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Abstract

Energy storage systems are well poised to mitigate uncertainties of renewable generation outputs. Grid-scale energy
storage projects are major investments which call for rigorous valuation and risk analysis. This paper provides a
stochastic energy storage valuation framework in wholesale power markets which considers all key revenue streams
simultaneously. As part of this framework, an operational optimization model is developed to determine the energy
storage system’s optimal dispatch sequences. A future curve model is built to capture the volatilities of electricity prices.
In addition, a frequency regulation service price forecasting model is developed. Simulation results with a realistic battery
storage system reveal that the majority of the market revenues comes from frequency regulation services. Simulation
results also show that both round-trip efficiency and power-to-energy ratio are crucial to the cost effectiveness of energy
storage systems.
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1. Introduction

Distributed renewable generation, such as rooftop so-
lar photovoltaic, has grown exponentially in the past few
years. The intermittency of renewable resources creates
new operating and planning challenges to the transmis-
sion and distribution system operators around the world.
These new challenges include loss of system inertia, in-
creasing needs for ancillary services, voltage excursions,
and unbalanced phase loading. Energy storage systems
are well poised to mitigate uncertainties of renewable gen-
eration outputs. They also play a key role in facilitat-
ing the integration of renewable generation resources into
electric grids. However, there are several challenges to the
widespread deployment of energy storage. As identified
in the U.S. Department of Energy report [1], the most
crucial hurdle to energy storage system adoption is the
uncertainty in its cost competitiveness with other energy
resources. The first step to overcome this hurdle is to de-
velop a comprehensive optimization and valuation model
which allows energy storage systems to provide multiple
electricity market products simultaneously.

Most of the existing literatures either ignores key en-
ergy storage revenue streams or models various grid ser-
vices separately. The economics of electric energy stor-
age for energy arbitrage and regulation was evaluated in
the New York and Pennsylvania, Jersey, Maryland (PJM)
Power Pool [2, 3]. The energy shifting service and fre-
quency regulation service are not co-optimized in the eco-
nomic analysis. The authors in [4] only considered value
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of energy storage systems for primary frequency control.
Only energy shifting benefits are included in estimating
the value of energy storage systems in [5, 6]. In [7], the
revenue streams of battery systems are considered sepa-
rately. A real options approach is taken in evaluating the
profitability of investing in a battery bank [8]. The rev-
enue from energy shifting and ancillary services are mod-
eled simultaneously. However, the capacity market value
is ignored in [3, 4, 5, 6, 8]. This paper corrects these prob-
lems by developing a comprehensive energy storage system
valuation framework. The proposed valuation framework
optimally allocates and partitions available storage capac-
ity to a combination of grid services in order to maximize
market value.

The lack of understanding of investment risks associ-
ated with energy storage is another obstacle to its widespread
adoption. Due to peculiar properties of electricity, electric-
ity prices exhibit excessive volatility and spikes which are
unmatched by any other commodities and financial assets
[9]. Therefore, the value of energy storage systems are
therefore highly uncertain. A stochastic valuation frame-
work is much needed to characterize the distribution of
energy storage revenue streams. A stochastic valuation
framework built upon the electricity price future curve is
developed in this paper to rigorously measure the risks
associated with the energy storage investment.

The remainder of this paper is organized as follows.
Section II presents the stochastic energy storage valuation
framework. Section III derives the technical methods used
in this paper which includes electricity future price curve
modeling, principal component analysis, electricity spot
price sample path generation and energy storage system
co-optimization. The numerical study results are shown
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