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Abstract

In many jurisdictions, commercial and industrial (C&I) customers are charged for their
energy consumption as well as the power drawn from the grid at peak load hours. In
Ontario, the demand-based charge component of the electricity cost has been skyrocket-
ing, and this cost often accounts for a significant portion of the overall operating cost of
large customers. The Ontario Government in 2010 launched the Industrial Conservation
Initiative (ICI) program which requires large customers (Class A) to pay a Global Ad-
justment (GA) charge, based on their percentage contribution in load during the top five
system peak load hours over a one-year base period. This offers enormous savings opportu-
nity to many industrial customers by using strategies to reduce or offset their load during
these system peak load hours. However, managing demand can be challenging when faced
with production constraints in areas of high-energy sensitive production lines where short
interruptions are not permitted. Energy Storage System (ESS) offers the customer the ca-
pability to carry out its usual operations while simultaneously saving on the electricity bill
through demand reduction. ESS can provide electricity to the facility during system peak
periods to reduce the power drawn from the grid, while during non-peak price periods, the
ESS is recharged by harnessing the low-cost power.

In this work, a detailed operations model of behind-the-meter Small Scale Compressed
Air Energy Storage (SS-CAES) is developed for an industrial customer, with an existing
well /cavern that can be re-purposed for air storage. The developed optimization model
manages the operation of the CAES facility to minimize electricity costs, determining the
storage energy output and the corresponding charging and discharging decisions of the
SS-CAES system. Furthermore, a detailed economic analysis is carried out to examine
financial viability of a practical behind-the-meter SS-CAES project. Some key parameters
such as life cycle, CAES capacity and capital cost, and electricity price are considered for
carrying out a sensitivity analysis, and the results suggest that SS-CAES is economically
viable in the current Ontario rate structure. It is shown that the cost of an SS-CAES
project and GA charges are the key determining factors for economic deployment of SS-
CAES in Ontario.
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Chapter 1

Introduction

1.1 Motivation

Commercial and Industrial (C&I) customers in many jurisdictions are not only charged for
their energy consumption but also for the power they draw from the grid at peak hours [1,2].
For this category of customers, electricity prices have been skyrocketing, and this cost
often represents a significant part of their overall operating budget, as in the case of many
businesses in Ontario [1]. This rising price of electricity can be attributed to the Global
Adjustment (GA) which is a charge imposed on the customers in Ontario since 2005 to
cover the difference between the wholesale electricity market price and the electricity tariff
rate paid to regulated and contracted generators, and to pay for conservation and demand
management programs [3]. Since its inception, GA has been increasing significantly, as can
be seen from Figure 1.1 [3].

The Industrial Conservation Initiative (ICI), which was introduced in 2010 by the
Government of Ontario, requires large customers (Class A) to pay the GA charge based on
their percentage contribution in load during the top five Ontario system peak load hours
over a 12-month base period (May 1 to April 30) of the previous year [3]. This presents
an enormous savings opportunity for many industrial customers by employing strategies
to reduce or offset their load during these peak hours. While curtailing production during
the system peak hours could save the customer a significant amount of the electricity cost,
the challenge for the customer lies in balancing its monetary gain from load reduction at
peak hours vis-a-vis the disruptive effect on its production.

As shown in Figure 1.1, the GA is continuing to increase year over year [1], and hence,
managing the GA charge has become an increased priority for Class A customers. Many of
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Figure 1.1: Ontario GA [3].

them are currently exploring innovative, energy-saving solutions; however, just how viable
some of these techniques are, and at what cost would a budget-minded risk-averse business
owner feel confident enough to take the leap, remains to be investigated. Some of the
strategies that large customers can adopt towards reducing their load demand during the
system peak hours and hence the electricity cost include [1]:

e Direct production curtailment

e Non-production baseload conservation and demand management
e Load-displacement through onsite generation

e Behind-the-Meter Energy Storage System (ESS)

For example, in Ontario, reducing the electricity demand during the five coincident
peak (5cp) hours is often considered the most effective strategy, given the modest number
of hours upon which the ICI program is based. However, direct production curtailment
for the purpose of demand reduction would impact production, or result in not cutting
enough load and missing the peak. Managing the demand can be challenging when faced
with production constraints in areas of high energy sensitive production lines where short
interruptions are not permitted. Utilizing back-up generators to reduce the demand is



not a new idea; however, the customer must consider the extra expense of running the
generators during peak hours and its impact on the environment and associated costs.

ESS is a not-so-new technology and is making waves as a promising option for load
management when installed on the customer’s facility to reduce electricity cost. The ESS
can provide electricity to the facility during peak price periods to reduce the power drawn
from the grid, while during non-peak price periods, the ESS would be recharged by har-
nessing the low-cost power. Battery energy storage (BES) is the dominating technology
in the context of usage of behind-the-meter ESS for electricity cost savings [5]. Other
technologies such as Compressed Air Energy Storage (CAES) have rarely been considered
a viable option because of their location dependency and large capital cost for small scale
installations [6]. However, CAES technology is a matured storage technology that has
found applications at the grid scale level, and many researchers have reported that the
capital cost of CAES decreases reasonably when empty wells/caverns exist that can be re-
purposed for air storage [7]. Hence, investigating the feasibility and economic viability of
Small Scale CAES (SS-CAES) for an industrial facility with available empty wells/caverns
for air storage, to defray the high peak-power electricity prices of Ontario, is the focus of
this research work.

1.2 Literature Review

A brief and critical review of the literature pertaining to CAES applications and customer’s
load management is presented next.

1.2.1 Compressed Air Energy Storage Applications

CAES is one of the most promising and matured electrical energy storage technologies and
has scope for extensive applications due to its favourable technological characteristics such
as fast response capability, low cost, long service life, and low environmental impact [3,9].
CAES, just like any other storage technology, can be sited at the transmission system
level, the distribution system level, or behind the customer’s meter. Although CAES has
received attention in recent years, in order to support their investment and deployment,
investors and policy makers need an in-depth understanding of viable potential application
of CAES technology. These are generally two-fold [10] :

e Utility scale for energy arbitrage, load balancing, smoothening the fluctuations arising



from renewable energy sources, peak load shifting, emergency supply, and provision
for black start in a power blackout situation.

e Behind the meter at the end-user side, for regulating the electricity drawn from the
grid and hence to minimize their electricity cost, and enhance power quality and
reliability.

Most of the early literature on CAES is centered on the technical description of CAES
plant design for load leveling and fuel saving applications in combination with nuclear
and coal-fired base load power plants [ [-11]. The various potential applications of CAES
systems are presented and discussed in [10, 15-18]. CAES plants are designed to sustain
frequent start-up/shut-down cycles, respond quickly and operate at part load levels with
minimal performance penalties and thus are well-suited for regulation and load following
[19]. Another significant use of CAES is energy arbitrage, which involves charging during
the off-peak hours when prices are low, and then discharging when prices are high.

The authors in [20] carry out an extensive economic analysis of CAES and other ESS
technologies based on their arbitrage potential in real-time US electricity markets, showing
that, of all the ESSs, Pumped Hydro Storage (PHS) and CAES have the greatest potential
for price arbitrage, and the return on investment is most impacted from reduction in the
capital cost of PHS and CAES. The arbitrage value of ESS in the PJM market of USA
is estimated in [21], noting that the decrease in the average price spread of energy with
increasing penetration of renewable energy or ESS may lead to a decline of the arbitrage
value of storage. As an alternative, different papers suggested complementing the arbitrage
revenue stream with revenues from “additional” services as a crucial condition for CAES to
achieve and maintain profitability [19,22]. In [23], a co-optimized CAES dispatch model is
presented that quantifies the CAES potential in providing arbitrage, in addition to reserve
services, in several US markets showing that only arbitrage-based revenues are unlikely
to support CAES investment in most markets, but adding reserve revenues could support
conventional CAES investments in several markets.

With increasing penetration of renewable energy (RE), CAES has been considered as a
useful resource for facilitating RE integration into the power system. Thus researchers in
[21] examines the technical development and financial plausibility of an advanced adiabatic
CAES (AA-CAES) for wind energy integration in various European countries, and reports
that the economic value of an AA-CAES increases significantly with increasing penetration
of wind-power. A review of a large-scale CAES and wind hybrid energy system conducted
in [25] demonstrates that CAES gave better performance in providing invariable dynamic



wind power to the grid even at low wind speed compared to Flywheel Energy Storage
(FES) system, and Superconducting Magnetic Energy Storage (SMES) system, etc.

Due to the proven technical advantages demonstrated by the large-scale CAES facilities
in Germany and USA| researchers in [3,26—29] proposes and investigates different hybrid
configuration of renewable-diesel-CAES systems. The focus of these works are mainly on
the design, control strategies and technical feasibility of pairing CAES with other energy
sources to compensate for the challenges associated with renewable and diesel energy sup-
ply. In [8], for example, a hybrid wind-diesel-CAES system deployed in a microgrid to
supply a remote area in Canada is examined; small and medium scale CAES are consid-
ered, and by estimating the fuel consumption, greenhouse gas emissions and maintenance
cost of diesel engines for different scenarios, it is noted that a wind-diesel-CAES hybrid
system presents a significant potential for cost minimization and improved reliability of
the microgrid.

Other use-cases of CAES at utility scale include transmission and distribution upgrade
deferral and congestion relief. Thus in [30, 31], the costs and benefits of deploying ESS
for network investment cost reduction is explored by developing a transmission expansion
model that incorporates ESS. The proposed model is applied to different test systems,
and the results for all the test cases show that reduction of network investment cost is
achievable by deploying ESS for the range of energy capacity considered.

At the end-user side, CAES technology is gaining significant interest among C&I busi-
nesses as back-up power, on site renewable integration, and cost-effective solution to reduce
the energy drawn from the grid and save on electricity costs. With today’s evolving rate
structures, falling price of solar and incentive programs, this market is forecast to grow
rapidly [32], with SS-CAES being a potential resource in this context. Yet, some studies
argue that CAES is not suitable for small scale application due to the sheer size of the
installations and the associated costs [0]. Nevertheless, interest in SS-CAES is growing,
with very few studies examining the techno-economic feasibility of such projects.

Although the use of CAES is not yet widespread, a significant amount of research
works have analyzed its design, potential applications and economic viability for large-
scale applications. At the small-scale level, although there are several reported works on
the design and modelling of CAES, works on the techno-economic feasibility are limited
and therefore requires further attention and thus is the focus of the potential work.



1.2.2 Load Management of Customers

In most utilities, C&I customers are charged for both the energy they consume (kWh)
and the load they impose on the utility during a billing period (kW demand). Such load
contribution of the customer is generally determined by their percentage contribution to
the system peak load, which are indicators for the utilities on the required capacity to meet
the demand. For a large C&I customer, a demand charge based on its demand coincident
with the system peak demand can account for up to 50% of its monthly electricity bill [1];
a load management strategy is therefore of utmost importance to save on the electricity
bill.

Load management of a customer encompasses schemes used to reduce its consumption
during the system peak load hours. Strategies like charging of ESS units during off-peak
periods for use during system peak hours, priority load scheduling to avoid large loads
running simultaneously, rescheduling of processes, and use of own power production have
been reported in [33] as the most common strategies of customer load management. System
peak load reduction is beneficial to both the utility and the end-user [5,33] and as such is
becoming an important area of active research, thus motivating the work present here.

Use of local storage for peak shaving has been proposed as an alternative to C&I
customer’s load management, especially where load curtailment poses a threat to the pro-
duction line. In [31], BES is used to reduce the energy cost and hence the peak demand
of the customer. A novel peak shaving scheduling problem is formulated in [2] using an
optimal offline and a heuristic online algorithm to dispatch lossless and lossy batteries for
peak reduction. By combining BES, smart meter and demand response (DR), the authors
in [35] shift the load and smoothe the peak on a distribution feeder in New Mexico.

Optimum operation is a key challenge in peak shaving using ESS strategy, and to
address this many studies have been carried out on the optimum operation of ESS. A
control technique for BES state of charge (SOC) is developed in [36] by setting a demand
limit, the ESS is charged when the demand is less than the demand limit and discharged
when the demand is greater. A similar study on scheduling BES by setting demand limits
for discharging of BES can be found in [37], keeping the charging times fixed night when
the energy demand is low. A simple algorithm to control the BES SOC in real time is
proposed in [38], while an adaptive control algorithm to manage the optimum operation
of BES is presented in [39].

Optimal sizing of ESS is important to maximize a customer’s return on investment
and minimize the system losses. In view of this, the authors in [39] propose a novel ESS
sizing method to obtain the optimum size of energy storage for C&I customers, based on



their historical load profile. Researchers in [31] propose the “Extrema” method to find the
optimum size of BES for providing peak shaving services, where the objective function is
calculated for a set of input values to optimize the size of BES. A model of BES sizing for
peak load shaving based on a rolling method is propose in [10]; first, the energy capacity
required to meet daily peak based on forecast daily load curve is evaluated, then the
optimized size of BES is determined based on the evaluated result.

As high capital cost constitutes a major practical barrier for implementing ESS, many
research works have studied the economic benefits of peak shaving, particularly for the
consumer and the utility. From the customers’ perspective, ESS used for peak shaving
allows the customer to save on their electricity bill and carry out their daily activities si-
multaneously [5]. A mixed integer nonlinear programming (MINLP) model for minimizing
the electricity cost and reducing the peak demand by rescheduling the loads, while satis-
fying the facilities operating constraints, is proposed in [11]; the case study of a typical
caustic-chlorine plant shows that a reduction of about 19% in the peak demand, with a
corresponding saving of about 3.9% in electricity costs is possible with the optimal load
scheduling under time-of-use (TOU) tariff. In [12], an economic analysis of behind-the-
meter ESS is presented, formulating first a non-linear optimization problem to find the
optimal operating scheme for ESS to minimize the monthly electricity cost of the cus-
tomer; the problem is then transformed to a linear programming (LP) problem using the
minimax technique, and case studies for customers in San Francisco were conducted. The
results show that ESS can significantly reduce electricity costs by peak shaving and load
shifting for the commercial customer, and by storing excess renewable energy for the res-
idential customer. Optimal benefit and sizing of BES for behind-the-meter applications
are evaluated in [32], in which the cost of energy and peak demand charge reduction for
commercial buildings are co-optimized. In [13], an optimal demand charge management
for TOU customers using ESS is discussed. The study in [14], performs a cost-benefit anal-
ysis for an industrial customer in South Korea that, uses ESS for peak reduction; Actual
demand profiles of the industry are used to verify the effectiveness of the proposed ESS
operation and estimate the savings in electricity costs.

The main advantage of a behind-the-meter ESS over other peak shaving strategies
is that the customer is able to carry out its usual daily activities while simultaneously
saving on the electricity bill through demand reduction. Among the various ESS, BES
technology is the dominating choice for peak shaving application [5]. Consequently, there
is a knowledge gap filled here in the domain of feasibility and economic analysis of other
storage technologies like SS-CAES, and how it compares with BES for customer load
management.



1.3 Research Objectives

From the aforementioned literature review, it is noted that peak demand based rate struc-
tures, adopted by many utilities, calls for load management strategies to enable large C&I
customers save on electricity costs. An ESS located on a customer’s facility, has been iden-
tified as one of the viable options for managing its load, especially in high energy intensive
industries where power interruptions can be costly. However, since most of the works re-
ported in this area focus on BES technology [5], there is a need to study the application
of other ESS technologies as an alternative option.

Although SS-CAES can serve the purpose of customer’s load management, most of
the research works have focused on using above-ground storage vessels. Underground
storage based SS-CAES is technically feasible, but not much work has been devoted to
their economic viability, especially in the context of re-purposing an existing underground
storage well/cavern, which can result in a significant reduction in capital costs [7]. Coupling
this with the possible savings in cost of electricity in Ontario, SS-CAES is studies here a
possible option for load management in an industrial facility with an existing well for air
storage. In view of this, the objectives of this thesis are as follows:

e Develop a mathematical model for the coordinated operation of an industrial cus-
tomer’s facility equipped with a behind-the-meter SS-CAES. The optimization prob-
lem will seek to determine the minimum electricity cost operation, the storage energy
output and corresponding charging and discharging decisions of the SS-CAES unit
over the planning horizon.

e Perform a detailed economic analysis of different behind-the-meter SS-CAES system
capacities to determine the optimal SS-CAES capacity that meets the investor’s
minimum acceptable rate of return.

e Perform a sensitivity analysis of the interactions between financial viability of SS-
CAES project and some key parameters influencing the project performance (life
cycles, energy, and power prices).

1.4 Outline of the Thesis

The background required for the development of the research work is presented in Chap-
ter 2. A detailed operational model of SS-CAES installed at customer’s facility for load



management is developed in Chapter 3; presenting and discussing the optimal operation
results obtained.

To evaluate the financial plausibility of an SS-CAES project to an investor, an eco-
nomic model is developed in Chapter 4. The developed model is subjected to a sensitivity
analysis, and the detailed results are presented and discussed. Finally, in Chapter 5, the
summary and conclusions from the research work are presented while highlighting the main
contributions of the research. Future research directions are also discussed in this chapter.



Chapter 2

Background

This chapter presents a brief overview of some of the background topics pertaining to
the research in this thesis. First a general overview of ESS including the various types,
components and applications at different levels in the power system is presented. Then, an
overview of CAES systems, highlighting its main components, operating principles and use
cases are discussed, followed by a brief overview of SS-CAES. Finally, electricity pricing in
Ontario is discussed, providing details on the prevailing GA charges.

2.1 Energy Storage System Overview

The fundamental premise of ESS involves converting one type of energy (mainly electrical
energy) into another, for the purpose of storage [15]. This stored energy is then reconverted
into electrical energy for use when demand arises. An ESS, as depicted in Figure 2.1,
commonly comprises four major components, which includes the following [10]:

e Storage Medium: This is a means or system in which energy is stored such as battery,
CAES reservoir, flywheel or reservoir for pumped hydro systems. It sets the basic
storage capacity limits.

e Charging System: Flow of energy from the electrical network to the storage medium
occurs through this system. For example, in the CAES system, a compressor is driven
by electricity to compress air for storage.
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e Discharging System: This system converts the stored energy to a readily usable
form when demanded. The quality and quantity of power provided by the ESS
is determined by this component. For a conventional CAES system, the expander
performs this function.

e (Clontrol System: The entire operation of the ESS is coordinated by this system.

Grid
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I _ I
1| Discharging Monitoring N Charging I
: System and Control System :
| |
I I
| |
I I
| |
I I
| |
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: Storage :
| |
| |
| |
| |

Figure 2.1: Basic components of a typical ESS [10].
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2.1.1 Classification of Energy Storage Systems

Several methods have been suggested for categorization of various ESS technologies: form
of energy stored, functions of the storage, duration of storage, and response time. The
form and function are the most widely used methods [15,17] for ESS classification.

Classification of Energy Storage Technologies

Mechanical Electrochemical Electrical
a ( ) ( . )
[ Pumped Hydro-PHS Secondary Battery Capacitor
/ Lead-acid/NaS/Li-ion X Supercapacitor
) \ J
[ Compressed Air-CAES p \ - N
Y Flow battery Superconducting
[ Flywheel-FES Redox flow/Hybrid L Magnetic-SMES )
J \ J
Thermochemical Chemical Thermal
Solar fuels Hydrogen Sensible/latent
Solar hydrogen Fuelcell/Electrolyze Heat Storage

Figure 2.2: Classification of ESS technologies by form of stored energy [17].

Figure 2.2 shows the categorization of ESS in terms of form of energy stored in the
system. A detailed description of each type of ESS is presented in [15,47]. In terms of their
function, ESS can be categorized into those with high power ratings but relatively small
energy content, making them appropriate for power quality and reliability applications;
and those intended for energy management [15]. Figure 2.3 illustrates the ESS categories
in terms of the functions.

Selection of an appropriate technology requires a critical analysis of the fundamental
features of the storage systems to establish a reasonable comparison criteria. The discharge
duration, power and energy densities, and cycle efficiency are some of the characteristics of
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Figure 2.3: Classification of ESS technologies by functions [17].

storage devices that may be used as helpful metrics in selecting the most suitable storage
systems to be adopted for a particular use [15,17]. For example, some grid management ap-
plications such as frequency regulation and load levelling, typically demands fast response
times of the order of fractions of seconds which are suitable for flywheel and supercapacitor
storage. Bulk power management on the other hand may require longer discharge duration
of the order of hours with pumped-hydro and CAES offering these capabilities [18].

Aside from technical characteristics, capital cost of storage is another key factor for
determining the viability and acceptance of storage deployment. The capital costs of the
storage systems can be calculated in various ways, which include energy cost($/kWh),
power cost ($/kW), and cost per cycle ¢/kWh/cycle. In terms of energy cost, CAES is
the cheapest among the developed storage technologies for large-scale applications, with a
capital cost of $2-50/kWh [15].

2.1.2 Applications of Energy Storage Systems

ESS provides electrical grid with numerous beneficial services and cost reduction, and com-
panies are deploying storage technologies for various purposes. The conventional electricity
network links the following: fuel/energy source, generation, transmission, distribution, and
customer-side [15,19], and ESS technologies being projected to play a significant role for
all these in the near future. Large scale ESS enables modern electrical devices to oper-
ate significantly more efficiently, resulting in lower prices, less emission and more reliable
power [16]. ESS can also be sited behind th