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a b s t r a c t

The increasing share of renewable energy plants in the power industry portfolio is causing grid insta-
bility issues. Energy storage technologies have the ability to revolutionize the way in which the electrical
grid is operated. The incorporation of energy storage systems in the grid help reduce this instability by
shifting power produced during low energy consumption to peak demand hours and hence balancing
energy generation with demand. However, the deployment of some energy storage systems will remain
limited until their economic profitability is proven. In this paper, a cost-benefit analysis is performed to
determine the economic viability of energy storage used in residential and large scale applications.
Revenues from energy arbitrage were identified using the proposed models to get a better view on the
profitability of the storage system. Moreover, the feasibility of energy storage projects relies on the
readiness of investors to invest in the project. This willingness is significantly affected by several factors
such as the risk of the innovative storage concept. To analyse the profitability risk associated with such
energy project, a sensitivity analysis is performed in this study.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Energy consumption varies significantly throughout the day and
ramps up and down during peak and off-peak hours. Utility ad-
ministrators launched several incentive programs and policies to
encourage customers to reduce their peak energy consumption.
Pricing policy which consists of buying energy at high price during
peak hours is an example of energy policies applied by utility
companies. Given this pricing policy, residential customers are
encouraged to shift load consumption from high energy demand
hours to off peak periods [1,2]. However, the effectiveness of this
technique is limited since only few household tasks can be trans-
ferrable. The deployment of residential energy storage is another
method that could be used. Residential customers can store energy
during low demand hours and use the stored electricity during
peak hours. This methodology allows them to reduce their electric
bill because the stored energy will be bought at low prices during
off-peak hours and consumed during peak hours. Consequently,
high energy prices during peak demand periods will be avoided.

Zhu et al. [3] proposed a model to control different types of resi-
dential energy storagewith the aim to reduce the user's electric bill.

Other methods have been deployed in residential applications
to reduce the energy bill such as the use of local energy generation
which include solar power, wind power and geothermal. By directly
supplying energy from the generation source to the load, the con-
sumption of energy bought from the grid at high prices is reduced.
However, the hourly energy generated by a photovoltaic (PV) sys-
tem, for example, does not match the household peak demand
hours. Therefore, to fully capture the benefit of energy generation
sources, an energy storage system could be used as a management
device. Residential customers can store the excess generated power
for future use (during peak hours). Few research papers have dis-
cussed control algorithms for residential energy storage combined
with PV systems. McKenna et al. [4] investigated the economic
value of integrating lead-acid batteries in grid-connected PV under
feed-in tariff in UK. The results of their study demonstrated that
lead acid battery has a negative value and its financial loss is
considered significant (£1000/year). A mixed integer linear pro-
gramming (MILP) algorithm has been proposed by Ha Pham et al. in
Ref. [5] to model household PV and energy storage system. In
Ref. [6], a predictive control model is proposed to reduce electricity
bills by performing peak shaving. Wang et al. present a hierarchical
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system for predicting energy generation and demand, as well as
monitoring energy storage technologies [7]. Most of the literature
work focus on implementing control algorithm for managing the
flow of energy in households with a goal to minimize the electric
bill.

Utilities have been for a long time interested in energy storage
systems due to their great potential to support the operation of the
electric grid. However, the deployment of these systems both in
small and large scale applications is significantly dependent on to
their viability. An energy storage system has to fulfil some condi-
tions in order to be considered economically viable. A positive net
present value (NPV) ranks as being the first condition; meaning the
generated revenues must exceed the system costs. The second
condition concerns being more economically profitable compared
to other alternative storage systems.

The last condition is related to the system associated risks. In-
vestment risk has to be taken into consideration when evaluating
the economic viability of energy storage.

The benefits of energy storage can be captured from different
applications; among these revenues generated from arbitrage, and
those received from transmission and distribution (T&D) upgrade
deferral dependingon the investigated scenario. Previous researches
have proposed methods for optimizing the operation of energy
storage systems,witha focusonmaximizing theowner revenues [8].
This simulation results demonstrated that renewable farms can take
advantage of the hourly energy price fluctuation, and sell more
electricity when the prices are high to increase their revenues. An
economic studywas undertaken byWalawalkar et al. to evaluate the
revenues obtained fromperforming energy arbitrage and regulation
service in New York. The outcome of this study reveals that the
installation of storage in this city is profitable. since New York is
characterized by potential opportunities for regulation services. In
addition, this study quantifies the value of T&D system upgrade
deferral [9]. Energy storage arbitragepotential has been investigated
byauthors in Refs. [10e18] for different storage systems inparticular
markets. Bradbury et al. [19] proposed an optimization algorithm to
model the maximum profit received by energy storage from energy
arbitrage in a number of U.S. real-time electric markets. Different
energy storage technologies including mechanical, electrical and
chemical systems were evaluated in this analysis. The energy and
power capacities of these systems were also identified based on
maximum profit. Hittinger et al. [20] presented a high resolution
model to evaluate the value of batteries inmicro-grid systems. Their
model takes into consideration several battery aspects such as
temperature effects, rate-based variable efficiency, and operational
modeling of capacity fade. In some of the discussed scenarios, this
studysuggests that aqueoushybrid ionbatteries are oftenmore cost-
effective than lead acid batteries. The economics of large energy
storage plants were assessed by Locatelli et al. in Ref. [21] with an
optimization methodology. This work quantified the potential for
energy storage for energy reserve and price arbitrage. The outcomes
of this analysis demonstrate that without subsidies, none of the
existing storage technologies is economically viable.

The topic of profitability and risk evaluation of a storage system
known as gravity storage, similar to the traditional pumped hydro
storage, has never been explored in literature. For this reason, a
framework here is presented as follows. Section 2 discusses the
different classification of energy storage. Section 3 presents the
proposed structure about profitably modeling. It investigates the
viability of residential energy storage considering different sce-
narios. Then it encompasses a cost benefit study for large scale
energy storage followed by a strategic analysis (section 4). Finally,
risk analysis along with sensitivity study is undertaken in section V
and VI, respectively. Section 7 provides a summary of the work
carried in this paper.

2. Classification of energy storage

Energy storage systems can be categorized into small and large
scale systems. Small scale technologies such as batteries are mainly
used by residential and industrial customers while large scale
systems such as compressed air energy storage and pumped hydro
are used by power suppliers [22].

2.1. Small scale energy storage: (Residential storage system)

Residential customers are urged to invest in renewable energy
technologies because of the numerous advantages received by local
energy generation. However, small scale generation is not that
much beneficial compared to large scale solutions. In large systems,
there is a huge need of matching the demand to the supply while
this need is very limited for a single household [22]. Therefore, the
generated revenues for small scale applications could be less than
the technology investment cost; as it will be demonstrated in
section 3.

Conventional energy storage technologies used in residential
applications are batteries. These mature systems efficiently store
electrical energy at small scale while this synergy benefit is limited
for large batteries. A typical disadvantage of batteries is their
limited expected lifespan which is associated with the number of
charge/discharge cycles. However, the amount of cycles per day is
rather small for residential household in comparison with large
scale systems. Therefore, batteries used by single households have
higher lifetime and lower expected replacement period.

The efficiency of a hybrid residential energy system composed of
PV system and battery can be high, reaching 98% under correct
deep cycle charging and optimal conditions [22]. This efficiency is a
little bit difficult to achieve in practice because it is significantly
affected by several factors, which include ambient temperature,
speed of charging and battery age. Under normal conditions, the
efficiency of batteries is lower; for example, nickel cadmium bat-
teries have a round-trip efficiency of 65%, while the efficiency of
lead-acid batteries ranges from 75 to 85% [23]. Additionally, storing
energy produced by solar photovoltaic systems does not require a
rectifier; since both systems produces a direct current (DC). The
generated DC could be used by several appliances without the need
of a converter. However, extra costs are incurred for use by appli-
ances requiring an alternating current (AC).

Recently, the use of lithium-ion batteries for residential appli-
cations has increased because of the benefit this storage system has
over other batteries. However, from an economic perspective, these
advantages are not so important. There is a significant need for a
reduction in kWh price of these technologies before they become
much attractive. In general, the unit price per kWh of a small scale
battery is almost the same as the cost of larger systems [22].

2.2. Large scale energy storage

2.2.1. Local grid storage system
Energy storage technologies used in local grid systems are

operated more often than those used in residential applications.
Thus, the number of charge and discharge cycles is higher for large
scale systems. In this case, some of the benefits of lithium-ion
batteries, which include storing energy over a longer amount of
charge/discharge cycles, are more important to the grid than to
residential applications [22]. Grid stabilization is the main role of
local grid energy storage systems. It helps the distribution network
to overcome overloading during peak demands.

Batteries are also used as storage systems in local grid. Sodium-
Sulphur batteries are considered appropriate for such application,
but their high cost compared to other batteries limits their
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