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Overview
Tariffs and market rules of an Independent System Operator (ISO) have a significant impact on the revenue potential for energy storage systems.  Many aspects of existing rules, designed primarily for large, dispatchable generation resources, preclude or limit participation by energy storage providers.  Furthermore, those rules do not value many of the unique services, such as fast regulation, that energy storage, can provide.  Even though FERC Order 890 directs modifications of open access transmission tariffs (OATT) to allow demand response and energy storage to participate in ancillary service markets on an equal basis with traditional generation, most modifications proposed by the ISO’s fail to significantly enhance storage revenues. 
Energy storage can participate simultaneously in multiple ISO markets, including energy, capacity, ancillary services, and in some cases local capacity.  Regulation is by far the most lucrative market for energy storage, with supplemental revenues possibly from energy and capacity markets.  Minimum size and energy delivery requirements, which are inconsequential for generators, can severely limit storage revenue potential.  Key rule changes that can increase potential revenues (by as much as a factor of four) are: allowing bi-directional bidding for regulation, decreasing the minimum duration for energy delivery requirements, and decreasing the minimum bid size.  
Methods
Using price data for 2007, we model bidding strategies and optimize the combined revenues from energy, capacity and regulation markets.  For purposes of illustrating the impact of market rule changes, we use data from the CAISO, which has separate Regulation Up and Regulation Down markets, and PJM, which has an active capacity market (Reserve Pricing Model).  The model determines which dispatch strategy will provide the maximum total profit.  The model incorporates technological specifications such as charging efficiency, maximum cycles and depth of discharge to calculate maximum profits for different storage technologies.
For any given hour, a number of factors will limit the capacity that can be bid into either the regulation or energy market.  Current market rules require that a regulation resource be capable of providing the full amount of regulation bid for the entire hour and at the beginning as well as at the end of each hour.  For example, a storage provider bidding 1 MW of regulation must be capable of charging or discharging 1 MW over the entire hour, that is have at least 1 MWh of energy stored and at least 1 MWh of empty storage capacity.  In most regulation markets, the resource submits a single bid for regulation in either the up or down direction.  The resource must maintain the capability to increase or decrease its generation (or load) by the amount of regulation bid in both directions for the entire hour.  In such a market, a storage provider charging at its full capacity cannot increase its load on the system any further and is therefore precluded from participating in the regulation market at all.  

Because a storage provider is precluded from earning regulation revenues when it is fully charging or discharging energy, the lost regulation revenues presents a steep penalty for engaging in energy arbitrage.  If the average regulation price is $20/MWh, $20/MWh of revenue is lost during both the charging and discharging hour.  Once an 80% round trip efficiency is accounted for, the price differential must exceed roughly $44/MWh for energy arbitrage to be profitable.  


Results
We find that regulation is most profitable market for energy storage.  In the markets analyzed (NYISO, PJM, ISO-NE and CAISO), regulation provided 74 to 98 percent of the annual revenues for energy storage.  Supplemental revenues can be earned via energy arbitrage, but such opportunities are limited.  Energy markets provided less than 15 percent of annual revenues in all markets except CAISO, in which energy arbitrage provided 24 percent of annual revenues.  Capacity markets provided 2 to 4 percent of annual revenues in NYISO and PJM and 22 percent in ISO-NE. 
Regulation revenues could be significantly increased, by as much as four times, with limited modifications to Regulation market rules.  The ability to bid in separate Regulation Up and Regulation Down markets, as in the CAISO and ERCOT, significantly enhances potential revenues.  This is because energy storage systems that would otherwise be precluded from providing regulation, can provide regulation in the up (down) direction when the battery system is full or charging (empty or discharging). 

For the vast majority of hours, it is possible for ISO’s to dispatch Regulation in an energy neutral manner over the course of an hour.  With dispatch that is close to energy neutral, storage providers can provide 1 MW of Regulation with less than 1 MWh of energy storage.  Allowing bids of 1 MW of Regulation with 15 minutes (250 kWh) of energy storage increases potential profits by up to 3 times.  These two rule changes can make the more expensive Lithium Ion and Flow Battery technologies economic.
Conclusions

Storage economics can be significantly improved with changes in the Regulation and Capacity market rules beyond those currently proposed by the ISO’s.  

Changes to the Regulation market are particularly important, as Regulation is by far the most lucrative market for energy storage.  Storage can provide Regulation Up when it is full or charging and Regulation Down when empty or discharging.  Without asymmetric bidding storage is precluded from providing regulation in any hour during which it is full, empty, charging or discharging, significantly reducing revenue potential.     

Regulation can dispatched predominately in an energy neutral manner over the course of an hour.  It is therefore possible to allow storage to provide a full MW of Regulation with less than 1 MWh of energy storage.  For most technologies, energy storage capacity (MWh), is expensive relative to delivery capacity (MW).  As a result, allowing bids of 1 MW of Regulation with 15 minutes (250 kWh) of energy delivery capacity can improve storage economics substantially.  
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