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Overview
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In recent years, Germany has experienced substantial growth in renewable energy. According to the German government’s Energy Concept, renewables should account for at least 35% of gross power demand by 2020, 50% by 2030 and 80% by 2050 (BMWi and BMU, 2010). Due to limited potentials of dispatchable hydro and biomass in Germany, this implies substantial growth of fluctuating renewable electricity generation from wind and solar power. Integrating these fluctuating renewables into the electricity system poses major infrastructure challenges. Several strategies are currently being discussed, among them flexible thermal power plants, power storage, and transmission grid expansion (NREL 2012). In this study, we carry out a model-based analysis to determine a cost-minimizing combination of investments into such integration measures while allowing for temporary renewable curtailment. We carry out our calculations for different scenarios of the year 2024, in which nuclear power in Germany will be completely phased out. Although the modelling exercise reflects the specific German situation, both our approach and some general findings are also relevant for other countries that shift toward fluctuating renewables.

Methods
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 Drawing on a mixed-integer cost minimization approach, we model dispatch, transmission and investment in an integrated way and with a high geographic resolution. The model is implemented in GAMS and solved with the commercial solver CPLEX. The existing German high voltage transmission network is represented with a DC load flow approach with 326 nodes and 743 lines (Egerer et al. 2014, Leuthold et al. 2012). The model includes thermal power plants of various technologies according to official projections and existing pumped hydro storage facilities (50Hertz et al. 2013). Variable generation costs include fuel and fuel transportation costs as well as emission prices. Power exchange with neighboring countries is neglected. We use an hourly time resolution and cover every second hour of four representative weeks. Exogenous parameters include nodal power demand, thermal and renewable generation capacity, renewable feed-in patterns, and baseline transmission capacity. Dispatch of existing and additional capacities is determined by the model; moreover, investments into gas-fired power plants, pumped hydro storage and transmission lines are endogenous integer variables. In order to reduce numerical complexity, we restrict new power plant investments to 500 MW blocks of CCGT and open gas turbines at ten important network nodes which are distributed all over Germany (Figure 1). Pumped storage investment opportunities are located at distinctive network nodes according to actually planned projects. Network extensions are possible for every existing AC line in steps of 1.7 GW, and in 1 GW steps for new DC connections in six corridors.
Results

We compare the outcomes of different model scenarios (Table 1), with a focus on the mix and the location of investments into power plants, pumped storage and transmission. We also compare dispatch, renewable curtailment, CO2 emissions and total costs. In a “reference scenario”, we determine model outcomes under the assumption that all investment options are available. Due to low congestion and favorable investment costs, investments focus on CCGT plants in southern Germany. Network investments are relatively small, and pumped hydro is not built at all (Figure 2). Results, however, change in the other scenarios (Table 2).
Table 2: Infrastructure investments in different scenarios
	 
	Reference scenario
	Decreased curtailment
	No network extension
	Exogenous storage

	 
	GW

	CCGT
	8.0
	8.5
	10.0
	5.5

	Gas turbines
	0.5
	0.0
	0.0
	0.0

	Pumped storage
	0.0
	1.5
	0.0
	3.7

	 
	km

	AC lines
	723
	886
	-
	563

	DC lines
	0
	1640
	-
	220


In the scenario “decreased curtailment”, 5 DC lines with a length of 1640 km and pumped storage with a capacity of nearly 1.5 GW are added in order to move wind power from northern to southern Germany and balance its variability. Assuming “no network extension”, somewhat higher power plant investments are required compared to the reference scenario, while no investments into pumped hydro storage take place. In the “exogenous storage” scenario, the assumed storage expansion results in a corresponding decrease of investments in gas-fired power plants. The low endogenous deployment of pumped storage can be explained by its high capital intensity, a flat thermal merit order and geographic restrictions. Pumped storage, however, not only has an arbitrage value and a capacity value in the power system, but may also provide ancillary services, e.g., operating reserves. The latter is not modeled here. Given that overall system cost differences between the scenarios are very small, the deployment of additional storage capacities appear to be reasonable from a system perspective. What is more, the benefits of storage will increase in the course of ongoing expansion of variable renewables in Germany. Nonetheless, varying levels of renewable curtailment are optimal in all scenarios. Investments to such a degree that full integration of renewable surpluses would be achieved appear to be uneconomic. Finally, we find that both additional storage and transmission capacities may not only foster the integration of fluctuating renewables, but also increase emission-intensive generation from lignite and hard coal, as the utilization of such plants during hours of low demand and high availability of renewables is increased. CO2 emissions are thus highest in the scenario with exogenous storage.
Conclusions

We analyze cost-minimal optimal infrastructure investments for the integration of fluctuating renewable energy in Germany by 2024. We determine substantial interdependencies between investments in power plants, storage and transmission. These interrelations are often neglected by policy makers. Additional system benefits of storage may outweigh the slightly higher system costs determined here for the high storage scenario. Given that the shares of fluctuating renewables will further increase after 2024, planning with priority for renewable integration as in the decreased curtailment scenario may be a beneficial approach.
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Figure � SEQ Figure \* ARABIC �1�: Options for infrastructure investments





Figure � SEQ Figure \* ARABIC �2�: Investments in the reference scenario








