The Stacked Value of Battery Energy Storage Systems

Final Project Report

M-41

Power Systems Engineering Research Center
Empowering Minds to Engineer
the Future Electric Energy System



The Stacked Value of Battery Energy Storage Systems

Final Project Report

Project Team
Meng Wu, Project Leader
Arizona State University

Josue Campos do Prado
Washington State University

Graduate Students
Reza Khalilisenobari
Mohammad Mousavi

Zhongxia Zhang
Arizona State University

Ugonna Chikezie
Washington State University

PSERC Publication 21-07

August 2021



For information about this project, contact:

Meng Wu

Arizona State University

School of Electrical, Computer and Energy Engineering
P.O. Box 875706

Tempe, AZ, 85287-5706

Phone: (480) 965-8706

Email: mwu@asu.edu

Power Systems Engineering Research Center

The Power Systems Engineering Research Center (PSERC) is a multi-university Center
conducting research on challenges facing the electric power industry and educating the next
generation of power engineers. More information about PSERC can be found at the Center’s
website: http://www.pserc.org.

For additional information, contact:

Power Systems Engineering Research Center
Arizona State University

527 Engineering Research Center

Tempe, Arizona 85287-5706

Phone: 480-965-1643

Fax: 480-727-2052

Notice Concerning Copyright Material
PSERC members are given permission to copy without fee all or part of this publication for internal

use if appropriate attribution is given to this document as the source material. This report is
available for downloading from the PSERC website.

© 2021 Arizona State University. All rights reserved.



Acknowledgements

This is the final report for the Power Systems Engineering Research Center (PSERC) research
project titled “The Stacked Value of Battery Energy Storage Systems” (Project M-41).

The authors would like to thank all the industry advisors for their valuable feedback: Liwei Hao
(GE), Yazhou Jiang (GE), Jesse Gantz (Centrica), Bernardo Orvananos (Centrica), Tongxin Zheng
(ISO-NE), Di Shi (GEIRI North America), Zhiwei Wang (GEIRI North America), Xiaohu Zhang
(GEIRI North America), Zhe Yu (GEIRI North America), Yishen Wang (GEIRI North America),
Robert Hess (SRP-Retired), Harvey Scribner (SPP), Jay Caspary (SPP), Doug Bowman (SPP),
Ben Kroposki (NREL), Yingchen Zhang (NREL), Santosh Veda (NREL), Akshay Korad (MISO),
Michaela Flagg (MISO), Aditya Jayam Prabhakar (MISO), Mark Westendorf (MISO), Jau J Guo
(AEP), Evan R. Wilcox (AEP), Yazan M. Alsmadi (AEP), Tom Weaver III (AEP), John H. Tucker
(AEP), Cho Wang (AEP), Yohan Sutjandra (The Energy Authority).



Executive Summary

This project is motivated by the growing integration of utility-scale and distributed energy storage
resources in both transmission and distribution systems. As US Federal Energy Regulatory
Commission (FERC) Orders No. 841 and No. 2222 request all the US system operators to
completely open their energy and ancillary services markets to both utility-scale and retail-scale
(distributed) energy storage resources, these energy storage resources bring in various challenges
to the wholesale market operation and participation. This research focuses on three core areas: 1)
understanding market participation activities of utility-scale batteries in the wholesale energy,
reserve, and regulation markets; 2) data-driven day-ahead and real-time price forecasting
approaches for profit-seeking utility-scale batteries and aggregators of distributed batteries; and 3)
the distribution system operator (DSO) framework for coordinating market participation activities
of distributed batteries and other distributed resources. The research is presented in six chapters
(Chapters 2-7).

Chapters 2-3 present a comprehensive modeling framework for studying various market
participation activities and operating patterns of utility-scale batteries in the energy and ancillary
services markets, with detailed consideration of batteries’ regulation market participation models
and degradation cost models. Analysis on the impact of battery degradation on market participation
strategies of utility-scale batteries is presented in Chapter 3.

Chapter 4 describes a framework for integrating BESSs in the wholesale and retail electricity
markets and presents a case study on the integration of BESSs and virtual bidding on the decision-
making model of an electricity retailer through a two-stage stochastic optimization framework.

Chapter 5-6 propose data-driven price forecasting approaches with improved forecasting accuracy,
for profit-seeking battery owners and aggregators to forecast system-wide day-ahead and real- time
locational marginal prices using public market data. The proposed approaches are built upon
generative adversarial networks and convolutional long short-term memory networks which
capture the spatio-temporal correlations among system-wide energy market data.

Chapter 7 presents a DSO framework to optimally coordinate the aggregators of various distributed
resources for their wholesale market participation while operating the retail market, considering
three-phase unbalanced distribution system operating constraints, as well as coordinated market
clearing mechanisms between the balanced wholesale and unbalanced retail markets.
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