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Overview
The promotion of renewable energy sources (RES) and combined heat and power generation leads to an increasing decentralization of energy systems and brings about new challenges. Especially in Germany, the realization of the ambitious targets concerning the expansion of RES necessitates an extensive structural rearrangement of the power system. For instance, the number of transmission grid expansion projects recently increased in consequence of the increasingly decentralized and often fluctuating electricity generation from renewable energy sources (RES) and is expected to further increase. Since the need for grid expansion projects depends on various factors such as on the operation and expansion decision of conventional and RES electricity producers, an adequate decision support has to consider the interdependencies of these drivers. Therefore, energy system models are needed, which allow for a simultaneous regional operation and expansion planning for electricity generation and transmission. Although various approaches for a generation expansion planning (GEP) and transmission network expansion planning (TNEP) can be found in literature (e.g. Hemmati et al. 2013a, 2013b; Latorre 2003), and even some approaches for a coordinated GEP and TNEP (e.g. Thomé et al. 2013; Tor et al. 2008), their application in complex energy system models is limited. Especially the restructuring of a major transmission network including a rearrangement of existing and potential generators and consumers to existing and potential network buses and their connection within predefined transmission network expansion projects is seldom modeled. In Germany, where RES are usually connected to the buses of the distribution grid, this limitation restricts the application of existing approaches for a coordinated GEP and TNEP within energy system models. Therefore, an approach for a better evaluation of grid expansion projects within energy system models is presented and demonstrated for analyzing the development of the German power system up to 2050.
Methods
For the optimization of the long-term regional development of power systems, the nodal pricing based energy system model PERSEUS-NET (Eßer-Frey 2012) is chosen. Being part of the PERSEUS (‘Program Package for Emission Reduction Strategies in Energy Use and Supply’) model family of technology-based energy and material flow optimization models, PERSEUS-NET extends the earlier versions by including a multi-period mixed integer linear programming (MILP) direct current (DC) load flow model (following Schweppe et al. 1988; Stigler and Todem 2005).
In this paper, we present the implementation of an approach for a coordinated GEP and TNEP, which models the rearrangement of the transmission network buses and its associated generation and demand processes as part of transmission network expansion projects (for a previous version see Slednev et al. 2013). In order to manage the computational effort of a simultaneous regional operation and expansion optimization of the power system, a Benders decomposition approach is applied, decomposing the overall problem into a master problem (expansion optimization) and a slave problem (minimization of uncovered load and operation optimization). Based on an optimal expansion plan for the power generation and transmission, derived from the master problem, the slave problem secures the feasibility of the operation problem by penalizing the uncovered load, while minimizing the operation cost. To cope with the non-convexity of the original problem, resulting in a difficulty to reach the global optimum (Romero and Monticelli 1994), a disjunctive modeling approach is chosen (e.g. used by Bahiense et al. 2001; Binato et al. 2001). The decomposed PERSEUS-NET version is applied to a scenario analysis of the development of the German power system up to 2050.
Results
By modeling the relation of RES generators and consumers to the existing or potential buses of the transmission grid as a variable of certain grid expansion projects, the basis for a more accurate evaluation of grid expansion projects in Germany is created. 

An efficient formulation of the optimization problem enables a high temporal resolution, allowing a detailed investigation of the interdependencies between conventional and renewable generation as well as the transmission capacities. The approach therefore provides a deeper understanding of load flow situations in the transmission grid.

[bookmark: _GoBack]An endogenous grid expansion, which is seldom applied within large energy system optimization problems due to its computational effort, has a significant effect on the allocation of power generation and transmission capacities. In particular, it is shown that the need for a transmission grid expansion can be reduced by an optimized operation and expansion of conventional and RES electricity producers with respect to load flow restrictions. Since large infrastructure projects, especially grid expansion projects, are facing an increasing acceptance problem in Germany, this finding is of great relevance for the success of the anticipated transition of the power system. 
Conclusions
The complexity of the power system and the mutual interdependencies of its elements necessitate an integrated optimization of the power system under consideration of grid restrictions. The introduced approach demonstrated its eligibility for managing grid congestions, arising in the future, through a selected grid and generation capacity expansion. In this way, the approach creates the basis for an economic evaluation of the future technology mix.
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