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Overview

Many countries aim at the reduction of carbon emissions and consequently implement policies to foster renewable energy (RE) sources for power generation. Besides wind power, photovoltaic systems (PV) are the major technology used for that purpose, with large capacities being connected to the grid every year. Given its intermittent nature, RE cannot be controlled to follow the system load. Today primarily conventional power plants are used to compensate these fluctuations in order to ensure the availability of electricity when needed. Under the foreseen path of massive expansion of renewable energy, this is no longer sufficient. 
Storage systems can be used to store energy in time of high RE feed-in and to provide the needed energy just in time. With pumped-hydro storage (PHS) an efficient and proven technology is available (Steffen 2012). Most of the other storage technologies are characterized by high but declining costs, so that a widespread rollout could be expected within the next 20 years.

In future power systems, storages will be part of the efficient technology portfolio. Because of the typical storage characteristics (volume limitations and charging and discharging cycles), the storage capacity is not always available. The typical setup of PHS in lower mountain ranges allows several hours of full-load operation, which fits well to the day-night-pattern of PV systems. In comparison to that, battery systems (e. g. Li-Ion) are characterized by their flexibility and high power supply during a short period of time. Considering the background of rising electricity prices and reduced support payments for PV systems, private investment in storage systems could be increasingly attractive (household storages) and speed up their rollout.

In this paper we apply an extended capacity planning model for storages (cf. Böcker & Weber, 2014) to specifically look at the efficient use of pumped-storage and battery systems to complement PV systems. In light of the political objectives to reduce carbon emissions and other major scenario assumptions, the efficient capacity of storages will be derived for several case studies.

Methods

Various technologies may be used for power generation and their operation typically is determined by their position in the merit order. The efficient portfolio is obtained by considering the long-term capacity planning problem (also known as peak-load-pricing problem), which is an extension of the merit-order model considering both investment and operational costs and the load restrictions. Storages can also be attributed a position in the merit order and can be a part of the efficient portfolio. If the storage volume restrictions are neglected, they can be treated almost like conventional technologies (Steffen & Weber, 2013).

Yet the storage volume is a major restriction which has two effects on the efficient portfolio. First, the amount of energy which can be shifted from high supply to high demand is limited. Second, the needed capacity of technologies ranked to the right of the storage technology in the merit order may be increased in comparison to the case of unlimited storage volume (Böcker & Weber, 2014).
In this context, an appropriate storage operation strategy is defined to minimize the needed peak capacities. Then the cost-optimal combination of storage volume and storage filling/withdrawal capacity is determined. Thereby it is taken into account that most renewable energy sources (RES) have marginal costs of nearly zero, so that RES are dispatched with priority given their natural availability. Consequently the model focuses on the residual load, i.e. the part of the load which is not covered by RES.
Results

A major result is to describe the optimal dimensioning of storages in a long-term economic equilibrium and their connections to the increasing share of PV feed-in in the energy system 2020/2030. These results are in line with a priori expectations, notably that decreasing costs will extend both the optimal storage volume and the feed-in/withdrawal capacity of the storages. Storage types with low volumetric costs but high costs for charging/discharging capacities (e. g. PHS) are found to be used preferably for long storage cycles whereas storage technologies with high volume costs (e. g. batteries) will be used for frequent cycling, possibly with even not enough storage volume to fully replace peaking capacities. Storage investments are highly sensitive to the political objective of reducing carbon emissions.
Conclusions

The paper provides insights into the optimality of storage expansion in power systems with large shares of renewables and especially the connection to the PV feed-in. It therefore complements large-scale optimization models which allow a detailed assessment of specific scenarios by indicating the main driving forces and impediments for the implementation of storages in a competitive environment.
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