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Overview
Deep decarbonization of electricity systems is needed if climate is to be stabilized and the UN Sustainable Development Goals and Paris agreement are to be met. Many potential technological pathways involve the replacement of aging and polluting fossil fuel power plant fleets with renewable energy technologies such as wind turbines and solar photovoltaics (PVs). Thanks to successful technology development and deployment and strong policy support, the technical performance and capital costs of wind turbines and solar PVs have improved substantially over the last two decades. Putting considerations of intermittency aside, the levelized electricity cost of wind turbines has already become comparable to or even cheaper than their fossil fuel counterparts in favorable regions in the United States.
Due to the intermittent and variable nature of renewable energy sources, the penetration of renewable energy technologies is limited in existing power systems. Existing literature has studied effectiveness and benefits of a range of flexibility mechanisms aimed to overcome the intermittency of renewable energy. The flexibility mechanisms studied include oversizing renewable energy generation, curtailment of renewable energy generation, grid-scale energy storage, ramping of dispatchable fossil fuel power plants, demand response, and grid-vehicle integration. Of these options, energy storage has received increasing attention for two reasons. First, capital costs of energy storage technologies have decreased favorably with ever-improving technical performance. Second, energy storage technologies are able to play a number of key roles in grid operations, such as energy storage, arbitrage, firm capacity, and ancillary services, thus increasing their value propositions and attractiveness. 
While existing literature has studied energy storage technologies extensively, the predominate focus has been on the value of storage in existing or near-term energy systems. A number of recent studies (Safaei et al. 2015, Shaner et al. 2018) investigated the need for energy storage in a renewables-dominate electricity system. These studies found that large scales of energy storage capacity would be needed once renewable energy generation exceeds roughly 80% of electricity loads. While these studies identified the nonlinear needs for energy storage and the cutoff renewable shares for such needs, another and perhaps even more important question has not yet to be addressed and has motivated our study. That is, how much does storage cost need to decline to facilitate the penetration of intermittent renewables? 
Methods
In this paper, we investigate the research question above using a simplified model for the U.S. electricity grid. Our aim is to illustrate robust and broadly-applicable qualitative findings in a transparent modeling context, and not to provide detailed quantitative estimates that would depend on specific features of specific energy systems. The model determines the deployed capacity of electricity generation technologies and energy storage technologies, and the dispatched generation (as well as charging flows for storage technologies) at any time step from these capacities so as to minimize the annualized system cost. The system cost is comprised of fixed costs (including capital costs and fixed operation and maintenance costs) and variable costs (including fuel costs and variable operation and maintenance costs). The model is bound by a number of physical constraints including system-level energy balance, storage energy balance, and generation limits for given capacities. As with most economic dispatch models, our model is a linear programming model.
However, contrary to most economic dispatch models, we made a number of design decisions to serve our purpose. First and foremost, we trade limited spatial resolution with high temporal resolution to maintain computation efficiency. Currently we assume all generation and load exist on the same node at the expense of not being able to model power flows and congestions. Existing studies have shown that high temporal resolution is needed to better model the intermittent behavior and integration challenges of renewable energy sources. As such, we use a  temporal resolution of one hour, which is rarely seen in existing studies. We use the potential renewable energy generation data and the load data from Shaner et al. 2018. The renewable energy generation data are from MERRA-2 reanalysis data, while load data is compiled from public data sources such as Independent Systems Operations (ISOs) and the Federal Energy Regulatory Commission (FERC).
Additionally, we do not model the existing power generation fleet. This is because we want to investigate the requirements for and values of power generation technologies and energy storage technologies in various scenarios of future energy systems. Giving the model freedom to determine generation and storage capacities provides much more flexibility for dealing with the profound uncertainty regarding the design and characteristics of future energy systems.
We use technology assumptions from the Annual Energy Outlook published by the U.S. Energy Information Administration. We reduce the capital costs of wind turbines and solar PVs to represent potential future costs of these technologies. We examine the robustness of our findings using different technology assumptions, model designs, data sources, etc.
Results
[bookmark: _GoBack]We show the optimal generation mix as a result of energy storage capital cost in two representative future scenarios in Figure 1. We find that regardless of capital cost assumptions for wind turbines and solar PVs, a two-order-of-magnitude reduction in energy storage capital cost would be inadequate to drive renewable energy penetration to exceed 70%.
We find that the actual cycle frequency (defined as the equivalent number of full discharges in a given year) of energy storage is an important metric determining the levelized cost of storage. Expensive small-scale storage is still economically viable because it is used frequently (e.g. daily) to smooth out the gaps between dynamic renewable energy generation and varying load curves. However, large-scale storage is needed to fill the long-duration gaps occurring at a much lower frequency. As a result, the levelized cost of such large-scale storage is substantially higher than that of small-scale storage. Since the dispatched electricity flows from storage and generation technologies are optimized to minimize system cost, these results imply that capital costs for large-scale storage should be substantially cheaper than those for small-scale storage.

[image: ][image: ]
Figure 1. Optimal generation mix as a function of energy storage capital cost in two representative future scenarios. We assume a $1,000/kW wind turbine capital cost and a $1,000/kW solar PV capital cost for the left figure, and a $1,000/kW wind turbine capital cost and $750 solar PV capital cost for the right figure. The horizontal axis represents the capital cost of electricity storage. Other technology assumptions are taken from the Annual Energy Outlook by U.S. Energy Information Administration. Potential renewable generation data and load data for year 2016 are taken from Shaner et al. 2018.
Conclusions
Our model simulation results highlight the economic challenge of using energy storage for long-duration applications. However, this does not diminish the value of energy storage technologies for other grid services, such as arbitrary, capacity markets, and ancillary services. The results also indicate that cost-effective means such as demand response, power to gas/liquid fuels, and thermal storage would likely be needed to deal with seasonal variability in a renewables-dominate electricity grid.
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