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Overview


Energy storage is frequently mentioned as a necessary complement to increasing amounts of variable renewable electricity generation from wind and solar.  The affiliation of energy storage with the rapidly expanding and positively perceived renewable energy industry is further encouraged by the energy storage industry.  This association is often highlighted through the term "Renewable Energy Storage", and has prompted Congressional action on energy storage tax credits through the Storage Technology for Renewable and Green Energy Act [1].  

While bulk energy storage
 is a complement to renewable energy, as it can enable increased penetrations of wind or solar generation, it is not fundamentally a "green" or "renewable" technology.  In our previous work, we showed that deployment of bulk energy storage tends to increase electricity system emissions [2].  However, deployment of storage is often linked with increased deployment of variable wind and solar generation, and the net emissions effects of joint deployment are generally unknown.  In this work, we investigate the net emissions effect resulting from economic operation of bulk energy storage and wind/solar in 22 eGRID sub-regions of the United States.  For each region, we determine the quantity of renewable wind or solar required to eliminate the net increase in system emissions due to storage, and compare these “breakeven ratios” across locations.
Methods


This research models the economic operation of wind and solar power coupled with energy storage at locations throughout the United States.  For each location, we examine two cases: First, where energy storage is truly used as "renewable energy storage", charging from wind or solar and discharging when electricity prices are high.  Second, the case where the energy storage is operated independently from the output of the wind/solar, and simply maximizes revenue from energy arbitrage.  CO2, NOx, and SOx emissions resulting from the operation of the energy storage are calculated using the Marginal Emissions Factor (MEF) approach developed by Siler-Evans et al. [3]. The operation of energy storage is examined with both perfect information (where the future wind power and electricity prices are known) and imperfect operation (where storage must operate on past data).  A similar approach is used to estimate the emissions benefit of the added wind or solar, which are studied separately: the time-series power output of the wind/solar is compared against the MEFs corresponding to that location.  The results give the emissions effect of a marginal storage plant or wind/solar farm.

Wind power time series data comes from the Eastern and Western Wind Datasets [4], solar data comes from the Typical Meteorological Year 3 dataset [5], and market clearing prices for electricity are physically and temporally matched to the wind or solar farm examined.  In areas of the country where clearing prices are not available (such as in the South and other regulated areas), the energy storage is operated in the same pattern as the nearest area for which market clearing price data are available. 
Results

In all cases, the revenue from the operation of energy storage is greater when that storage is not constrained to charge from local wind or solar energy, unsurprising because that requirement introduces an additional constraint.  This suggests that profit-maximizing firms will operate bulk energy storage independently from renewable sources, regardless of the initial reason for the energy storage installation.  As a result, "renewable energy storage" is more profitably operated as "co-located energy storage".  


In some locations, where energy storage operation results in only a small increase in system emissions, only a small amount of wind or solar is required to offset those emissions.  However, there are US regions (such as the Midwest) where storage operation results in significant additional system emissions and large quantities of wind or solar is required to displace or reduce those emissions.  
Conclusions
Bulk energy storage is most profitably operated independently of wind generation, and generally results in increased net emissions.  Energy storage should not be seen as a necessary complement to variable renewables, as there are well-established traditional technologies for mitigating variability on the grid.  Bulk energy storage can enable the deployment of large amounts of renewable energy, but only through the inverse effects that these two technologies have on market variability: variable renewables tend to cause increased price fluctuations while energy storage tends to decrease price fluctuations.  Bulk energy storage should properly be seen as a technology for controlling price variability, regardless of source, with the open understanding that this will likely increase the net emissions from an electricity system when viewed independently from its ability to enable greater renewable energy adoption.  
There are a few important caveats with these results.  First, the conclusions above apply only to bulk energy storage.  Several researchers, including the first author here, have investigated the value that fast-ramping energy storage can provide for wind integration [6], which is a distinct application from bulk storage.  Second, these results only apply to energy storage that acts as a price-taker.  If a significant amount of storage were operating in an area, the results would be different, though not necessarily better.  Third, bulk energy storage co-located with wind or solar generation can be of great value when transmission constraints prevent all of the renewable energy from being used.  However, even in this case, storage competes unfavourably with expanded transmission in most of the US.
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� "Bulk energy storage" refers to energy storage that charges and discharges over the course of hours.  These high-energy, low-power energy storage technologies include pumped hydro, compressed air energy storage, and some types of chemical energy storage.  





