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Overview
Intermittent renewable energy, such as wind power and solar photovoltaic (PV), attracts great attention for addressing climate change and energy security concerns. This paper investigates the possible integration of massive wind power source into power generation mix using high time-resolution optimal power generation mix model which authors formulated as large-scale linear programming model including 2.5 million constraints and 1 million endogenous variables. The feature of the model allows us to explicitly consider actual wind and PV output variability in its time resolution of 10 minutes on each 365 day. PV and wind output are estimated employing meteorological database. Simulation results reveal that, as wind installed capacity expands in the grid, the penetration level of wind power shows saturation trend and the suppressed wind output represens considerable increase when wind installed capacity reaches more than the same scale of the peak power demand. 
Methods

The authors develop high time-resolution optimal power generation mix model in 10 minutes’ time resolution on 365 days under various technical constraints employing linear programming technique [1][2]. The minimization of the single-period objective function, comprised of annual facility and fuel cost, allows us to identify the best mix of power generation and optimal capacity of power plants. The number of the constraints is about 2.5 million and that of endogenous variable is 1 million. Regional focus in this paper is the whole region of Japan, although the model developed here is easily applicable to other region or country with just change of exogenous variables. Wind power and PV output in this paper are estimated at 10 minutes’ time resolution using meteorological database called AMeDAS [3] in Japan. Aggregated wind output pattern in Japan is estimated and shown in Fig.1.
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	Fig.1    Wind output pattern in 365 days at 10 minutes’ time interval (2007)
	Fig.2    Wind power generation into the grid and its suppressed output on each wind installed capacity


Results

Fig.2 shows wind power generation supplied into the power grid and the suppressed amount of wind output. The horizontal axis is normalized by peak power demand (around 200 GW in Japan) and vertical axis is by annual electricity demand (1,100 TWh in Japan). Calculated results by the cost minimization approach suggests that, as wind installed capacity expands in the grid, the penetration level of wind shows saturation tendency and the suppressed wind output represents enormous increase when wind installed capacity is comparable to or more than the same scale of the peak electricity demand. The calculated results implies as well that wind penetration level in the grid shows very sluggish growth even by expanding wind capacity at more than double of the peak demand when the model is applied to Japan, although Japan has immense potential of wind installable capacity equivalent to quadruple the scale of the peak demand [4]. Additionally, as shown in Fig.3, the suppression rate of wind power, defined as the portion of curtailed wind generation over total wind power generation in each time unit, tends to represent the seasonal difference of the magnitude. It becomes relatively higher in spring and winter season and lower in summer season, reflecting on the wind output variation in Fig.1. And the results of power generation dispatch in Fig.4 yield that intermittent fluctuation derived from high penetration level of wind power is controlled by quick load following operation by natural gas combined cycle power plant, rechaegeable energy storage facility and the output suppression control of wind power.
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(a) Wind capacity:  the same scale of the peak demand
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(b) Wind capacity:  triple the scale of the peak demand

	Fig. 3.　Suppression rate of wind power generation on each 365 day at 10minutes’ time resolution


	[image: image5.emf]-50050100150200250300Power Generation [GW]

Suppressed WindSuppressed PVBattery(in)Pumped(in)Battery(out)Pumped(out)WindPVOilLNGLNG GCCBiomassCoalNuclearGeothermalHydroDemand



	[image: image6.emf]-50050100150200250300Power Generation [GW]

Suppressed WindSuppressed PVBattery(in)Pumped(in)Battery(out)Pumped(out)WindPVOilLNGLNG GCCBiomassCoalNuclearGeothermalHydroDemand



	Fig.4    Simulated results of monthly power generation dispatch  in May at 10 minutes’ time interval


Conclusions

Large-scale integration of wind power is complicated by intermittency and uncertainty of its variable output. This paper develops high time-resolution optimal power generation mix model in the time resolution of 10 minutes on each 365 day which allows us to analyze the integration of massive variable renewables into electricity system. This model is expected to contribute to the successful economic accomodation of variable renewable in policy-making situation and may provide additional insight regarding massive deployment of variable renewables. Through the analysis by the developed model, technical implication are obtained that wind penetration level in the grid becomes incrementally saturated and converged at certain level even as installed wind capacity massively expands, due to the growing fraction of wind output suppression and other technical considerations through the cost minimization approach. Future work is to investigate the impact of PV and wind on electric power system by considering transmission line as well as refining the modeling of load following and minimum output constraint in thermal power plants.
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