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Executive Summary 

The recent advances in the state of the art of storage technology have led to wider deployment of 
storage technologies in today’s electricity networks. This project developed models, simulation 
methodologies and control strategies for analyzing the effects of storage integration into grids at 
the transmission and distribution levels and for their effective operations in those grids. The 
advancements reported here explicitly make use of storage as a system resource that provides the 
flexibility to mitigate the effects of variable renewable energy sources, improves the overall 
system reliability, and has the ability to provide energy- and capacity-based ancillary services.  

The research was performed in four separate parts with two focusing on the transmission level 
integration of storage resources and the other two on the distribution grid integration. The scope 
of work and the results are presented in the four parts. The following is a summary of each of the 
four parts. 

Part 1:  Simulation of Energy Storage in a System with Integrated Wind Resources 
Wind is a clean and renewable source of energy with zero fuel costs. However, wind generation 
outputs are highly variable, intermittent and with rather limited controllability by the operator. 
The wind speed patterns present a key challenge to integration of wind resources since the wind 
may not blow when the system most needs the wind resource output or blow in hours of surplus 
generation, creating concerns about “spilling” wind energy due to the insufficiency of the load 
demand. The basic tool operators use to manage the wind variability is the raising of the reserve 
levels, which, typically, results in increasing the overall production costs. As such, the full 
economic and environmental benefits of harnessing wind energy cannot be realized. Such 
situations create excellent applications for utility-scale storage to facilitate the improved 
harnessing of the wind resources by storing wind energy for release during peak-load hours so as 
to displace the costly energy from polluting generating units. We have developed a stochastic 
simulation methodology to emulate the behavior of power systems with integrated wind and 
storage resources. This methodology is able to evaluate the impacts of storage integration into a 
grid with wind resources, taking explicitly into account various sources of uncertainty, wind 
variability and intermittency and the impacts of the time varying transmission constraints on the 
deliverability of the electricity to the loads. The methodology may be used to quantify the 
variable effects of large-scale power systems with storage and intermittent wind resources 
operating in a market environment. There is a broad range of applications of the simulation 
methodology to planning, investment, transmission utilization and policy formulation and 
analysis studies for systems with integrated storage and variable energy sources. In addition, the 
methodology is very useful in the study of a broad array of what if questions. 

The simulation methodology – based on the deployment of Monte Carlo simulation techniques – 
uses systematic sampling mechanisms to compute the realizations of the various stochastic 
processes used to represent the sources of uncertainty and to construct the so-called sample 
paths. The approach uses an hour as the smallest indecomposable unit of time and uses the 
realizations of the stochastic processes at these discrete sub-periods. A salient characteristic is 
the ability to capture effectively the synergies between variable energy resource outputs and 
storage units so as to include the impacts of storage integration into power systems with multi-
site wind farms. We have developed a storage scheduler to determine, given the initial state of 
the system and its forecasted evolution, the optimal trajectory of the state of each integrated 
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storage unit for each hour in the scheduling period with the objective to maximize the system 
total social surplus over that period. We simulate the clearing of the hourly transmission-
constrained day-ahead markets by solving the DCOPF problem that is used to represent each 
hourly market. As such, the approach explicitly represents the chronology of time-dependent 
phenomena and transmission network constraints that influence the deliverability of the energy. 
The methodology is capable to account for the spatial correlation among the stochastic processes 
representing the variable energy resources as well as the correlation with the loads and over time. 
We also devoted much attention to ensure the computational tractability of the tool so as to allow 
the simulation over longer-term periods.  

The presented results of representative case studies effectively illustrate the synergies among 
wind and storage resources. Our studies indicate that the deepening penetration of wind 
resources in systems with integrated storage resources contributes to significantly reducing the 
LMPs and the expected wholesale purchase payments and provides marked improvements in the 
system reliability. The presence of utility-scale MWweek storage units indeed accentuates such 
benefits, particularly at deeper wind penetrations where it t ends to attenuate the “diminishing 
return” effects of installing more wind capacity. The case study results discussed the impacts that 
the siting of a storage unit can have on certain nodes and even the entire system performance. 
Furthermore, our studies on t he integration of multiple storage units show that it is more 
beneficial, in general, to implement smaller distributed storage units into the network rather than 
the installation of a single large storage unit.  

Part 2:  Modeling and Simulation to Study the Impacts of Storage on the Reliability of 
Composite Power Systems with Wind Farms 

Many countries, including the United States, have set targets to include a si gnificant share of 
wind and solar resources into their energy portfolios. However, wind power is highly variable 
and uncertain because of its intermittent and fluctuating characteristics. Storage devices offer 
substantial benefits to system operations by providing the flexibility to mitigate the effects of 
variable renewable energy sources and the ability to provide energy- and capacity-based 
ancillary services. The basic objective of this effort is to develop modeling and simulation 
methodology to study the impacts of storage on the reliability of power systems when wind 
farms are integrated into the composite system. 

To develop realistic models for the composite system, it is important to construct good models 
for the subsystems. The reliability models of conventional generation have been well developed. 
However, the models for the wind farms are inadequate and lack realism. As such, we devote the 
first subsection to describe the work done to improve the wind farm models. We then discuss in 
the subsequent sections the modeling and simulation methodology to study the effect of storage 
on the reliability of the composite power system and the optimization scheme developed for the 
optimal storage deployment to manage the variable characteristics of wind using sensitivity 
analysis. 

We present several studies to illustrate the use of the methodology incorporating the improved 
wind farm models and the storage optimization scheme. We make use of Monte Carlo 
simulation, based on ne xt event form of sequential approach. We evaluate the Loss of Load 
Expectation (LOLE) and the Expected Energy Not Supplied (EENS) indices to assess the system 
reliability, making extensive use of National Renewable Energy Laboratory wind data. We 
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investigate and analyze the results on the IEEE Reliability Test System (RTS) under different 
scenarios.  

Part 3:  Integration of Electric Energy Storage into a Distribution Level Grid  
with Integrated Renewable Energy Resources 

We investigate the reliability and economic impacts of energy storage and renewable energy 
integration into the distribution level grid. We examine various operational strategies of the 
distribution grid integrated energy storage and renewable energy resources, making use of a 
dedicated reliability and economy framework. We construct the methodology for optimizing the 
energy storage size and its operation to achieve optimal reliability and economy. A key focus is 
on the scheduling and operation of distribution systems with energy storage so as to effectively 
harness the major benefits of electric energy time-shift, power supply capacity and transmission 
congestion relief imparted by the deployment of energy storage. We analyze the solution of the 
effective scheduling of the energy storage by a load aggregator who participates in the day-ahead 
and the real-time balancing markets. The judicious application of a Model Predictive Control-
based approach allows the scheduling of the storage so as to minimize the energy costs of the 
load aggregator across the two markets. We investigate the impacts of the price and load forecast 
uncertainties on the energy costs. 

We investigate the adequacy and economy characteristics of distribution grid integrated energy 
storage and renewable energy resources under different operational strategies. The use of the 
operational flexibility in the storage deployment results in a wide range of results for the tightly 
coupled economic benefits and reliability impacts. We discuss in detail these impacts in the load 
aggregator case utilization of energy storage for the minimization of the energy purchase costs. 
We construct an assessment framework, based on sequential Monte Carlo simulation approach, 
to evaluate the reliability and economic impacts. We illustrate its application to study the 
distribution system reliability enhancement in an islanding operation with renewable and storage 
energy power supplies.  

We also investigated how to effectively take advantage of the multi-purpose benefits of energy 
storage deployment. In this context, we study a multi-objective approach to design energy 
storage implementation in distribution systems. A modified particle swarm optimization 
approach is proposed for the design of energy storage utilization in distribution systems, where 
not only the energy storage capacity and power are determined but also the energy storage 
operation strategy. 

Part 4:  Algorithms for Decentralized Control of Distributed Storage Resources 
The objective of this research is to enable the effective utilization of distributed storage resources 
(DSRs) connected at the distribution level voltage at various places in the network. The basic 
concept is to develop appropriate coordination mechanisms to deploy DSRs for the provision of 
frequency response services. Such a task needs to be accomplished with the minimum amount of 
communications among the dispersed devices and the aggregating entity of these resources. A 
potential application of the mechanism is to the aggregation of battery vehicles in a single 
parking lot or in multiple parking lots during the day and to the aggregation of battery vehicles 
that are charged during the night at disparate locations on the network. 

Two possible communication and control architectures exist to enable the effective coordination 
of DSRs – either completely centralized control architecture or distributed architecture. In 



 

v 
 

centralized control architecture, each DSR is commanded from a cen tral controller. To 
implement this centralized architecture, it is necessary to overlay a c ommunication network 
connecting the central controller with each distributed resource, and requires knowledge of the 
DSRs that are available on the distribution side at any given time. An alternative is to implement 
a completely distributed architecture where DSRs react to local signals and signals provided by 
neighboring DSRs. This distributed architecture has the potential to offer several advantages 
over its centralized counterpart:  i) it is more economical because it d oes not require 
communication between a centralized controller and the various devices, ii) it does not require 
complete knowledge of the DSRs, and iii) it can be  more resilient to faults and/or unpredictable 
behavioral patterns by the DSRs. Such a solution may rely on inexpensive and simple 
communication protocols, e.g., ZigBee technology, that provides the required local exchange of 
information for the distributed control approach to work. In this research, we pursue this 
distributed approach, providing algorithms that enable utilization of distributed resources for grid 
support. 

In the setting we consider, each DSR can only exchange information with storage devices in its 
immediate neighborhood, and is endowed with a processor that can perform simple 
computations. We assume that the individual ability of each DSR is upper bounded by known 
capacity limits. Communication links between DSRs can be asymmetric, i.e., DSR j may be able 
to send information to DSR i, but not necessarily the other way, so that the information exchange 
between DSRs in the system can, in general, described by a directed graph. Our focus is on linear 
iterative algorithms in which a DSR j maintains a set of values that are updated to be weighted 
linear combinations of the device’s previous values and the values of the DSRs that can send 
information to DSR j. A convergence analysis of the algorithms is presented, followed by the 
discussion of a modification that enhances the resiliency of the algorithms when the 
communication links are imperfect. We describe the development of a h ardware testbed 
comprised of low-complexity devices equipped with wireless transceivers that implements the 
algorithms. We conclude by illustrating the efficacy of the algorithms by utilizing the hardware 
testbed to demonstrate each of the distributed algorithms. 

In the setting we consider, each DSR can only exchange information with storage devices in its 
immediate neighborhood, and is endowed with a processor that can perform simple 
computations. We assume that the individual ability of each DSR is upper bounded by known 
capacity limits. Communication links between DSRs can be asymmetric, i.e., DSR j may be able 
to send information to DSR, but not necessarily the other way, so that the information exchange 
between DSRs in the system can, in general, described by a directed graph. Our focus is on linear 
iterative algorithms in which a DSR j maintains a set of values that are updated to be weighted 
linear combinations of the device’s previous values and the values of the DSRs that can send 
information to DSR j. A convergence analysis of the algorithms is presented, followed by the 
discussion of a modification that enhances the resiliency of the algorithms when the 
communication links are imperfect. We describe the development of a h ardware testbed 
comprised of low-complexity devices equipped with wireless transceivers that implements the 
algorithms. We conclude by illustrating the efficacy of the algorithms by utilizing the hardware 
testbed to demonstrate each of the distributed algorithms. 
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Principal Outcomes 
The project efforts resulted in improved ability to exploit the increased flexibility imparted by 
storage applications to the power system through the development of appropriate models, 
methodologies and control strategies. The major results include: 

• The development of a comprehensive stochastic simulation methodology to quantify the 
economic, environmental emission and reliability variable effects of storage integration 
into power systems with integrated intermittent renewable resources; 

• A practical approach for the analysis of various problems and issues in system planning, 
operations, investment analysis, decision-making under uncertainty and policy 
formulation concerning bulk power system operations in the smart grid environment 
under deepening penetration levels of renewable resources;  

• The effective deployment of energy storage to manage the A Model Predictive Control-
based approach is developed to study the potential to better manage the energy cost of a 
load aggregator with EES in a m arket mechanism consisting of day-ahead market and 
real-time balancing market is explored. 

• An assessment framework based on sequential Monte Carlo simulation approach is 
developed to assess the reliability and economic impact of proposed operation strategies. 

• A multi-objective optimization methodology to construct Pareto-optimal solutions for 
conflicting objectives in the optimal design of storage utilization; 

• An optimization methodology for the assessment of the impacts of storage on the 
reliability of a composite system with integrated variable energy sources; 

• More realistic modeling of wind farm power production for use in reliability assessment; 

• A distributed control architecture for distributed storage resources and associated robust 
and convergent algorithms that adhere to the communication topology; 

• A hardware testbed comprised of low-complexity devices with wireless- transceiver-
based implementation of the algorithms for the coordination of distributed storage 
resources. 
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