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Overview
The introduction of large shares of intermittent renewable power production in the European system requires planning models to pay close attention to short-term availability of these resources. As the balance between production and consumption must be kept at every moment in time in a power system there is a need to plan capacity investments in a way that ensures a reliable system operation. Hydropower with storage represents an emission free technology that can be used as a source of back-up capacity in periods when, for instance, the output from wind power is low and demand is high. Although this type of hydropower is dispatchable there are limitations to its use. An obvious constraint on production is the water stored in reservoirs, which at any one time depends on the natural inflow and previous production decisions. How hydropower with storage is utilized therefore affect its potential as back-up capacity for a system with high penetration of intermittent renewable power production. This, in turn, affects the optimal investments in generation and transmission capacity throughout the system. Having a realistic representation of the hydropower production in a long-term planning model is therefore important, even if the main focus of the model is not the hydropower in itself but other aspects such as the optimal development of the power system as a whole under a climate policy regime.
Methods
This paper presents a dynamic capacity expansion model for the European power system named the EMPIRE.[footnoteRef:1] It is a two-stage stochastic optimization model, Birge and Louveaux (2011), where investment decisions for generation and inter-country transmission capacity are first-stage variables subject to uncertainty about future operating states like hourly load and production from intermittent resources in the system. In the second stage, optimal dispatch over a year is calculated in a number of stochastic scenarios. The model has been designed for analysing optimal development of the European power sector under a global climate policy regime. This is done by taking fuel price projections, CO2 prices and demand for electricity from simulations by an integrated assessment model, the GCAM[footnoteRef:2], Clarke et al. (2008). An example of a climate policy scheme analysed by GCAM is the limitation of the level of atmospheric concentration of greenhouse gases, for instance at 450 ppm CO2-e by the end of the century, Calvin et al. (2009). [1:  European Model for Power system Investment with (high shares of) Renewable Energy]  [2:  Global Change Assessment Model. Developed and maintained by the JGCRI at College Park, Maryland.] 

[bookmark: _GoBack]The focus in this paper is the improved hydropower production modelling which is included in the EMPIRE model. Earlier versions modelled hydropower as an energy constrained generator, for which the total generation over a period was limited. The improved formulation uses water values, i.e. the expected incremental value of hydropower production from storage in a given period, to dispatch the hydro generators. The water values are calculated by an advanced hydropower scheduling model, the EMPS,[footnoteRef:3] Wolfgang et al. (2009), which applies stochastic dynamic programming (SDP) to derive the expect value of water in the reservoirs. In the SDP calculations uncertainty about future inflow to reservoirs and production patterns for wind and solar are accounted for. By using water values instead of fixed energy limits to model hydropower with storage the new version of the EMPIRE has a more flexible and realistic representation of how this resource is utilized, and how the investments in generation and transmission capacity are affected. [3:  EFI’s Multi-area Power-market Simulator. Developed and maintained at SINTEF, Trondheim, Norway.] 

Results and conclusions
The paper will present results from an analysis done by EMPIRE of a 450 ppm GCAM policy scenario. The emphasis will be on how the improved modelling of hydropower with storage affect the optimal investment plan, and to what extent this resource is being utilized for back-up capacity for intermittent renewables.
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