic proposition is that there must be a price difference between periods of sufficient magnitude so the loss of pumping up water is overcome by the difference in price, and in addition there is the cost of the investment in pumped storage to be covered. A two-period model is used, specifying production functions for thermal generation, intermittent power (wind and sun) (Førsund and Hjalmarsson 2011), hydropower with storage (Førsund 2007), and pumped storage hydropower. The social planning problem, using consumer plus producer surplus as the objective function, is analysed combining thermal with pumped storage like in Crampes and Moreaux (2010), and  intermittent power and pumped storage within the same geographical region (country). Zero variable cost both for intermittent power and hydropower is assumed. Then trade between two regions (countries) is analysed assuming cooperation between the two regions, one region producing hydropower and the other region producing intermittent power. Investment problems are not studied, only how to utilize the generation system within given capacities. Because one country’s export is the other country’s export we only need to consider export variables from the two countries in the model. Uncertainty about the generation of intermittent power or inflow to the hydro storage are not introduced.
Results

The results for the combination of the thermal negation system and pumped stoarage are that pumped storage should not be used if the price in period 2 is strictly less than the loss-corrected price in period 1, and if the price in period 2 is equal to the loss-corrected price in period 1 we have an interior solution and the pumped storage facility typically will be used to some extent, and  if the price in period 2 is greater than the loss-corrected price in period 1 we have that the pumped storage facility is used to its full capacity. In the case of a region (island) having intermittent power and pumped-strorage hydroelectricity the interior solution for pumped storage in period 2 is again characterised by the loss-corrected price in period 1 being equal to the price in period 2, but now the endogenous amount of power from the pumped-storage facility is found implicitly by this power being subtracted from the exogenous intermittent production in period 1 and added to the exogenous intermittent power in period 2. In the case of trade between the hydro country and the intermittent country we assume that the whole hydro system has pumped-storage facilities, and furthermore that the reservoir has an upper limit and that the interconnector between the countries has an upper capacity. Pumping-up can only occur in period 1 and if it does then the pumped water will be used in period 2. If pumping-up then period 1 must be an import period and no water is used by assumption if the hydro system is fully converted to pumped storage. In the case of no threat of overflow in period 1 we have tha the price in the hydro country inperiod 1 is typically lower than the water value in period 1, but that the water values are equal for the periods and that the pric in period 2 is equal to the common water values. If the import to the hydro country from the intermittent country is constrained in period 1, then the price in Hydro is typically higher than the price in Intermittent. This situation is reversed if the trade is constrained in the second period. If no trade constraints are effective than the prices in the two countries will be equal.
Conclusions

Pumped-storage hydroelectricity offers a way of storing energy for redistribution over periods. It has been used on a somewhat limited scale to dampen the price differences between peak load and off-peak load demand periods complementing thermal power with a pumped storage facility. More recently pumped storage has been proposed in European context on a large scale for increasing the production of electricity based on existing reservoirs of water for hydropower plants in Scandinavia. To capture the basic economics of pumped storage a number of models combining this with other generating technologies are presented based on two periods only. The rule for use of a pumping facility in the “classical” case of thermal power extended with pumped storage is that the loss-corrected price in the pumping-up period must be less than or equal to the price in the period hydroelectricity is produced and is illustrated in a novel way. 
In the case of trading opportunities in electricity between countries, one with dominating hydro power with reservoirs and the other with a large share of intermittent, a new element of the constraint on the interconnector between countries enters the picture. The main result with endogenous trading prices is that if the interconnector becomes constrained this works against the requirement of a sufficient price difference between the pumping period and the production period. Large-scale expansion of interconnectors between countries with different technologies promotes trade, and also makes the use of pumped storage more favourable. The necessary price difference between the periods for pumping to take place is due to no water being used in the hydro-dominated country when importing form the intermittent-dominated country. However, for this to take place as sufficient reservoir capacity has to be assumed.
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