
CARBON IMPLICATIONS OF ENERGY STORAGE IN GRIDS WITH EXPANDED WIND ENERGY 
Naga Srujana Goteti, Rochester Institute of Technology, 585-752-6099, nsg3545@rit.edu
Eric Hittinger, Rochester Institute of Technology, 585-475-5312, eshgpt@rit.edu 
Eric Williams, Rochester Institute of Technology, 585-475-7211, exwgis@rit.edu
Overview

Energy storage is widely cited as a solution to enable increased usage of non-dispatchable and intermittent renewable energy technologies such as wind and solar. While energy storage is essential to increase the penetration of the renewable energy, it may not be always inherently green and its environmental implications could depend on other factors such as the grid mix, capacity of bulk energy storage, and the effects of storage arbitrage on the overall electricity dispatch. 

If operated to maximize profit, in many grid situations storage will increase carbon dioxide emissions by enabling a high carbon emitting technology (e.g. coal) to displace a lower one (e.g. gas peaker plant)[1]. While some research has been conducted so far on emissions vs. energy storage, effect of bulk energy storage operation as a price maker on the total grid emissions has not been investigated. In this study, we examine the effect of economic arbitrage operations of large energy storage systems on electricity clearing prices and total grid emissions in NY and Midwest region of the United States. If the outcome is an increase in total grid emissions, we investigate how much increased renewable generation (wind energy) is needed for energy storage to lower carbon emissions.


Methods

This research models the total grid emissions from the economic operation of bulk energy storage as a price maker in NY and Midwest region of the United States. The economic arbitrage of bulk energy storage depends upon the electricity clearing prices. Therefore, as a first step, electricity clearing prices are generated using an economic dispatch model that finds the lowest-cost operation of power plants to meet hourly load demand. These clearing prices are determined based on marginal cost of electricity generation from a generation fleet at a given location. The fleet of power plants for electricity generation are taken from eGrid database[2] and the marginal cost of operation is calculated based on the heat rate, subsequent fuel cost and O&M cost of each power plant. 
After determining the electricity clearing prices, the operation of energy storage is examined assuming perfect information (future electricity prices are known) and the objective of the storage operator is maximizing annual revenue from the arbitrage. A scenario of perfect information provides an upper bound to estimate the maximum emissions storage could cause when operated optimally. Under the perfect information scenario, if the storage was a price taker, linear programming optimization for maximizing revenue alone is sufficient to determine the storage operation, as described by Hittinger et. al [1]. However, when the storage capacity is large, clearing prices are no longer exogenous,  affected by the charge/discharge state of the storage operation. Thus, bulk storage is now not a price taker but a price maker and linear programming may not provide the most optimal storage operation. 
In this study, in addition to using linear programming optimization for storage operation based on prices, an iterative approach is taken where the clearing prices are generated using dispatch model at the end of each run based on the effect of resultant storage operation on the hourly load demand. After a few iterations, for the solution to converge, a, moving average of storage operations is calculated in every iteration and the procedure is repeated till the error between average storage values reduces to about 5%. 
The next step in the model is the determination of the total CO2eq. emissions with and without storage. The eGrid database provides plant level CO2eq. emission rates. The total grid emissions are estimated based on the plants dispatched to meet the system load with and without storage.
If the total emissions with energy storage are higher than without, the amount of wind energy in the grid mix is increased and the whole process is repeated until emissions with storage are lower than the emissions without storage. The analysis focuses on wind energy because the percentage of this energy in the current grid mix is comparatively higher than solar energy in NY and Midwest region. Also, it is easier to determine the capacity factors of wind power plants with the help of Eastern and Western Wind Dataset [3] at a given location. Sensitivity analysis is performed for different storage capacities with the baseline capacity being 5% of mean load demand in these two regions.
Results

Total CO2eq emissions are calculated with and without energy storage in NY and the Midwest region. In NY region total grid emissions with storage decreased as compared to emissions without storage. This is primarily because the percentage share of coal in the total grid mix is about 2%, the share of natural gas is about 60% and share of renewables is about 15% as per eGrid database. Therefore, mostly natural gas generation is often the marginal producer during peak price periods, while cleaner hydro or natural gas is more likely to be on the margin at night. Thus, additional load during night by storage is generally supplied by natural gas power plants or hydro power plants which are much cleaner than the peaker plants resulting in the decreased emissions with bulk energy storage in NY state. 
On the other hand, in the Midwest region, the emissions with bulk energy storage increase as compared to without energy storage. The grid mix of Midwest region is majorly dominated by coal and the peaker plants are generally cleaner natural gas power plants. Therefore, any additional load during night is generally supplied by dirtier coal power plants. The emissions with storage increases for all the cases when the bulk storage capacity was increased from 5% to 10% of average load demand. The emissions for 3000 MW (about 5% of mean load demand) of storage capacity resulted in an additional 0.6 million tons of total CO2eq emissions and for 6000MW of storage capacity resulted in additional 1.15 million tons of CO2eq.With 6000MW of storage capacity, wind energy must be increased to about 3.5 times its current capacity, or about 30% of the grid mix, for the storage to reduce carbon emissions. 
Conclusions

With energy arbitrage, bulk energy storage could lead to increased emissions especially when the grid mix is dominated by coal power plants as compared to natural gas and renewable energy. Therefore, for energy storage to complement renewable energy and to be greener in operation, higher penetration of wind energy (or other renewables) is required to displace dirtier plants on the margin during night time. Increasing wind energy makes energy arbitrage  with storage profitable and environmentally friendly. Studies conducted so far have examined the aspect of these emissions keeping generator fleet constant and assuming prices exogenous across various locations. This study varied the generator fleet and considered large energy storage systems to determine the total grid emissions. Also, the minimum percentage of wind energy required to make the energy storage greener in arbitrage operation is determined for Midwest region. 
There are a few important assumptions in this study. Bulk energy storage is not categorized into any particular type but considered as a system that can charge/discharge when required. Also, transmission and congestion costs are neglected in economic dispatch model while dispatching generators for meeting a given load.  
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