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Overview
Electricity markets are transitioning towards renewable sources such as hydro, wind and solar. The latter two could produce a mismatch between demand and supply. Combining renewables with storage is one way to address this challenge. Energy storage is likely to become a corner stone of Variable Renewable Energy Sources (VRES) penetration in electricity markets. Where geographically possible, power systems have used hydro-storage plants to increase the response to variability in demand and storing excess renewable generation [1]. 

Switzerland has voted for a gradual nuclear phase-out, starting in 2019 with the decommissioning of a first nuclear reactor; however, there is still a debate about how the country will replace nuclear generation. The aim of this paper is to examine the feasibility of a 100% renewable electricity system by analyzing the case of Switzerland in isolation. We consider the combination of solar and hydro generation, with pumping facilities to store energy, and we explore several permutations of installed solar capacity, reservoir levels and pumping capacity. Our findings indicate that given current technological development, Switzerland would need to double its pumping capacity, increase solar generation capacity by a factor between 13 and 25, while increasing reservoir size by up to 100%, depending on the installed solar capacity.

Methods

We use data analysis to understand Switzerland’s requirements to achieve a 100% self-sufficient renewable electricity system. We develop a model using a high-level view, considering a typical day for each month to analyze demand and supply, and three sources of generation: run-of-river, PV and hydro-storage. We collect data for key variables (annual demand, supply, average sun radiation and water inflows) from both governmental and other sources [2–4]. In a first scenario (base case) we determine how much PV is needed to generate just enough electricity to cover exactly the total consumption (which includes demand, pumping and losses), taking into account natural water inflows and average monthly sun radiation, and assuming no constraints on storage and pumping. We also quantify the resulting required reservoir size and pumping capacity. 
We then developed alternative scenarios considering three intermediate reservoir sizes as well as the current reservoir size to analyze the trade-off between reservoir size and installed PV. We also perform sensitivity analysis with respect to sun radiation and water inflows.
Results

Our results indicate that keeping reservoirs at their current size would entail high levels of excess potential generation, a consequence of the large PV capacity needed in winter to complement the energy available in the reservoirs. However, in summer this leads to excess electricity, as the reservoirs are too small to accommodate the water that could be pumped up.

Our analysis also provides evidence that, with larger reservoirs, there is less need for pumping, as this allows for better water management. With intermediate reservoir sizes, water management is less efficient, leading to a higher need for pumping, to match supply and demand. With the current reservoir size, less pumping occurs as the reservoir is simply too small to accommodate significant amounts of pumping. 

For each reservoir size – PV combination we perform sensitivity by decreasing radiation, water inflow or both by 10%. Also, we consider reducing water inflows while increasing radiation by 10%, and vice-versa, to see evaluate the compensation effect. We observe that even in cases that exhibit a positive annual electricity balance, blackouts can occur: while there is sufficient generation on an annual basis, it cannot be delivered at the right time.  More generally, and in line with expectations, the analysis shows that the smaller the reservoir size, the more sensitive the system is to changes in solar radiation, as PV capacity is higher and thus a 10% change in radiation has more impact. While a system with a larger reservoir size is more sensitive to changes in water inflows, the reduction in inflows can partly be compensated by pumping the excess energy generated by PV in summer. Finally, for the largest reservoir size scenario, the natural inflow has a higher effect than radiation. In the case where we increase the inflow and reduce the radiation the effect is curtailment, while in the opposite case, the consequence is a blackout. 
Conclusions

We examine the capacity requirements for a 100% renewable electricity system in an isolated Switzerland. The analysis explores five different combinations of PV capacity and reservoir size. The base case scenario, where potential generation equals demand, requires twice the current reservoir size, while installed PV capacity should increase by a factor of 13. The other scenarios illustrate the trade-off between PV generation capacity and reservoir size. Limitations on reservoir size lead to higher PV capacity requirements; in the extreme case where reservoir size remains at its current level, PV capacity must increase by a factor of 25. 

These stylized calculations show that it is theoretically possible for Switzerland to move to 100% renewable generation based on hydro and PV. However, it should be noted that our calculations have many limitations and should only be seen as a thought experiment for the implication of such a scenario. We have not dealt with the large number of economic, technological, environmental, political and legal issues that such a change would require. Nevertheless, we believe that our analysis provides valid insights.

While Switzerland's potential to expand its hydro reservoirs is limited by environmental and political factors, the current reservoirs already provide a large amount of storage capacity. Combined with strengthened cross-border transmission capacity this could make Switzerland “the battery” of Europe. However, even more reservoir capacity may be needed to take full advantage of this situation. With sufficient pumping, reservoir and transmission capacity, and a well-functioning market, Switzerland could take advantage of the periods of low electricity prices, not only when PV is generating excess energy, but also at other times when there is excess energy due to wind generation in neighboring countries, which has less strong intra-day and seasonal patterns. 
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