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Abstract

There are few cost and environmental feasibility assessments of energy storage systems for utility-
scale applications. The development of techno-economic and environmental performance
indicators is crucial to make an informed decision on future development and deployment of
energy storage technologies. This thesis aims to address the knowledge and literature gaps in
economic and environmental aspects of energy storage systems for stationary applications.
Scientific principles-based techno-economic and life cycle assessment models were developed for
seven energy storage technologies: sodium-sulfur (Na-S), lithium-ion (Li-ion), valve-regulated
lead-acid (VRLA), nickel-cadmium (Ni-Cd), vanadium redox flow (VRF), steel rotor flywheel,
and composite rotor flywheel. Four stationary application scenarios were evaluated. These are bulk
energy storage, transmission and distribution investment deferral, frequency regulation, and
support of voltage regulation. With the rapidly growing number of electric vehicles, vehicle-to-
grid (V2G) technology can play an important role in stabilizing electricity grids. An assessment is
necessary to develop performance metrics for the V2G system and compare it with stationary
energy storage systems. Therefore, a special case for an electro-chemical energy storage system,

V2G, was investigated to evaluate its techno-economic feasibility in Canadian weather conditions.

The system components were designed in such a way that the power and energy of each application
scenario are met. Then, cost functions were developed, followed by estimation of the life cycle
cost and the levelized cost of storage (LCOS). The environmental assessment involves building
material and energy inventories and translating them to net energy ratio (NER) and life cycle

greenhouse gas (GHG) emissions values.

il



The LCOS ranges from $199-$941/MWh for the Na-S, $180-$1032/MWh for the Li-ion, $410-
$1184/MWh for the VRLA, $802-$1991/MWh for the Ni-Cd, and $267-$3794/MWh for the VRF,
depending on the application scenario. The life cycle GHG emissions range from 715-784 kg-
CO2eq/MWh for Na-S, 625-659 kg-CO2eq/MWh for Li-ion, 749-803 kg-CO2eq/MWh for VRLA,
742-806 kg-CO2eq/MWh for Ni-Cd, and 800-963 kg-CO.eq/MWh for VRF. Because they have a
longer cycle life, lower capital cost, and higher energy density, Li-ion and Na-S energy storage

systems outperform other battery storage technologies.

The composite rotor flywheel has a higher LCOS ($189.94/MWh) than the steel rotor flywheel
($146.41/MWh), mainly due to the higher composite material cost compared to steel. However,
with respect to the life cycle GHG emissions, the composite rotor flywheel has a higher
performance (48.9-95.0 kg-CO2eq/MWh) than the steel rotor (75.2-121.4 kg-CO2eq/MWh),
mainly due to the higher operational energy consumption in the steel rotor flywheel to compensate

for the frictional loss.

In the techno-economic assessment of the V2G system, the weather conditions in four Canadian
provinces were considered. The LCOS values for the V2G system range from $176.97/MWh in
Quebec to $233.08/MWh in Ontario when it is used for energy arbitrage. When the V2G system
is used for frequency regulation, the LCOS values range from $271.42/MWh in Quebec to
$329.93/MWh in Ontario. The LCOS varies by province mainly because of differences in

electricity prices and average ambient temperatures.

The framework developed in this research can be used for assessment of other energy pathways.
Insights from the study will help industry and electric utility companies understand the economic
and environmental performances of electro-chemical and flywheel energy storage systems and

ultimately help them make informed policy and investment decisions.
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Chapter 1: Introduction!

1.1. Background

Electricity and heat production is one of the greenhouse gas (GHG)-intensive sectors, responsible
for 31% of global emissions [1]. Electricity demand, moreover, is expected to increase by 57% by
2050 [2] and, with it, the GHG emissions’ contribution. Thus, the energy sector needs a deep
decarbonization by transitioning to renewable energy to meet the global reduction targets set by
the Paris Agreement, which aims to keep the global temperature rise to well below 2°C [3].
Renewable energy grew 39% between 2014 and 2018; solar and wind experienced huge growths
of 61% and 275%, respectively, during the last 5 years [4]. It is projected that the renewable energy
capacity will increase by more than 60% by 2026 from 2020 levels [5]. While these renewable
sources have many environmental advantages, they also come with some challenges due to their
intermittency [6]. Increasing their shares in the grid creates stability problems, as these sources
disrupt the conventional methods used in daily planning and operations [7]. Energy storage
systems (ESSs) can play an important role both in mitigating grid stability challenges and
facilitating the integration of renewables to the grid, thus ensuring deep decarbonization of the

electricity sector [8, 9].

An ESS stores electricity from renewable and non-renewable sources in a different form and
converts it back when required [10]. ESSs can be classified as mechanical (e.g., pumped hydro,
compressed air, flywheel), electrical (e.g., supercapacitor), electro-chemical (e.g. lithium-ion,

lead-acid, etc.), and thermal (e.g., sensible heat, latent heat, etc.) [11]. The global installed ESS

! Part of this chapter is based on a book chapter. The chapter has been published as Environmental impact assessments
of compressed air energy storage systems: A review. In: Fokaides PA, Morsink-Georgali PZ, Kylili Angeliki, editors.
Environmental Assessment of Renewable Energy Conversion Technologies, Elsevier Inc., Amsterdam, The
Netherlands, 2022.



capacity was 181 GW in 2018, of which about 96% is pumped hydro storage (PHS) [12]. PHS
pumps water from a lower to a higher reservoir when there is low energy demand and allows water
to flow to the lower reservoir and generate electricity when the demand is high. PHS is among the
most mature energy storage technologies. It is characterized by long lifetime and low cost of
storage for large-scale applications [13]. PHS is site-constrained, as it is attached to hydropower
[14]. Compressed air energy storage systems (CAESs) and thermal ESSs are other mature
technologies. A CAES system stores electricity in the form of the potential elastic energy of air
and air is released from the storage medium and used in a gas-fired turbine to produce electricity
during high demand. Problems with a CAES are that it uses natural gas and has low efficiency [15,
16]. In a thermal ESS, the heat from the solar or waste stream is stored in molten salt during low
demand periods. When demand is high, the heat transfer fluid extracts heat from the molten salt to
produce superheated steam, which is then used to generate electricity using steam turbines. PHS,
CAES, and thermal ESS are used for long-duration applications (e.g., time-shift) and are not
suitable for short-duration applications such as frequency regulation or support of voltage
regulation. Electro-chemical battery technologies, such as valve-regulated lead-acid, lithium-ion,
sodium-sulfur, nickel-cadmium, and flow batteries, are more versatile than PHS, CAES, and

thermal ESS as they can be used for any short- or long-duration application.

The electric vehicle (EV) is an application of electro-chemical batteries, in that it can be used as
energy storage to provide several services in the electricity network including frequency regulation
[17], energy arbitrage [18], and load-leveling [19]. The connection between the grid and EVs can
be facilitated through vehicle-to-grid (V2G) technology. With the rapidly growing number of

electric vehicles, V2G technology can play an important role in stabilizing electricity grids.



However, research that focuses on the V2G’s economic feasibility in different applications is

scarce.

Short-duration applications, such as frequency regulation and voltage leveling, are crucial for the
safety and reliability of electricity networks. Large-scale flywheels could be an attractive option
for short-duration utility applications given their fast response time, longer cycle life, and large
power discharge. Because of the recent developments in flywheel bearing and rotor material, it is
projected that the flywheel energy storage market will increase by about 77% between 2019 and

2027 [20, 21].

Electro-chemical and flywheel ESSs can play a key role in achieving a high penetration of
renewables by providing flexibility to the electricity grid and improving its reliability and
efficiency. The choice of ESS depends largely on its economic viability and environmental
sustainability. Unlike mature storage technologies such as PHS, CEAS, and thermal ESS,
information on the economic and environmental performances of electro-chemical batteries and
flywheel storage systems for utility applications is limited. This can be a barrier to the development
of feasible business models for electro-chemical and flywheel ESSs and to making an informed
decision. This research develops techno-economic and life cycle assessment (LCA) models that
allow a system-based evaluation of electro-chemical and flywheel ESSs for short- and long-
duration applications. The techno-economic model uses design and cost parameters associated
with an ESS over its lifetime to determine its life cycle cost as a levelized cost of storage (LCOS).
Scale factors were developed to define the cost implications of a change in storage capacity. The
LCA model was developed by accounting for the material and energy inputs and outputs in the life
cycle stages of an ESS from raw material extraction to the end-of-life to measure the energy and

environmental performances in terms of net energy ratio and GHG emissions.



1.2. Literature review and research gap

There are some studies on the techno-economic implications of ESSs. Most studies performed
comparative assessments, for example, flywheel with PHS, CAES, and several electro-chemical
batteries [22, 23] or with supercapacitor and superconducting magnetic energy storage [24]. The
studies by Schoenung [25] and Schoenung and Eyer [26] used data collected from various sources
to estimate and compare the costs and benefits of different types of electro-chemical storage
technologies. Abrams et al. [27] developed a framework to evaluate the cost-effectiveness of lead
acid (Pb-A) and lithium-ion (Li-ion) using data from manufacturers. Nikolaidis and Poullikkas
[22] compared the performances of flywheel energy storage systems (FESSs), PHS, and CAES
based on the power capital cost. Schmidt et al. [23] projected the LCOE to 2050 for various
mechanical and electro-chemical ESSs. Zakeri and Syri [28] and Li et al. [29] compared the
economic competitiveness of flywheels, Li-ion, and Pb-A. Although these studies provide useful
information on the economic performance of various energy storage technologies in stationary
applications, there are limitations. Most of the assessments use a top-down approach. A top-down
approach uses aggregated data and provides opaque results without sharing the details [30]. Due
to the lack of process specifics, this approach cannot capture the full interaction between the
technical parameters and economic outputs. For example, the studies by Schoenung [25] and
Schoenung and Eyer [26] used aggregated capital cost data without considering equipment design
and sizing. The bottom-up approach, on the other hand, uses engineering principles to calculate
the installed ESS capacity, design the components, and estimate the costs of components [31]. The

bottom-up approach is transparent, and the results are easily reproducible.

Another important aspect that has not been well addressed in the literature is how economies of

scale change the techno-economic performance of an ESS or how to find the optimal capacity at



which the cost per unit output is lowest. A few studies developed scale factors for large-scale PHS
and CAES systems and showed there is a cost advantage for large-capacity plants because of
economies of scale. For example, Kapila et al. [31] found scale factors of 0.53, 0.87, and 0.88,
respectively, for PHS, conventional CAES, and adiabatic CAES. To the best of the author’s
knowledge, scale factors have not been developed for electro-chemical and flywheel ESSs in the

existing literature.

A key research gap that should be addressed is the techno-economic feasibility of V2G systems in
different applications. The Bank of Canada projects that the EV market will reach about 120
million by 2030 [32]. This drastic increase will put a significant load on electricity grids, impacting
their daily operations [33]. The combined effects of increased renewable penetration and a large
number of EVs in the electricity networks will result in a power imbalance between demand and
supply [34]. Problems such as frequency variation and voltage fluctuation will occur, which can
harm the electricity network’s economic and stability performance [35, 36]. One way to manage
these problems is to use EVs as aggregated energy storage systems, transforming them from
electric loads to energy resources. There are a few studies that attempt to assess a V2G technology
for stationary applications. For example, Noori et al. [37] and Zhao et al. [38] conducted
assessments of the net revenue of V2G systems for five independent system operators in the United
States. Rodriguez-Molina et al. [39] developed a cost-benefit model for a V2G system and found

that EVs can obtain additional revenue by selling electricity to the grid.

Although existing studies provide some information on various cost items, they have limitations.
Because the energy storage market is competitive and costs fluctuate, there is no common indicator
that can be used to compare the economic performance of V2G applications with stationary battery

storage systems. The LCOS needs to be developed for V2G technology. The advantage of this



indicator is that it does not use any location-specific profit/loss function but indicates a price that
should be applied to cover all the expenses over the lifetime of a system and can be used as a
location-independent performance indicator. In addition, the impact of extremely cold weather on
the V2G system’s economic performance was not evaluated in earlier studies. According to
Donkers et al. [40] and Yuksel and Michalek [41], extremely cold weather can adversely influence
an EV’s performance. This is mainly because cold temperature reduces battery capacity
significantly, thereby reducing the battery efficiency and increasing energy consumption to heat
the vehicle cabin. To the best of the author’s knowledge, no study considers extreme cold weather

conditions to evaluate the LCOS for V2G applications.

Cost estimates of a technology inherently differ from one study to the next given the differences
in input parameters, modeling approach, and assumptions, among others. These differences should
be reflected in the output results through sensitivity analysis and quantifying the uncertainty.
However, most existing studies are limited to point estimates and fail to provide a cost range that
considers multiple assumptions and input parameters. A wide range of capital costs is reported in
the literature; for example, according to Akinyele and Rayudu [42], the capital cost of a FESS can
be from $1000-$5000/kW and $250-$350/kWh. There are uncertainties not only in cost inputs but
also in technical parameters and assumptions. For instance, Li-ion battery efficiency is reported in
two studies as 85% [43] and 95% [28]. Studies that attempt to understand the techno-economic
performance of storage systems should be supported with detailed sensitivity and uncertainty

analyses.

LCAs of electro-chemical ESSs focus on comparative assessments, for example, vanadium redox
flow (VRF) with Li-ion [44], aluminium ion (Al-ion) with Li-ion [45], and VRF with lead-acid
(Pb-A) and sodium-sulfur (Na-S) [46]. Two studies compared the environmental footprints of
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different Li-ion batteries [47, 48]. However, none of these studies provides a relative ranking of
battery technologies in different applications considering the impacts of operational characteristics
in the use phase. Few studies investigate the environmental performances of electro-chemical ESSs
in different stationary applications. Ryan et al. [49] conducted an LCA of three types of Li-ion
batteries to estimate cumulative energy demand (CED), global warming potential (GWP), and
acidification for frequency regulation. Jones et al. [50] evaluated the GWP of Li-ion and VRF
storage systems for black start, renewables support, reserve, and balancing. Baumann et al. [51]
assessed the GWP of Li-ion, valve-regulated lead-acid (VRLA), VRF, and NaNiCl for renewables
support, primary regulation, time-shift, and increase of self-consumption. In addition to the GWP,
two studies estimated a wide range of environmental impacts, such as human toxicity, particulate
matter formation, freshwater ecotoxicity, etc. [52, 53]. These studies provide useful information
on the environmental performance of electro-chemical ESSs. However, life cycle inventory
analysis and impact assessment in these studies relied on generic databases, which might not be
applicable for a specific project or application, as material and energy inventories can vary by
application and jurisdiction [11]. While one cannot avoid using generic inventory data, especially
for background systems, primary data can be accurately estimated by applying fundamental
engineering principles to size the storage systems and develop the material and energy inventories
for different applications. In addition, these studies overlooked the environmental impacts arising
from the use of the power conversion system (PCS). To the best of the author’s knowledge, none
of the earlier LCA studies included the PCS in the system boundary to evaluate the energy use and
resulting GHG emissions in the material production and manufacturing of the PCS. Moreover,

some studies omitted one or more life cycle stages, for example, dismantling and transportation of



dismantled components. Excluding any of these aspects when comparing different energy storage

technologies can generate misleading results.

While there are a few LCA studies on FESSs, none include all the components and the full supply
chain from material production to end-of-life (EOL). Torell [54] performed an LCA of lead-acid
(PbA) batteries and FESSs focusing on the material production, transportation, and operation
phases. Although the study provides some information on the carbon footprint, details of
assumptions, data sources, and model development are missing. A similar study [55] estimated the
carbon footprint of a FESS for an uninterruptible power supply application. The study focuses on
material production for a steel rotor flywheel. A study by the Beacon Power Corporation [56]
compares the GHG emissions of a 20 MW FES plant with natural gas, coal, and PHS. The authors
estimated only the GHG emissions from the use of some electricity to compensate for the energy
loss in the operation phase without considering the other life cycle stages. While those studies are
helpful to understand the inventory for the material production and operation phases, many

important aspects are not covered.

There are no LCA studies that assess the environmental performances of composite rotor FESSs.
Research on composite rotor FESSs mainly evaluates cost performance. As composite rotor
flywheels have become popular for their low weight and low space requirement, it is worth
investigating the energy and GHG emission characteristics of the system and comparing them with
those of conventional steel rotor FESSs. Most LCA studies on FESSs estimate the carbon footprint
of the flywheel rotor, which is the heart of the FESS. Other key components such as the bearings,
vacuum system, motor/generator, and power conversion system (PCS) are not fully studied.

Leaving out the energy required to produce these components may lead to a misleading conclusion.



Most earlier studies did not include sensitivity and uncertainty analyses, an important part of the
assessment. According to ISO 14040, an LCA should have sensitivity and uncertainty analyses to
improve the reliability of models and results by identifying the most influential parameters and
providing a probable range of results [57]. LCA involves data collection and assumptions in
building inventories (material and energy inputs) for all the life cycle phases and determining the
environmental impacts associated with each input. For the same input, different sources may have
different values. It is important to identify the variables that most impact the results. Furthermore,
to understand the probable range of results from the interactions of the input variables with a range,
uncertainty analysis is required. Sensitivity and uncertainty analyses can handle variations in

assumptions and data; however, they were not included in the existing LCA studies of ESSs.

1.3. Research motivation
The followings were the impetus for this research:

e There has been little work done on the economic and environmental feasibilities of energy
storage systems for stationary applications;

e The need for bottom-up techno-economic and life cycle assessment models that considers
the interactions among technical parameters, cost items, and specific energy to evaluate the
economic and environmental footprints of energy storage systems;

e The need to understand the relative ranking of energy storage systems based on their
environmental performances in various applications;

e There is not enough information on the cost of using battery-based electric vehicles for

utility applications in cold climates;



e Economic and environmental policies for the deployment of ESSs in the power grid are
needed, and to formulate these it is necessary to estimate the investment cost, net energy
ratio, and life cycle GHG emissions; and

e To identify the areas where costs and GHG emissions could be reduced, it is necessary to
understand the sensitivity of various parameters on the cost of storage and life cycle GHG

emissions in each unit operation.

1.4. Research objectives
The overall objective of this thesis is to develop bottom-up techno-economic and LCA models to
estimate the economic and environmental footprints of large-scale electro-chemical and flywheel

energy storage systems for stationary applications. The specific objectives of this research are to:

e Provide a detailed overview on the recent developments in utility-scale energy storage
technologies;

e Apply engineering principles to design various components of energy storage systems;

e Evaluate the total investment cost, annual life cycle cost, and levelized cost of energy
storage;

e Develop scale factors and economies of scale for a wide range of capacities;

e Develop material and energy inventories for all the life cycle stages from material
production to end-of-life;

e Evaluate the net energy ratio and life cycle GHG emissions considering all the life cycle
stages from material production to end-of-life; and

e Perform sensitivity and uncertainty analyses to identify important input parameters and

provide a range of estimates.
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1.5. Scope and limitations of the thesis

This research develops scientific-principles-based techno-economic and LCA models for the five
most promising electro-chemical and two flywheel energy storage systems for large-scale
stationary applications. The electro-chemical energy storage systems are sodium-sulfur, lithium-
ion, valve-regulated lead-acid, nickel-cadmium, and vanadium redox flow. The two flywheel
energy storage systems are low-speed steel rotor and high-speed composite rotor. In addition,
because of the rapid increase in electric vehicles, the techno-economic feasibility of lithium-ion-

based vehicle-to-grid system was also analyzed.

Four economic and environmental performance metrics were developed including total investment
cost, levelized cost of storage, net energy ratio, and life cycle GHG emissions. The vital cost
parameters, such as capital cost, replacement cost, operation and maintenance cost, and charging
cost, were considered in the techno-economic assessment. The LCA system boundary includes all
the unit operations in the energy storage supply chain from material production, manufacturing,

transportation, and end-of-life.

The LCOS developed in this research are based on the duration of discharge and number of cycles
which can vary by application. Therefore, a comparison of different ESSs based on the LCOS

should be done for similar applications.

The decommissioning costs were not considered in the techno-economic assessment because of
the lack of data. Although most inventories were developed using engineering principles, some
data related to component costs, energy use, and emission factors were taken from published
sources. This study conducts a case study for Alberta-based energy storage systems; however, the

developed techno-economic and life cycle assessment frameworks are valid for other jurisdictions
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with some adjustments in economic input data, emission factors, transportation distance, and

charging cost.

The scope and limitations of this study are discussed further in Chapters 2-7.

1.6. Organization of the thesis
This thesis has eight chapters and is in a paper-based format. It is comprised of papers intended to
be read independently and hence some concepts, assumptions, and data are repeated. Below is a

summary of each chapter.

Chapter 2 reviews in detail the available techno-economic assessments and LCAs of stationary
energy storage systems. It includes information on the current status of large-scale energy storage
systems. Furthermore, an up-to-date inventory of cost and environmental footprints of mechanical,

electro-chemical, hydrogen, and thermal energy storage systems is presented.

Chapter 3 discusses the development of comprehensive bottom-up models to assess the techno-
economic feasibility of five electro-chemical energy storage systems — sodium-sulfur, lithium-ion,
valve-regulated lead-acid, nickel-cadmium, and vanadium redox - for different stationary
applications. The total investment cost and levelized cost of storage are presented for the electro-
chemical energy storage systems along with a cost comparison with mechanical and thermal

energy storage systems.

Chapter 4 describes the development of the LCA models to quantify the net energy ratio and the
life cycle GHG emissions of sodium-sulfur, lithium-ion, valve-regulated lead-acid, nickel-

cadmium, and vanadium redox for utility-scale stationary applications.

12



Chapter 5 presents a comparative techno-economic assessment of large-scale steel rotor and
composite rotor flywheel energy storage systems for frequency regulation. In this study, cost
functions for the system components were developed and then the total investment cost and

levelized cost of storage were calculated.

Chapter 6 describes the investigation of the net energy ratio and life cycle GHG emissions of large-
scale steel rotor and composite rotor flywheel energy storage systems for frequency regulation
through LCA. The LCA model includes the system’s supply chain: material production,

manufacturing, transportation, and end-of-life.

Chapter 7 examines the techno-economic feasibility of vehicle-to-grid applications in a cold
climate. A case study for four Canadian provinces — Alberta, Ontario, British Columbia, and
Quebec — was conducted. The levelized cost of storage was developed for time-shift and frequency

regulation.

Chapter 8 summarizes the key research findings and provides a list of recommendations for future

research.
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Chapter 2: Assessment of energy storage technologies: A review”

2.1. Introduction

Global electricity generation is heavily dependent on fossil fuel-based energy sources such as coal,
natural gas, and liquid fuels. There are two major concerns with the use of these energy sources:
the impending exhaustion of fossil fuels, predicted to run out in less than 100 years [58], and the
release of greenhouse gases (GHGs) and other pollutants that adversely affect ecosystem services
and human health [59-61]. Environmental regulations have set GHG emission reduction targets in
several sectors [3, 62, 63]. Renewable energy is a promising source that can play a vital role in
mitigating GHG emissions and fulfilling global energy demand [64-67]. Among the renewable
energy sources, globally solar and wind have shown remarkable growth, from 182 GW in 2009 to
660 GW in 2015 [68]. However, their integration into the existing power network has challenges
in terms of efficiency, stability, and reliability, as most renewable sources are intermittent by
nature [69-74]. This intermittency could be mitigated by incorporating energy storage systems

(ESSs) in the power grid [75-79].

An ESS is a system that converts energy from one form, usually electricity, to another form that
can be reserved in a storage medium and then converted back to electricity when required [10, 80].

An ESS stores electricity when demand is low and discharges when demand is high, providing

2 This chapter is a combination of a review paper and a book chapter. The review paper has been published as Rahman
MM, Oni AO, Gemechu E, Kumar A. Assessment of energy storage technologies: A review. Energy Conversion and
Management. 2020;223:113295. The book chapter has been published as Rahman MM, Oni AO, Gemechu E, Kumar
A. Environmental impact assessments of compressed air energy storage systems: A review. In: Fokaides PA, Morsink-
Georgali PZ, Kylili Angeliki, editors. Environmental Assessment of Renewable Energy Conversion Technologies,

Elsevier Inc., Amsterdam, The Netherlands, 2022.
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great operational flexibility to the electrical grid and mitigated intermittency [81-84].
Transportation, portable devices, and the power network are the typical application areas for an

energy storage system [85-89].

Several studies have addressed the technical and economic aspects of energy storage technologies.
Most of these studies reviewed the technical characteristics [6, 90-94], the sizing of various ESSs
[42, 95-99], and challenges associated with their applications [8, 100-104]. These studies help us
understand technical properties, such as efficiency, energy and power densities, depth of discharge,
lifetime, etc., and to determine the size of energy storage technologies for renewable sources like
solar and wind. Techno-economic assessments (TEAs) of energy storage technologies evaluate
their performance in terms of capital cost, life cycle cost, and levelized cost of energy in order to
determine how to develop and deploy them in the power network. Battke et al. reviewed the impact
of uncertainty in the inputs on the life cycle costs of electro-chemical storage systems, focusing on
four types of battery systems, lithium-ion, lead-acid, sodium-sulfur, and vanadium redox flow
[105]. The review did not include mechanical, hydrogen, or thermal energy storage technologies.
A review article by Zakeri and Syri looked into a number of studies and performed a TEA of
energy storage technologies along with uncertainty analysis [28]. The authors provided useful
information on various cost components. However, the study does not include information on
energy use or the environmental impacts of each technology. A recent study by Koohi-Fayegh and
Rosen [106] includes a thorough review on the technical aspects and applications of different
ESSs. The review presents a brief discussion on the economics of ESSs but no detailed information
on cost parameters and how they are used in TEA. Nor were the environmental aspects included

in the review.
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Given the growing environmental concerns and policy regulations, the quantification of energy
consumption and environmental footprints has become increasingly important in the deployment
of energy systems in the power network. Understanding the trade-off between the economic
viability and environmental performance of an ESS is crucial in order to make decisions towards
sustainability. Life cycle assessment (LCA) is a useful tool to quantify the environmental
performance of a product or a system from cradle-to-grave. LCA is based on ISO 14040 [57] and
IOS 14044 [107] from the International Organization for Standardization (ISO), which provides
guidelines and a methodological framework. LCA has four phases: goal and scope definition,
inventory analysis, impact assessment, and interpretation. LCA of ESSs involves estimating
energy use and emissions as well as particulate matter at various stages, from material extraction,
manufacturing, transportation, and operation to final decommissioning [108-112]. A recent paper
by Pellow et al. [113] reviewed the environmental impacts of lithium-ion (Li-ion) batteries in
various applications including stationary and transportation. But the review does not include a

comparative environmental assessment of different energy storage types.

There is a scarcity of review articles that provide useful information on the life cycle energy use
and GHG emissions associated with different energy storage technologies focusing on utility-scale
stationary applications. Moreover, many cost numbers presented in the earlier review articles are
not up-to-date. A study that looks extensively into ESSs’ development and their economic and
environmental performances is needed. This chapter, therefore, aims to provide a comprehensive
review of state-of-the-art energy storage technologies and their applications. This review integrates
both the economic and the environmental aspects of ESSs for stationary applications in the power
network and provides a database that incorporates the latest cost and emissions numbers of energy

storage technologies. Finally, knowledge gaps in this area of research are identified and
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recommendations are made. The literature review includes peer-reviewed journal papers,
conference proceedings, and scientific reports from governments and non-governmental

organizations.

The specific objectives of this chapter are to:

e Provide a detailed overview on recent developments in utility-scale energy storage
technologies;

e Extensively review and compare the techno-economic performance of various energy
storage systems;

e C(ritically review the methods used in the literature to evaluate the environmental
sustainability of energy storage technologies;

e Review the life cycle environmental performance of different utility-scale energy storage
systems; and

e Identify knowledge gaps in the literature relevant to the techno-economic and life cycle

assessments of utility-scale energy storage systems.

This chapter is organized into five sections. Section 2.2 provides an overview on the status of
energy storage technologies around the world. Sections 2.3 and 2.4 provide critical reviews and
discuss the techno-economic and life cycle assessments of different energy storage technologies,
respectively. Land footprints of different energy storage systems are discussed in section 2.5.

Section 2.6 outlines the research gaps and recommendations for future research.

2.2. An overview of energy storage technologies
Although energy storage technologies can be categorized by storage duration, response time, and

function [10, 114], the most popular method is by the form of energy stored, broadly classified
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into mechanical, electro-chemical, chemical, electrical, and thermal [69, 115-117]. Figure 2.1

presents a classification of energy storage technologies based on the form of energy stored.

Secondarv ‘ i N
Pumped hydro battery (Pb-A, ) g
storage | Na-S. Li-ion, Hydrogen — Sensible heat
Ni-Cd, etc.) L

Energy storage technologies

Supercapacitor

* Flow battery
Compressed air {(vanadium
storage | redox and Zn- —{ Latent heat
Br)
—  Flywheel —  Chemical

Figure 2.1: Classification of energy storage systems based on the form of energy stored

[115]

With increased renewable energy penetration in power grids, the use of energy storage devices has
become increasingly common. According to the United States Department of Energy (USDOE)
[12], the capacity of ESSs increased by 24% from 2010 to 2017. In 2017, the worldwide capacity
of ESSs was about 171 GW from 1267 operational projects [12]. Table 2.1 shows the rated capacity
and number of projects for each ESS type based on project status. Of 171 GW, China has the
largest installed energy storage capacity (32 GW), followed by Japan (29 GW), and the US (24
GW). However, the number of operational projects in the US is 494, the highest in the world.
China and Japan have 94 and 90 projects, respectively, operating for various power grid
applications [12]. Figure 2.2 shows the cumulative ESS capacity and the number of projects in the

top 10 countries in the world by installed capacity.
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Table 2.1: Rated installed capacity (GW) and number of projects for various energy storage

technologies around the world [12]

Technology Operational Offline Contracted Announced De- Under
/under commiss construction
repair ioned

Mechanical 166.20 (372) 0.28 (2) 2.31(11) 11.63 (26) 0.08 (3) 5.95(7)

storage”

Electro- 2.03(695)  0.05(3) 0.95(67)  0.63(136)  0.09 (40) 0.70 (10)

chemical

Chemical 0.01 (7) - 0.003 (3) 0.001 (1) 0.00007 -

storage” (D)

Thermal 321(193)  021(1) 0.13(3) 0.16 () ; 0.12 (2)

storage

* Includes pumped hydro, compressed air, and flywheel storage systems.
#Only hydrogen storage is considered.
Values in parenthesis represent the number of projects.
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§ 25 350 E
S g
E 20 300 E.
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Figure 2.2: The top ten countries by installed capacity of ESSs [12]
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Energy storage devices are used in the power grid for a variety of applications including electric

energy time-shift, electric supply capacity, frequency and voltage support, and electricity bill

management [12]. The number of projects in operation by storage type for different services is

provided in Table 2.2. Although mechanical storage systems have the largest share in the world’s

installed capacity, these systems are mainly used in electrical energy time-shift (314 projects) and

electric supply capacity (282 projects) (see Table 2.2). Electro-chemical batteries, such as lithium-

ion (Li-ion), sodium-sulfur (Na-S), vanadium redox flow (VRF), and lead-acid (Pb-A) are used

for all the services an ESS can provide.

Table 2.2: Number of projects in operation by storage type for different services [12]

Service Mechanical Electro- Chemical Thermal
storage chemical storage storage
storage
Electric energy time-shift 314 197 - 75
Electric supply capacity 282 79 - 66
Renewables capacity firming 12 204 6 54
Frequency regulation 77 168 1 4
Electricity bill management 3 119 - 119
Renewables energy time-shift 15 139 3 57
Voltage support 46 133 - -
On-site renewable generation shifting 1 135 1 9
Electric supply reserve capacity- spinning 92 52 - -
On-site power 4 90 - -
Grid-connected commercial (reliability and 2 64 - 3
quality)
Electricity bill management with 3 77 1 2
renewables
Transportation services - 51 2 -
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Service Mechanical Electro- Chemical Thermal

storage chemical storage storage
storage
Distribution upgrade due to solar - 46 - -
Grid-connected residential (reliability) - 35 - 3
Ramping 4 40 1 1
Load following (tertiary balancing) 26 50 1 -
Microgrid capability 2 92 - 1
Black start 1 36 - -
Transmission congestion relief 1 24 1 3
Transmission support - 17 - 3
Electric supply reserve capacity- non- 1 20 - 17

spinning

2.2.1. Mechanical storage

Among the mechanical storage systems, the pumped hydro storage (PHS) system is the most
developed commercial storage technology and makes up about 94% of the world’s energy storage
capacity [12]. As of 2017, there were 322 PHS projects around the globe with a cumulative
capacity of 164.63 GW. The rated capacity of PHS varies from 100-2000 MW [28]. It has high
efficiency, long discharge duration and cycle life that makes it suitable for bulk energy

applications.

Compressed air energy storage (CAES) can be classified as conventional and adiabatic. The
operation principles of conventional and adiabatic CAES systems along with the other ESSs can
be found in Appendix A in section A.1. The world’s first conventional CAES plant was built in
Germany in 1978 with a capacity of 290 MW [118]. According to the USDOE, 660 kW adiabatic

CAES plant is the only operational plant in the world, located in Toronto, Canada. A 5 MW/10
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MWh adiabatic CAES plant in Strathalbyn, South Australia, Australia is under construction and

expected to be in operation in 2020 [12].

The installed capacity of flywheel energy storage (FES) system is 931 MW [12]. Flywheels are
usually used in frequency regulation, integration of renewable energy systems [119], and hybrid
energy systems [120, 121]. They have a very high efficiency (80-90%), short response time, and
long lifetime (see Table 2.3), making them favorable to use. The world’s largest capacity flywheel,
located in Culham, United Kingdom and used for frequency regulation, can supply up to 400 MW

(2 large flywheels) for 30 seconds [12].

2.2.2. Electro-chemical storage

Electro-chemical battery storage systems have the third highest installed capacity of 2.03 GW [12]
(see table 2.1). The most widely used utility-scale electro-chemical batteries are lead-acid, lithium-
ion, sodium-sulfur, nickel-cadmium, and flow batteries [122-124]. Among the battery
technologies, Li-ion has the highest market share with a capacity of 1.66 GW, followed by sodium-

based batteries (204.32 MW) and flow batteries (71.94 MW) [12].

The Pb-A batteries are used for services like micro-grids, hybrid energy systems, spinning reserve,
bulk energy storage, frequency regulation, etc. [10]. According to DOE, the largest Pb-A project,
10 MW, is in Phoenix, Arizona, USA [12]. While the Pb-A batteries have high efficiency, typically
70-80% (see Table 2.3), and lower capital cost, the main drawbacks of this technology are its short
lifetime and intensive maintenance requirement. The lifetime is limited by the depth of discharge
(DOD) and operating temperature, typically -5 to +40°C [125]. The improved Pb-A battery, the
advanced valve-regulated lead-acid battery (VRLA), can overcome these limitations. The lifetime

of the VRLA is about ten times longer than the old Pb-A battery [90]. Although the power
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conversion system and balance of plant costs of conventional Pb-A and VRLA batteries are within

the same range, the cost of the storage section could be 25-35% higher for the advanced one [26].

The Li-ion battery dominates the energy storage market. High efficiency, longer life cycle, and
high power and energy density helped this technology grow rapidly [8]. High capital cost remains
the biggest challenge for the use of these batteries in commercial-scale ESSs [8]. According to the
DOE database, the world’s largest Li-ion battery storage was commissioned in 2017, in South
Australia with power and energy capacities of 100 MW and 129 MWh, respectively [12]. The
project lifetime is 15 years and the capital expenditure was $32.35 million [12]. The storage system
was designed to be used in frequency regulation, renewable capacity firming, and renewable
energy time-shift services. The declining price, use of advanced materials, and improved safety

features will make this a promising future technology [126].

Na-S technology is becoming increasingly attractive for large commercial-scale energy storage
because of its high energy density, longer lifetime, and almost zero maintenance [127-129]. This
battery can sustain 6-8 hours of continuous discharge [12]. The world’s largest Na-S battery
storage was deployed by the Abu Dhabi Water and Electricity Authority and has a capacity of 108
MW [130]. The system operates in a time-shift mode, that is, it stores energy when demand is low

and discharges electricity to the grid when demand is high [130].

Although Ni-Cd batteries have high energy density and low maintenance, disposing of the toxic
metals nickel (Ni) and cadmium (Cd) is a challenge [6]. The life cycle of Ni-Cd batteries could
reach up to 50,000 cycles for a 10% depth of discharge [91]. Golden Valley Electric Association’s
battery energy storage system is the world’s biggest Ni-Cd battery system. It was designed to

operate at a rated capacity of 27 MW for 15 minutes discharge. It was commissioned on September
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19, 2003 and designed for a 25-year lifetime. The expenditure for the project was $35 million [12].
The services it provides are black start, electric supply reserve capacity, grid-connected

commercial (reliability and quality), grid-connected residential (reliability), and voltage support.

The main advantage of flow batteries is that power and energy rating design can be done
independently, which makes them suitable for power- and energy-related applications [28]. The
operation principle of flow batteries can be found in Appendix A. Flow batteries can discharge
electricity for up to 10 hours [126]. According to the DOE database, the largest energy storage
with a VRF battery is located in Dalian, China, and has a capacity of 200 MW/800 MWh [12].
The system is used for electric energy time-shift, black start, renewables capacity firming,
renewable energy time-shift, and resiliency. The largest Zn-Br flow battery, with a power capacity
of 25 MW and an energy capacity of 100 MWh, is situated in Kazakhstan and is used for electric

energy time-shift and renewable energy time-shift [12].

2.2.3. Hydrogen and thermal storage

According to the DOE database, the two largest plants in the world (at 6 MW) are located in
Germany [12]. Energiepark Mainz was the first multi-MW project to use proton exchange
membrane (PEM) electrolysis with a discharge duration of 4 hours and 20 minutes. The capital
expenditure for the project was $19 million [12]. The high capital cost and low conversion
efficiency are the two main constraints in implementing this technology for commercial-scale grid

applications.

Thermal storage system has the second highest installed capacity of 3.21 GW [12]. Thermal energy
storage is a promising technology that can reduce dependence on fossil fuels (coal, natural gas,

oil, etc.). Although the growth rate of thermal energy storage is predicted to be 11% from 2017 to
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2022, the intermittency of solar insolation constrains growth [131]. Thermal energy storage (TES)
stores energy in the form of heat to use when there is high demand [131]. The typical applications
of TES include energy shifting, peak shaving, and electric bill management [12, 132]. Although
TES systems can be used for centralized or distributed heating/cooling [132], the focus of this
chapter is on TES systems for electricity generation. TES systems can be classified into sensible

heat TES, latent heat TES, and thermochemical storage [133, 134].

Each energy storage system has unique characteristics in terms of efficiency, specific energy, cycle
duration, self-discharge, etc. These properties determine the suitability of a particular storage
device for various services (e.g., supply capacity, time-shift, frequency, and voltage regulation,
etc.). Detailed information on these applications can be found in earlier studies [8, 100, 106, 135,

136]. The technical features of different ESSs can be found in Table 2.3.
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Table 2.3: Technical parameters of different energy storage technologies

Technology Rated power Specific energy Energy Discharge at Response Lifetime Self-

(MW) (Wh/kg) efficiency (%) rated capacity time (cycles) discharge/day
(h) (“o0)

PHS 100-5000 0.5-1.5[10] 65-75 [138], 1-24+[10] Minutes [139] >15,000 [115] No [140], very
[10], 1000- 75-80 [15] small [115]
3000 [137]

CAES 5-300 [10], 30-60 [10] 41-75 [115] 1-24+[10] Seconds- >10,000 [115] No [140],
100-3000 minutes [139] small [115]
[137], 50-350
[141]

FES 0-0.25[10], 10-30 [10], 5-80  85[92], 80-90  0.000-0.01 <l cycle [139] 104-107 [115] 100 [6, 115]
0-1.65[139], [142] [115] [77]
0-10[137]

Pb-A 0-20 [10], 35-50 [145],30- 70-80 [146], 1-5 [77] <1/4 cycle 250-1500 <0.1[6], 0.1
0.05-10 50 [10] 75-80 [138] [139] [115], 500- [147,148],0.2
[143], 0-40 1000 [10] [149]
[144]

Li-ion 0-0.1[10], 75-200 [10], 65-75 [115], 0.017-2+[10] <l/4cycle[8] 600-1200 1 [147], 5 [6]
0.015-50 120-200 [151] 78 [152], 88 [115], <1000
[150] [153] [10]
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Technology Rated power Specific energy Energy Discharge at Response Lifetime Self-
(Wh/kg) efficiency (%) rated capacity time (cycles) discharge/day
(h) (“o0)
Na-S 0.05-8 [10], 100 [155], 175 70-85 [115], 4-8 [77] <1/4 cycle [8] 2500-4500 No [157]
0.05-34 [154] [156], 150-240  84-87 [6] [115], 2500
[10] [10]
Ni-Cd 50-75[10], 45-  75[77],60-80 6-8 [158] <1/4 cycle [8§] 1500-3000 0.2 [148],0.3
80 [145] [115] [115], 2000- [6]
2500 [10]
VRFB 0.03-3[10],  25-35[159],10- 60-75[115], 2-12[77] <l/4 cycle [8§] >10,000[115], Small[115]
30 [10] 75-85 [160] >12,000 [10]
Zn-Br 0.05-2 [10] 70-90 [161], 75- 65-75[162], 2-5[77] <1/4 cycle 1000-3650 Very small
85 [160] 75-85 [160] [139] [115],>2000 [115]
[10]
Hydrogen 400-1000 [161]  35-40[163], 12+ [77] <1/4 cycle 103-104 [115], O[115]
0.1-15[92] 42 [164] [139] >1000 [10]
Thermal 50-250 [131] 80-200 [10] 14-18 [165] 1-24+[10] - 5-157[10] 0.05-1[10]

* The unit is year.
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2.3. Review of the techno-economic assessments of energy storage technologies

Up-to-date peer-reviewed journal articles and reports on techno-economic assessments of energy
storage technologies were identified using academic search engines, such as Google Scholar and
Science Direct. Studies older than 10 years were eliminated as publications before 2010 are
covered in earlier reviews [8, 28, 42, 105]. In addition, the costs of most energy storage
technologies have come down significantly in the last few years as a result of the increased use of
ESSs [166-168], and this aspect is captured better in the recent research articles. This section
provides a detailed review on cost models, techno-economic performance, and future cost
projections of different ESSs (PHS, CAES, FES, Pb-A, Li-ion, Na-S, Ni-Cd, VRFB, Zn-Br, H»,
and TES). All the cost numbers are in 2020 USD unless otherwise mentioned. An inflation rate of

2% was used to adjust the costs [60].

2.3.1. Cost models

The power conversion system (PCS), storage unit (SU), and balance of plant (BOP) are the three
main components of an energy storage system. The PCS includes several electrical power devices
(e.g., inverter, transformer, etc.) that regulate voltage, current, and frequency based on the load
pattern. The SU contains the storage medium: battery cells in electro-chemical storage systems,
storage tank in CAES, and water reservoirs in PHS. The BOP refers to all the remaining items that
are not parts of PCS and SU. These are research and development, transportation and installation,
land and access roads, and so on [28, 169]. The cost models developed in the TEA studies are
mainly based on the above-mentioned components. Figure 2.3 shows a generalized cost structure
for the TEA of ESSs. A few studies estimated only the total capital cost (TCC), while others
calculated the life cycle cost (LCC). For example, Mostafa et al. calculated the LCC of various

ESSs considering the TCC, replacement cost (RC), operation and maintenance (O&M) cost, and
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end-of-life cost [24]. Zakeri and Syri [28] and Schoenung [139] used a similar approach. The LCC
is a better indicator than the TCC as it includes all the cost components in the lifetime of an ESS.
While a few studies were restricted to the TCC [91, 116, 170], some left out the replacement cost
[105, 171, 172]. The replacement cost is vital for electro-chemical ESSs as most of the batteries
have a limited lifetime and need replacements after a certain period, i.e., 10-15 years for Li-ion
[93]. According to Das et al., a battery’s initial cost and replacement cost are similar [173]. In
addition to the TCC and LCC, some studies, such as those by Kapila et al. [31, 174], Mostafa et
al. [24], Thaker et al. [131], and others [119, 175, 176] estimated the levelized cost of electricity
(LCOE). The advantage of estimating the LCOE is that it indicates the price at which the electricity
should be sold to cover the cost elements over an ESS’s lifetime [174]. This indicator allows the
comparison among different ESSs to be compared provided they have the same operational
conditions, such as number of cycles per year and discharge duration [23, 177, 178]. A detailed

calculation method for the TCC, LCC, and LCOE can be found in section A.2 of Appendix A.

The TEA approaches used in different ESS studies can be categorized as top-down, bottom-up, or
a combination. The bottom-up approach uses engineering first principles to characterize the
storage system and design the equipment used in each unit operation, and to determine component
costs. Cost estimation is transparent, and the results can be reproducible. However, there are
assumptions involved when data are not available and need to be validated. A top-down approach,
on the other hand, uses aggregated data and so lacks process specificness. The results, therefore,
are usually opaque and details are not shared [30]. Recent TEA studies by Thaker et al. [131] and
Kapila et al. [31] used a bottom-up approach to design the system components of thermal and
mechanical energy storage, respectively, and to estimate the capital cost using scientific principles.

For example, technical parameters such as head of water, flow rate, velocity of water, etc., were
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used to design the PHS capacity [31]. Design parameters such as heat transfer coefficient,
temperature, pressure, flow rate, etc., were used to design the heat exchangers for the thermal
storage [131]. Both studies developed cost functions to estimate the system TCC [31, 131]. Studies
by Schmidt et al. used a bottom-up approach to estimate the material and production costs of
various ESSs [23, 179]. Another example of a bottom-up study Wu et al.’s, in which the LCOE of
an integrated liquid air energy storage (LAES) and thermal storage was assessed [180]. Other
studies considered the costs of PCS, SU, and BOP to estimate the TCC without developing any
cost functions of system components [28, 105, 176, 181, 182]. The studies by Karellas and
Tzouganatos [183] and Mostafa et al. [24] used a bottom-up approach in system design and top-

down in cost estimation. Table 2.4 shows the cost items for the various ESSs found in our review.

The variation in costs among the studies is due to different assumptions in efficiency, cycle life,
discharge duration, commodity price, and so on. The uncertainties in costs of mature technologies,
such as PHS and Pb-A battery, are relatively lower than costs of emerging technologies, such as
Li-ion, VRFB, FES, and fuel cell. Although the differences in input cost parameters and some
technical assumptions are considerable, there have been few uncertainty analyses conducted to
address the variabilities to improve the reliability of the estimates. A handful of studies [23, 31,
51, 131] performed uncertainty analyses. The impact of uncertainties in input data and assumptions
can be realized from the LCOE ranges published by Thaker et al. [131] and Kapila et al. [31].
Thaker et al. [131] included plant capacity and lifetime, duration of discharge, capacity factor,
solar multiple, and discount rate in the uncertainty analysis of LCOE of different thermal ESSs.
Similarly, Kapila et al. [31] considered the ranges of various economic and technical parameters
and studied their impact in the uncertainty analysis of different mechanical energy storage. The

LCOE of TES (latent heat storage with one tank) can range from $6/MWh to $43/MWh because
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of the commodity price range of phase change materials [131]. The LCOE for PHS can range from

$74/MWh to $138/MWh as a result of variation in input parameters such as head, velocity and

flow rate of water, efficiency, and duration of discharge [31]. Baumann et al. presented a range in

the LCC of various electro-chemical batteries [51]. The highest level of uncertainty is found in the

VREFB and is a result of the quality of available data. Along with the technical and cost parameters,

such as number of cycles and discount rate, future improvement is a source of uncertainty of future

LCOE of ESSs [23].

Total capital cost

Replacement cost

Life cycle cost
Fixed and
variable O&M
costs

End-of-life cost

Storage unit cost

Figure 2.3: ESS’s generalized total life cycle cost structure

Table 2.4: Cost items of various energy storage systems [24, 25, 28, 69, 94, 105, 176, 184-194]

ESS Storage section  PCS cost BOP cost O&M cost
cost ($/kWh) ($/kW) ($/kW) ($/kW-year)

PHS 5-136 403-4644 3-30 2-10

CAES (A) 93-141 868-960 3-30 2-4

CAES (U) 2-130 432-1674 3-30 2-5
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ESS Storage section PCS cost BOP cost O&M cost
cost ($3/kWh) ($/kW) ($/kW) ($/kW-year)
FES 216-162,000 32-756 54-300 5-6
Pb-A 132-915, 220* 211-648, 211 46-140, 952 3-26, 8*
Li-ion 282-4104, 189? 161-4320,211*  0-130, 95° 2-123, §°
Na-S 194-1080, 465* 221-3240,211*  68-130, 95° 2-54, 8*
Ni-Cd 609-1210 281-355 76-130 4-26
VRFB 142-1080, 393 351-1620,211*  11-151,95?% 4-51, 8*
Zn-Br 192-783 163-810 11-151 3-7
Hydrogen 2-15 540-4809 11-43 17-48
Supercapacitor 108-101,520 108-864 11-108 1-6

(A) = aboveground and (U)= underground.
22025 cost predictions [189].

2.3.2. Economic performance of various ESSs

Although most of the studies used LCOE as a performance indicator to compare various ESSs for
different applications, a few studies used, for example, payback period [43, 180], TCC [22, 189],
and benefit/cost ratio [26, 191]. This section reviews the economic performance of different
storage technologies. The costs are summarized in Table 2.5 (for mechanical storage), Table 2.6

(for electro-chemical storage), and Table 2.7 (for hydrogen and thermal storage).

2.3.2.1. Mechanical storage

PHS and CAES are bulk energy storage technologies with a lower cost per unit energy than the
other ESSs [195]. Long life and storage duration, along with large capacity, are the main
advantages of these technologies [24]. Several studies examined the economic performances of
PHS and CAES. Studies by Schmidt et al. [23], Mostafa et al. [24], and Jiilch [176] show that PHS
has the lowest LCOE among the mature ESSs. Mostafa et al. found that the LCOE for PHS is

$0.08 lower than that of underground CAES per kWh electricity [24]. Compared to a conventional
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hydro power plant, the construction and installation costs of PHS are twice as much for the same
capacity. However, the O&M costs are similar [196]. For the CAES, the compressed air can be
stored in underground caverns or aboveground vessels. Although underground storage provides
greater cost competitiveness [24, 31], aboveground pressure vessels are easy to construct and
implement [28]. The size of underground reservoirs facilitates longer discharge time, typically 8-
26 hours, whereas aboveground vessels are usually designed to discharge for only 2-4 hours [28].
Although underground CAES is a cheaper option, finding and verifying airtight storage is a
challenge. The techno-economic feasibility of C-CAES and A-CAES was assessed in a few
studies. Kapila et al. found a higher LCOE for A-CAES than for C-CAES [31]. Fuel cost is the
major contributor to the total LCC of C-CAES, and capital cost in the case of A-CAES. Similar
results were obtained by Caralis et al. [197]. The estimated LCOE per kWh for C-CAES is about

$0.05 lower than for A-CAES.

Economies of scale dictate that large-scale plants like PHS or CAES be built for longer discharge
duration (more than 8 to 10 hours) [119]. Bulk ESSs (e.g., PHS and CAES) tend to exhibit the
lowest cost per unit energy because of economies of scale [195]. Kapila et al. found that the bigger
capacity PHS plants show greater cost competitiveness at a scale factor of 0.52 [31]. The scale

factors of conventional and adiabatic CAES systems are 0.87 and 0.88, respectively.

FESS has already become feasible for short-duration grid applications [198-200]. FESS was found
to be economical when operated for more than 5000 cycles per year with a storage duration of less
than 30 minutes [23]. The LCOEs reported by Mostafa et al. [24] and Akhil et al. [119] are within
the range of $0.41-$0.64/kWh. According to Nikolaidis and Poullikkas, the cost per cycle could
go up to $1.62/kWh [22]. Flywheels can be made of steel or composite materials. The capital cost

of a 20 MW frequency regulation plant by Beacon Power is about $1872/kW (high-speed
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composite flywheel). In contrast, the total capital cost of Active Power’s 250 kW flywheel is about
$804/kW (low-speed steel flywheel) [201]. The material cost of carbon fiber composite is 20 times
the cost of steel [202]. High-speed flywheels use costly magnetic bearings, and low-speed

flywheels typically use inexpensive mechanical bearings [203-205].
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Table 2.5: A summary of TEAs of mechanical storage systems

ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)
PHS 850-2126  22-58 0.07-0.14 EA N Y/Y Single reservoir and two-reservoir scenarios  [31]

were considered. The total investment cost
ranges from $208-$572 million for
capacities of 98-491 MW.

- - 0.17 LT N Y/N The amortized capital cost is $54/kW forthe [24]
long-term application.

- - 1.09-2.16, LT and ST Y Y/N The LCOE ranges represent the long- and [176]

0.06-0.11 short-term applications, respectively.
1768-3328 110-208 - 16 h Y N/N The capital cost refers to the total project [189]
discharge cost.
- - - Long- N N/N The present worth of a 10-year operation of [25]
duration PHS with 8 hours duration is $2868/kW.

1396-2538 - - EA N N/N The annualized return on investment was [206]
calculated for a range of capital costs.

1827-5237 304-524 - BESandRI N N/N The energy capacity ranges from 1680- [207]
14,000 MWh.

- 15-99 - Wind power N N/N The costs are taken from several studies. [91]
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

2252-3285 167-411  0.18-0.25 BES N N/N Costs vary with capacity from 280-1300 [119]
MW. The net present installed cost ranges
from $6402-$9098/kW.
1928 - - LB Y Y/N PHS scenarios are more cost-effective [181]
because of their long lifetime of 50 years.
- - 0.04 - N N/N There is no information about the capital [208]
cost.
624 104 - - N N/N The costs are taken from several studies. [116]
2048 256 - EA N Y/N The PHS is modeled as a 300 MW/2400 [209]
MWh system. The benefit to cost ratio is
1.32.
636-2120  5-106 - PQ,BP,and N N/N The capital cost per cycle ranges from [22]
EM $0.0002-$0.02/kWh.
- - - SO,NO,and Y Y/Y 12 stationary applications were considered [23]
consumption for the analysis. The authors presented the
LCOE from 2015-2050.
- - 0.02-0.31 Utility N Y/Y The LCOE was calculated from the real [175]

operating plants’ capital cost.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence

($/kW) ($/kWh)

1641 - 0.28 Wind energy N N/N The costs are for a 100 MW system. [197]

curtailment
CAES - - - Back-up N Y/Y The LCC of A-CAES ranges from about [29]
power $2.18-2.27 million for a MW scale plant.

- - 0.07-0.10 BES N Y/N 10 MW advanced A-CAES with 8-hour [210]
storage. The TCC is about $9.5 million.

645-750 1-33 0.06-0.07 EA N Y/Y Salt cavern, porous formation, and hard [31]
rock cavern storage mediums were
considered. The investment cost ranges
from $63-$286 million for C-CAES
depending on the storage medium for
capacities of 81-404 MW.

1999-2364 1-54 0.10-0.13 EA N Y'Y Salt cavern, porous formation, and hard [31]

rock cavern storage mediums were
considered. The investment cost ranges
from $149-$743 million for A-CAES
depending on the storage medium for

capacities of 60-298 MW.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence

(S/KW)  ($/kWh)

- - 0.25 LT N Y/N Underground CAES. The amortized capital [24]
cost is approximately $65/kW for long-term
application.

- - 0.26 LT N Y/N Aboveground CAES. The amortized capital [24]

cost is approximately $120/kW for long-

term application.

- - >2,0.12- LT and ST Y Y/N The LCOE ranges represent long- and [176]
0.14 short-term applications, respectively, for C-
CAES.
- - 2-5,0.08- LT and ST Y Y/N The LCOE ranges represent the long- and [176]
0.13 short-term  applications for A-CAES,
respectively.
1090-2646 98-238 - 16 h Y N/N The capital cost refers to the total project [189]
discharge cost.
- - - Long- N N/N The present worth of a 10-year operation of [25]
duration CAES with an 8-hour duration is
$1781/kW.
052-1269 - - EA N N/N The annualized return on investment was [206]

calculated for a range of capital costs.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

1218-1523  73-152 - BESandRI N N/N Underground CAES. The energy capacity [207]
ranges from 1080-2700 MWh.

- 4-99 - Wind power N N/N The costs are taken from several studies. [91]

1101-1421 18-210 0.14-0.24 BES N N/N Costs vary with capacity from 50-103 MW. [119]
The net present installed cost ranges from
$4934-$5452/kW.

- - 0.04 - N N/N Advanced A-CAES. There is no [208]
information about the TCC.

- - 0.05 - N N/N C-CAES. There is no information about the [208]
TCC.

940, 2350 59,118 - - N N/N The costs are taken from several studies. [116]
The capital costs are for underground and
aboveground CAESs, respectively.

2128 266 - EA N Y/N The aboveground CAES i1s modeled as a [209]
100 MW/800 MWh system. The benefit to
cost ratio is 1.27.

424-848 2-53 - PQ,BP,and N N/N The capital cost per cycle is $0.0003- [22]

EM $0.02/kWh.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

- - - SO,NO,and Y Y/Y 12 stationary applications were considered [23]
consumption for the analysis. The authors presented the
LCOE from 2015-2050.
- - 0.02-0.16 Utility N Y/Y The LCOE was calculated from the real [175]
operating plants’ capital cost.
1607, 0.23,0.28 Wind energy N N/N The costs are for C-CAES and advanced A- [197]
2356 curtailment CAES, respectively.
FESS - - 0.64 ST N Y/N The amortized capital cost is $65/kW for [24]
short-term application.
1123-2995 4493- - 0.25h Y N/N The capital cost represents the total project [189]
11,981 discharge cost.
- - - Short- N N/N The present worth of a 10-year operation of [25]
duration FESS with 0.25-hour duration is $1103-
$1154/kW.
2373-2700 9491- - FR and RI N N/N The power and energy capacities are 20 [207]
10,708 MW and 5 MWh, respectively.
- 487-973 - Wind power N N/N The costs are taken from several studies. [91]
2627 10,510 0.41 FR N N/N The net present installed cost is $4784/kW. [119]
412 5876 - - N N/N The costs are taken from several studies. [116]

40



ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer

cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)
- 437- - N N/N The costs are taken from several studies. [170]
2860
265-371 1060- - PQ,BP,and N N/N The capital cost per cycle is $0.0001- [22]
5300 EM $0.02/kWh.
- - - SO,NO,and Y Y'Y 12 stationary applications were considered [23]
consumption for the analysis. The authors presented the
LCOE from 2015-2050.
- - - Back-up N Y'Y The LCC is about $0.05 million for fast [29]
power response.
1872 - FR N N/N Beacon power’s composite rotor flywheel [201]
[211].
804 - - UPS N N/N Active Power’s 4340 alloy steel rotor [201]
flywheel [55].
Y =yes, N =no.

EA = energy arbitrage, BES = bulk energy storage, RI = renewable integration, FR = frequency regulation, LB = load balancing, PQ = power quality, BP = bridging
power, EM = energy management, SO = system operation, NO = network operation, A-CAES = adiabatic compressed air energy storage C-CAES = conventional

compressed air energy storage, PS = peak shaving, ISC = increase of self-consumption, UPS = uninterruptible power supply, ST = short-term, LT = long-term.
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2.3.2.2. Electro-chemical storage

Electro-chemical batteries can be used for various applications whose characteristics dictate the
cost of electricity. The TCC and LCOE in various applications are primarily influenced by the
technical parameters of the electro-chemical ESSs, such as discharge duration and cycle life, as
well as depth of discharge [23, 212]. Several studies assessed the LCC and LCOE of different
stationary applications. Battke et al., for example, estimated the LCOE of Pb-A, Li-ion, Na-S, and
VRF batteries and found a wide range of LCOEs, depending on the application [105]. The energy
applications (time-shift, T&D investment deferral, energy management, and increase of self-
consumption) are cheaper than the power applications (frequency regulation and voltage
regulation). In the energy applications, the electricity throughput is higher because of the higher
battery use with longer discharge time. The relative ranking of batteries across various applications
depends on cycle life and number of cycles, which ultimately dictate investment and replacement
costs [105]. For a small-scale application, Pb-A is cost-competitive. Li-ion performs well in
applications with a high energy/power ratio and large number of cycles [105]. The LCOEs
estimated by Baumann et al. [51] differ from one scenario to the next mainly due to different
operational characteristics considered in the applications. The daily number of cycles for electric-
time shift, PV self-consumption, primary regulation, and renewable support are 2, 1, 34, and 1.12,
respectively, and the discharge durations are 4, 3.2, 1, and 10 hours, respectively. Baumann et al.
mentioned that lower capital costs for the PCS and BOP lead to lower LCOEs in energy
applications than in the power applications [51]. Li-ion performs economically better in all the
applications than the other batteries. Short lifetime and low efficiency are the main challenges of
Pb-A. The performance of a VRFB is comparable with Li-ion for energy applications. However,

due to increased capital costs for large stacks and membrane area, a VRFB is not suitable for power
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applications. According to Jiilch, application scenarios are characterized by size, duration of
discharge, and number of cycles [176]. Zakeri and Syri changed the duration of discharge from 1
hour to 8 hours and observed a drop in LCOE with increased duration of discharge [28]. According
to Staffell and Rustomji, Li-ion achieves a larger profit as a result of its high efficiency [195]. Na-
S’s lower capital cost leads to a higher rate of return (ROR). Because of its long cycle life and high
efficiency, as well as strong capital cost reduction potential, the Li-ion battery is expected to
dominate the energy market by 2030 [23]. Nikolaidis and Poullikkas estimated the LCOE for
several electro-chemical ESSs [22]. According to the authors, the low investment cost of Pb-A is
the reason it is widely used in the energy storage market. Although Ni-Cd has a longer lifetime
and higher specific energy than Pb-A, its higher investment cost is a problem. The LCOE of
electro-chemical ESSs is expected to decrease with improvements in material and technologies
[176]. Schmidt et al. forecasted a decrease in the LCOE of electro-chemical ESSs, which could
challenge the growth of PHSs and CAESs [23]. For a discharge duration of less than 4 hours and
fewer than 300 cycles per year, Li-ion would be attractive by 2030. For a longer discharge duration
and number of cycles, the VRFB would be competitive, according to Schmidt et al. [23]. Moreover,
the round-trip efficiency and cycle life will be the most influential parameters in future LCOE
calculations [23]. For example, a 16% efficiency improvement for a VRFB from 2015-2030 can

make it cheaper than the Li-ion ESS.
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Table 2.6: A summary of TEAs of electro-chemical storage systems

ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence

($/kW) ($/kWh)

Pb-A - - 0.63 MT N Y/N The amortized capital cost is about [24]
$60/kW for medium-term application.

- - 0.36-1.38 TS, PVSC, N Y/Y The LCOE varies with Li-ion chemistry. [51]
PR, and RS The electric time-shift has the lowest

LCOE, primary regulation the highest.

1487-1622 372-656 - 4 h discharge Y N/N The capital cost refers to the total project [189]

cost.

- - 0.18-0.22 LT and ST Y Y/N The LCOE is for short-term application [176]

with 100 MW/400 MWh.

- - - Long- and N N/N The costs are for an advanced Pb-A [25]
short- battery. The present worth ranges from
duration $826-$3330/kW  depending on the

duration and frequency of discharge.

- - - Long- and N N/N The costs are for an advanced Pb-A [25]
short- battery with carbon-enhanced
duration electrodes. The present worth varies

from $748 to $2411/kW depending on

the duration and frequency of discharge.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

1135-5489 507-4535 - BESandRI, N N/N The energy capacities are 200, 0.25-50, [207]
TS, FR, T&D and 3.2-48 MWh for bulk energy
support, etc. storage, frequency regulation, and utility

T&D grid support, respectively. The
LCOE varies with the application.

- 57-372 - Wind power N N/N The costs are taken from several studies. [91]

1404-7013 409-5615 0.15-14 BES, FR,RI, N N/N The costs are for an advanced Pb-A [119]
utility T&D, battery. The LCOE varies with the
etc. application.

- - 0.33-2.9 TS, T&D N Y/Y The energy time-shift has the lowest [105]
investment LCOE, frequency regulation the highest.
deferral, EM,

ISC, FR, and
SVR

346 461 - - N N/N The costs are taken from several studies. [116]

318-636 212-424 - PQ,BP,and N N/N The capital cost range per cycle is [22]
EM between $0.15 and $3.12/kWh.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

- - - SO,NO,and Y Y/Y 12 stationary  applications  were [23]
consumption considered for the analysis. The authors
presented the LCOE from 2015 to 2050.
- - 0.04-0.12 Utility N Y/Y The LCOE was calculated from the real [175]
operating plants’ capital cost.
- - - Back-up N Y'Y The LCC is about $0.21 million for fast [29]
power response.
- - 0.83-1.70 TS, PVSC, N Y/Y The LCOE is for the VRLA battery. [51]
PR, and RS Electric time-shift has the lowest LCOE
and primary regulation the highest.
- - - EA, FR, N Y/Y The authors provided a range of LCCs [213]
T&D upgrade for Poland, Germany, and Switzerland.
deferral, PS,
and ISC
- - - SD, RPD, N Y/N The system would be feasible if the Pb- [214]
and REB A battery cost is reduced to $0.06/kWh

per cycle.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

Li-ion - - 0.32-1.34 TS, T&D N Y/Y Energy management has the lowest [105]

investment LCOE, voltage regulation the highest.
deferral, EM,

ISC, FR, and

SVR

- - 0.27-0.43 LT and ST Y Y/N The LCOE is for short-term application [176]
with 100 MW/400 MWh.

1632-2414 408-604 - 4 h discharge Y N/N The capital cost refers to the total project [189]
cost.

- - 0.66 MT N Y/N The amortized capital cost is about [24]
$124/kW  for the medium-term
application.

- - - Long- and N N/N The present worth ranges from $1126- [25]
short- $3400/kW depending on the duration
duration and frequency of discharge.

- 1074-1551 - Wind power N N/N The costs are taken from several studies. [91]

1207-5945 1183-5247  0.11-1.40 FR, RL, utility N N/N The net present installed costs range [119]
T&D, etc. from $2386-$8951/kW for frequency

regulation and from $2745-$13,366/kW
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence

(S/KW)  ($/kWh)

for utility T&D. The LCOE varies with
the application.

4610 2882 - - N N/N The costs are taken from several studies. [116]

1272-4240 636-2650 - PQ,BP,and N N/N The capital cost per cycle is between [22]
EM $0.08 and $1.10/kWh.
- - - SO,NO,and Y Y'Y 12 stationary applications  were [23]
consumption considered for the analysis. The authors
presented the LCOE from 2015 to 2050.
- - 0.05-0.20 Utility N Y/Y The LCOE was calculated from the real [175]
operating plants’ capital cost.
- - - Back-up N Y'Y The LCC is about $0.12 million for fast [29]
power response.
- - - EA, FR, N Y/Y The authors provided a range of LCCs [213]
T&D upgrade for Poland, Germany, and Switzerland.
deferral, PS,
and ISC
- - - SD, RPD, N Y/N The system would be feasible if the Li- [214]
and REB ion battery cost is reduced to $0.09/kWh
per cycle.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

Na-S - - - Long- and N N/N The present worth is from $2861- [25]
short- $2965/kW depending on the frequency
duration of discharge.

- - 0.31 MT N Y/N The amortized capital cost is about [24]

$54/kW for medium-term application.

- 495 - - N N/N There is no information about the LCOE. [170]

- - 0.29-0.34 - N N/N The net present cost ranges from $220- [215]

$268 million.

3700-4774 531-662 - BESandRI, N N/N The energy capacities are 300 and 7.2 [207]
TS, FR, T&D MWh for bulk energy storage and utility
support, etc. T&D grid support, respectively. The

LCOE varies with the application.

- 292-517 - Wind power N N/N The costs are taken from several studies. [91]

3665-4098 525-611 0.29-0.0.33 BESand N N/N The net present installed costs range [119]
utility T&D from $6885-$7280/kW for bulk energy

storage and from $7242-$7885/kW for
utility T&D. The LCOE varies with the

application.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

- - 0.23-1.75 TS, T&D N Y/Y Energy management has the lowest [105]
investment LCOE, voltage regulation the highest.
deferral, EM,
ISC, FR, and
SVR

3458 576 - - N N/N The costs are taken from several studies. [116]

>1060 318-530 - PQ,BP,and N N/N The capital cost per cycle is between [22]
EM $0.07 and $0.40/kWh.

- - - SO,NO,and Y Y/Y 12 stationary  applications  were [23]
consumption considered for the analysis. The authors

presented the LCOE from 2015 to 2050.

2783 - 0.62 Wind energy N N/N The costs are for 85 MW Na-S ESS. [197]
curtailment

Ni-Cd - - 0.67-1.1 - N N/N The net present cost is from $498-$585 [215]

million.
- - 0.69 MT N Y/N The amortized capital cost is about [24]
$113/kW for medium-term application.
- 477-2864 - Wind power N N/N The costs are taken from several studies. [91]
1729 1729 - - N N/N The costs are taken from several studies. [116]
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

530-1590  848-1590 - PQ,BP,and N N/N The capital cost per cycle is $0.30- [22]
EM $1.76/kWh.

VRFB - - - Long- and N N/N The present worth is from $1173- [25]
short- $3846/kW depending on the duration
duration and frequency of discharge.

- - 0.50-3.60 TS, PVSC, N Y/Y Electric time-shift has the lowest LCOE, [51]
PR, and RS primary regulation the highest.
2852-5435 713-1359 - 4 h discharge Y N/N The capital cost refers to the total project [189]
cost.
- - 0.37-0.42 LT and ST Y Y/N The LCOE is for short-term application [176]
with 100 MW/400 MWh.
- - 0.48 MT N Y/N The amortized capital cost is about [24]
$76/kW for medium-term application.
3585-4416 740-990 - BESandRI, N N/N The energy capacities are 250 and 4-40 [207]
TS, FR, T&D MWh for bulk energy storage and utility
support, etc. T&D grid support, respectively. The
LCOE varies with the application.
- 716 - Wind power N N/N The costs are taken from several studies. [91]
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

1912-4405 880-978 0.52-0.56 BES, utility N N/N The net present installed cost is from [119]
T&D, etc. $7273-8445/kW. The LCOE varies with
the application.
- - 0.24-1.61 TS, T&D N Y/Y Energy management has the lowest [105]
investment LCOE, voltage regulation the highest.
deferral, EM,
ISC, FR, and
SVR
636-1590  159-1060 - PQ,BP,and N N/N The capital cost per cycle is between [22]
EM $0.12 and $0.78/kWh.
- - - SO,NO,and Y Y/Y 12 stationary  applications  were [23]
consumption considered for the analysis. The authors
presented the LCOE from 2015 to 2050.
- - 0.32-0.37 Utility N Y/Y The LCOE was calculated from the real [175]
operating plants’ capital cost.
- - - EA, FR, N Y/Y The authors provide a range of LCCs for [213]
T&D upgrade Poland, Germany, and Switzerland.
deferral, PS,
and ISC
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

- - - BES N N/N The ratios of benefit/cost are 5-6% and [191]
43%, respectively, for day-ahead market
and reserve market.

Zn-Br - - - Long- and N N/N The present worth is from $819- [25]
short- $2953/kW depending on the duration
duration and frequency of discharge.

- - 0.50 MT N Y/N The amortized capital cost is about [24]
$54/kW  for the  medium-term
application.

1731-2405 346-1612 - BESandRI, N N/N The energy capacities are 250 and 5-50 [207]
TS, FR, T&D MWh for bulk energy storage and utility
support, etc. T&D grid support, respectively. The

LCOE varies with the application.

- 597 - Wind power N N/N The costs are taken from several studies. [91]

1925-3468 385-1734 0.23-1.03 BES, utility N N/N The net present installed cost is from [119]
T&D, FR, R, $4047-$6681/kW. The LCOE varies
etc. with the application.

742-2650  159-1060 - PQ,BP,and N N/N The capital cost per cycle is between [22]
EM $0.06 and $0.71/kWh.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)
- - - SO,NO,and Y Y/Y 12 stationary  applications  were [23]
consumption considered for the analysis. The authors
presented the LCOE from 2015 to 2050.
- - 0.15-0.19 Utility N Y'Y The LCOE was calculated from the real [175]
operating plants’ capital cost.
- - - BES N N/N The ratios of benefit/cost are 5-6% and [191]

43%, respectively, for day-ahead market

and reserve market.

Y =yes, N =no.

EA = energy arbitrage, BES = bulk energy storage, RI = renewable integration, FR = frequency regulation, LB = load balancing, PQ = power quality, BP = bridging

power, EM = energy management, SO = system operation, NO = network operation, PS = peak shaving, ISC = increase of self-consumption, SD = smooth demand,

RPD = reducing peak demand, REB = reducing electricity bill, TS = time-shift, SVR = support of voltage regulation, PVSC = PV self-consumption, PR = primary

regulation, RS = renewables support, VRLA = valve-regulated lead-acid, ST = short-term, MT = medium-term, LT = long-term.
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2.3.2.3. Hydrogen storage

Several studies considered the integration of renewable sources like solar and wind with hydrogen
storage from a technical perspective [216-220]. However, the concept of integrating hydrogen
storage into the electrical network depends on the system’s economy [183]. Parra and Patel report
the capital cost and LCOEs for hydrogen production using electricity from the Swiss grid [221].
On the kW scale, the LCOE for PEM electrolyzers is about 15% higher than alkaline’s due to the
higher capital cost for stacks [221]. However, the difference in LCOE for these two technologies
is less than 5% on the MW scale due to economies of scale [221]. A similar power-to-gas pathway
was used by Preuster et al. [222] and Jiilch [176]. Jilch assumed that the H> will be stored
underground [176]. These studies did not consider fuel cells for electricity generation. Depending
on the storage medium, storage costs range from $17/kWh for aboveground storage to $0.002-
$55/kWh for underground storage [28]. Using underground storage rather than aboveground
lowers the cost of electricity by 6-18% [215]. A power-to-power pathway was used by Mostafa et
al. [24] and Ferrero et al. [223]. Ferrero et al. reported the lowest LCOE for the combination of
alkaline electrolysis with a PEM fuel cell among the various electrolyzer and fuel cell
combinations because of the alkaline electrolyzer’s low capital cost and high efficiency [223].
Mostafa et al. estimated the LCOE for hydrogen storage to be $0.48/kWh for medium-term
stationary applications such as time-shift, transmission congestion relief, and substation on-site
power [24]. Marocco et al. found a similar LCOE in a micro-grid application of hydrogen storage
on a wind farm [224]. A recent study by Nguyen et al. assessed a grid-connected hydrogen
production system through alkaline and PEM electrolyzers and found similar costs for both
technologies [225]. The study is limited to hydrogen production only. Table 2.7 shows the

summary of the review.
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2.3.2.4. Thermal storage

Integrating TES with the electrical grid could help stabilize the grid. There has been research on
the economic feasibility of integrating TES (sensible heat, latent heat, and thermochemical) to the
power network [226-228]. Thaker et al. estimated the investment cost and LCOE for sensible heat,
latent heat, and thermochemical storage systems [131]. The LCOE for indirect sensible heat
storage using two tanks is higher than for direct sensible heat storage using two tanks because the
former has a higher investment cost due to the use of an extra heat exchanger, which includes extra
piping, pumps, and valves. With an increase in capacity, the LCOE decreases, and there is a strong
relationship between discharge time and LCOE [229-231]. Flueckiger et al. varied the solar
multiple and storage hour to find the best combination [190]. The authors observed a decrease in
LCOE with storage hours for solar multiple values of 2-4. However, the LCOE was found to
increase with a solar multiple of 1. This is because without sufficient solar radiation the storage
system adds capital cost but cannot provide enough power. The LCOE decreases from $0.80/kWh
to $0.69/kWh when the discharge time increases from 1 hour to 8 hours [229]. Similarly, Seitz et
al. found that the LCOE decreases with increased capacity for latent heat thermal energy storage
[230]. Boudaoud et al. determined 8 hours to be the optimum discharge time with a solar multiple
of 1.6 [229]. Wu et al. examined a thermochemical ESS integrated with liquid air [180]. The round-
trip efficiency is about 13% higher than the only thermochemical ESS’s efficiency. The energy

density is 3.4 times higher [180].
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Table 2.7: A summary of TEAs of hydrogen and thermal storage systems

ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)
Hydro - - 0.48 MT N Y/N The amortized capital cost is $108/kW for [24]
gen medium-term application.
- 0.22 - IP and N N/N Power-to-gas pathway. [222]
mobility
- - 0.30-0.50, LT and ST Y Y/N Power-to-gas pathway. The values represent [176]
0.13-0.21 the future cost in 2030. The LCOE ranges
represent  long-term  and  short-term
applications, respectively.
1183-1361 - - LL,DG,and N Y/N The target capital costs for aboveground and [232]
POCWP underground storage are $730 and $616/kW,
respectively.
11,717 - - - N N/N The number represents the capital cost of the [116]
fuel cell. No information was provided for
other cost components.
1238-2920 2-16 - - N N/N The values are based on costs found in the [233]
literature.
- - 0.12 - N N/N The cost of electrolyzers is about $1313/kW. [208]
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

- 3-19 - - N N/N The values are based on costs found in the [91]
literature.

1402-3507 - 0.44 EG Y N/N Power-to-power pathway. The capital cost [223]
represents the cost of an alkaline fuel cell.

2712 - 0.54 EG Y N/N Power-to-power pathway. The capital cost [223]
represents the cost of a PEM fuel cell.

510, 1086 - - NGN and N Y/N Power-to-gas pathway. The capital costs are [221]

mobility for alkaline and PEM electrolyzers,

respectively.

6423-9231 - 0.45-0.59  Micro-grid N N/N Power-to-power pathway. The capital cost [224]
includes the costs of the electrolyzer and the
fuel cell.

11,794 - - Off-grid N Y/N Power-to-power pathway. The electricity [234]
source is solar. The capital cost includes the
costs of the electrolyzer and the fuel cell.

465-859 - - GB N Y/N Power-to-gas pathway. The range in the [235]

capital cost 1is for different system
configurations, such as electrolysis-based

balancing and gas turbine-based balancing.
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

- - - SO,NO,and Y Y/Y 12 stationary applications were considered [23]
consumption for the analysis. The authors presented the
LCOE from 2015-2050.
- - 0.29 Stand-alone N N/N A fuel cell system integrated with solar [236]
operation photovoltaic thermal (PVT).

TES - - 0.08-0.61 PG N Y'Y The TCC is from $100 to $739 million [131]

depending on the configuration of the TES.
The highest and lowest cost options are
thermochemical and direct sensible using one
tank, respectively.

- - 0.61-0.65 PG N N/N A 15 MWh TES system for a concentrated [237]
solar power plant. A single-tank TES system
was proposed. The TCC ranges from $3-$6
million.

- - - PG N N/N The TCCs are $1.91-$2.01 million for two- [238]
tank and $1.12-$1.50 million for thermocline
TES systems.

- - 0.05-0.07 PG N Y/N A TES system with concentrated solar power. [239]

The TCCs are from $732-$795 million.
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ESS

Capital
cost

($/kW)

Capital
cost

($/kWh)

LCOE
($/kWh)

Applications

Future

cost

Sensitivity/

uncertainty

Comments

Refer

ence

571

392-426

<96

0.18-0.19

0.13-0.19

0.14-0.23

0.11

0.10

PG

PG

PG

PG

PG

PG

Y/N

N/N

N/N

Y/N

N/N

N/N

Thermochemical ESSs for a solar thermal
power plant. 8 thermochemical ESSs were
identified as feasible in the near term.

The payback period is 10 years for a new
thermochemical ESS integrated with liquid
air ESS.

100 MW solar power plant with thermocline
storage. The LCOE varies with the various
solar multiple values for a 6-hour storage
capacity.

A thermocline energy storage for a combined
cycle solar power plant. The cost data were
obtained from the SOLGATE project report
[241].

A 60 MW sensible heat TES with 6 hours of
charging.

A 60 MW latent heat TES with 6-8 hours

charging using different materials.

[240]

[180]

[190]

[242]

[231]

[231]
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ESS Capital Capital LCOE Applications Future Sensitivity/ Comments Refer
cost cost ($/kWh) cost uncertainty ence
($/kW) ($/kWh)

- 59-117 0.16-0.18 PG N Y/N Latent heat thermal storage. The LCOE [230]
varies with capacity up to 1200 MWh.

- - 0.69-0.80 PG N Y/N The effect of storage capacity factor, solar [229]
field size, solar insolation intensity, and
plant capacity on the LCOE was assessed.

The LCOE varies with storage duration.

- - 0.65-1.4 PG N Y/N The effect of storage capacity factor, solar [229]
field size, solar insolation intensity, and plant
capacity on the LCOE was assessed. The
LCOE varies with solar multiples.

- 34-38 - PG N N/N A 2165 MWh utility-scale packed bed TES [243]
system.

- - <0.07 PG N Y/N A latent TES system integrated with a 200 [244]
MW concentrated solar power plant.

- - 0.08-0.14 PG Y N/N Latent heat TES with CSP tower. [228]

Y =yes and N =no.

LL = load-leveling, DG = distributed generation, POCWP = purchase of off-peak curtailed wind power, ST = short-term, MT = medium-term, LT = long-term, EG

= electricity generation, NGN = natural gas network, IP = industrial production, GB = grid balancing, PG = power generation, CSP = concentrated solar power,

SO = system operation, NO = network operation.
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2.3.3. Future cost estimates

Several recent studies presented the future costs of ESSs, which are vital for investment decisions
[23,166, 176,179, 188, 189, 245-247]. Mongird et al. projected the future cost of electro-chemical
ESSs for 2025 [189]. A 25% cost reduction is possible for the Li-ion PCS cost from the 2018 cost
due to increased production capacity. The projection assumes that the PCS for all the batteries
would exhibit uniform cost reduction. For the BOP, a 5% reduction was assumed from 2018. This
reduction would be possible because of lower permitting costs and planning with an increased
number of installations. Multiples ranging from 0.65 for Li-ion to 0.85 for Pb-A were used to
forecast 2025 costs from 2018 costs [189]. These multiples were obtained from the cost
information for various ESSs in the years 2018 and 2025 as reported in Kleinberg [188]. Mongird
et al. also calculated the TCC using the predicted cost inputs [189]. Lazard forecasted the TCC of
Li-ion, VRF, Zn-Br, Pb-A, and advanced Pb-A batteries [246]. The reduction in the TCC ranges
from 6% for advanced Pb-A to 36% for Li-ion battery. The main drivers behind the huge reduction
for the Li-ion are market competition and the benefit from electric vehicle manufacturing [246].
The study by Schmidt et al. projected the future prices of several energy storage technologies based
on the experience curves [179]. The capital costs for stationary systems and battery packs are
$340+60/kWh and $175+25/kWh, respectively, regardless of storage technology in the years
2015-2040 [179]. The reduction of LCOE will be one-third by 2030 and one-half by 2050. Among
the technologies, Li-ion seems to become the most cost-competitive for stationary uses from 2030.
The battery storage systems are predicted to have the lowest LCOE in most application scenarios
after 2025. Hayward and Graham projected battery storage costs to 2050 for the Australian energy
market [245]. IREA projected the installed energy cost for different ESSs to 2030 [166]. The

reduction potential is 50% for a Pb-A to 66% for a VRF battery. The installed cost reduction for
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Li-ion is 54-61% from 2016-2030. Among the mechanical ESSs, FESS has a great cost reduction
potential of 35% by 2030. It is expected that the lifetime will extend with improvement in materials
and efficiency [166]. Ferrero et al. found an LCOE drop of 67% in 2030 from 2013 for alkaline-
based hydrogen storage [223]. Although these costs are helpful for investment decisions, they are
subject to some uncertainties due to technology changes, raw material price change,

breakthroughs, etc. [179, 248, 249].

2.4. Review of the life cycle assessments of energy storage technologies

A number of studies review the life cycle environmental impacts of energy storage for
transportation applications [30, 113, 250-252]. To the best of the author’s knowledge, there is not
a single paper that reviews ESSs for stationary applications. The recent study by Pellow et al.
reviewed only a handful of LCA studies related to the Li-ion battery for stationary applications
[113]. We conducted a literature search to include different ESSs, such as mechanical, electro-
chemical, hydrogen, and thermal. We found 33 relevant LCA studies on ESSs for stationary

applications. This section provides a literature review of the LCAs of several ESSs.

2.4.1. Goal and scope definition

The goal defines the main purpose of conducting an LCA and its intended application, the type of
analysis, the method used, and how and to whom the results are communicated; the scope includes
the product system, the functional unit, the system boundary, allocation procedure, system
inclusion, and exclusion criteria. Figure 2.4 shows a generalized system boundary of an LCA of
ESSs. The system boundary includes material production and transportation, construction,
operation, and decommissioning. System boundaries are set in accordance with the stated goal and
scope of the study and the availability of inventory data. For example, Oliveira et al. assessed the

environmental performance of ESSs for grid applications in Belgium [52]. Raw material extraction
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and processing, assembly of equipment, transportation of equipment to Belgium, and its use and
disposal were included in the system boundary; the electricity distribution network was left out as
it was beyond the scope of the study. While a few studies assessed the impacts from cradle-to-
grave [52, 253, 254], some considered cradle-to-gate without including the electricity for charging
in the use phase [15, 255, 256] because the GHG emissions in this phase are location-specific and
depend on the electricity mix. The end-of-life phase was excluded in some of the studies reviewed
[255, 257-259]. The lack of information [260] and cradle-to-gate scope definition [261] are the
main reasons for omitting the end-of-life phase. Because transportation makes up less than 1% of
life cycle GHG emissions [256], many studies do not include transportation in their analysis.
Longo et al., for instance, while building the life cycle inventory, did not include the energy
consumption in transportation [108]. Table 2.8 shows the system boundaries used in different

studies.

Of the 33 studies, only 2 conducted a consequential LCA [262, 263]. The attributional approach
is used where the inputs and outputs are attributed to the selected functional unit. The consequential
LCA, on the other hand, evaluates how the inputs and outputs flow within a system to respond to
a change in decision [264-266]. Vandepaer et al. assessed the cradle-to-grave environmental
impacts of grid-connected 6 MWh Li-ion and lithium metal polymer (LMP) batteries [262]. The
analysis was conducted for the Swiss grid for a 2020 scenario with high renewable penetration.
There is a lack of information on the operational characteristics of the batteries; however, the
authors considered the marginal electricity mix as well as fractions of virgin and recycled materials
for battery production in the analysis. They found that GHG emissions could be reduced
significantly using these batteries to integrate renewable energy, for example, 439 g-CO,eq/kWh

for the Li-ion battery. Elzein et al. performed a cradle-to-grave consequential LCA of the Li-ion
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battery integrated into the French grid for the year 2017 using the ecoinvent database [263]. The
research highlights that the integration of an ESS in the grid could offer a significant environmental

benefit in the operation phase.

Another important aspect of the goal and scope phase is the definition of the functional unit, used
as a reference unit in quantifying energy use and resulting emissions. The functional unit should
be based on the primary service of a system. For an energy storage system, the primary service is
delivering the stored electricity. GJ, kWh, and MWh of electricity are common functional units
used in earlier studies [52, 256, 258, 267]. A common unit allows us to compare different ESSs.
However, some studies did not use a functional unit, which makes it difficult to compare the results
for various storage types [54, 55, 268]. While most of the studies selected the functional unit based
on the energy delivery (i.e., | MWh), the work by Ryan et al. used the power capacity (i.e., | MW
of reserve capacity for 1 year), as bids are placed based on the power over a certain period [49].
As the frequency level changes with the change in output power of generators, presenting GHG

emissions per MW basis could be appropriate in this scenario.

The modeling approach is also one of the critical aspects in current LCA literature for ESSs. In
most process-based LCA, commercial software and database are used. For example, Oliveira et al.
[52] and Wang et al. [255] used SimaPro, Peters et al. [269] used OpenLCA, and Sternberg and
Bardow [270] used GaBi for modeling purposes. Some studies developed bottom-up process
models using scientific principles. For example, Kapila et al. [256] and Thaker et al. [271]
developed bottom-up LCA models to quantify the GHG and energy performances of mechanical
and thermal storage systems, respectively. Such models maintain the process specificity of a

product system and offer flexibility to modify the system based on any user’s needs. However, the
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main challenge with these models is in dealing with complex systems and multiple environmental

impacts.
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Figure 2.4: General LCA system boundary considered for energy storage systems

2.4.2. Inventory analysis

Life cycle inventory (LCI) analysis involves collecting data and establishing material and energy
balances for each unit process considered in the system boundary. The amount of material and
energy required depends on the system size. Once the material requirement is quantified, the

energy requirement is estimated based on the material’s specific energy demand.

For inventory analysis, some studies rely on databases, such as ecoinvent [44, 253, 272], GREET
[256, 271], NEEDS [52], and EIO [15, 268], and others use literature inventories [258] and data
provided by manufacturers [146, 255]. Engineering equations are used to quantify material
requirements for some components. For example, the reservoir volumes for PHS can be calculated
from the volume of water required to operate a complete cycle [256]. For batteries, the individual
material requirement is quantified from the percentage contribution of each material and the total
weight of the battery [52, 108, 146]. The material inventories from Majeau-Bettez et al. [273],

Sullivan and Gaines [109], Zackrisson et al. [274], Troy et al. [275], and Rydh and Sandén [146]
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are widely used for different electro-chemical batteries. The NEEDS LCI database is one of the
inventories for the fuel cell stack sand electrolyzers for hydrogen storage systems [52]. It is
important to mention that the quality of data used in the inventories should be checked as it dictates
the environmental performance. The technology (energy and material requirements) and energy
sources have a regionalized context. For example, a battery manufactured in China will have
different impacts than one produced in Canada, depending on the manufacturing technology and

electricity mix. The inventories should be adjusted accordingly to reflect such variabilities.

During the operation phase, energy is stored and discharged based on demand. The overall
efficiency, depth of discharge and self-discharge rate, and lifetime are considered to calculate the
lifetime electricity output from an energy storage system [276]. Increasing ESS efficiency or
service life improves its environmental performance [276]. When the electricity source for the ESS
is taken into account, the results will differ based on the source of electricity considered because
GHG emissions from solar, wind, and fossil fuel power plants are different [52]. Hiremath et al.
[258] and Kapila et al. [256] considered grid electricity for charging. Oliveira et al.’s inventory
includes electricity from grid, solar, and wind [113]. Round-trip efficiency and upstream emissions
for electricity generation together dominate the operation phase [113]. The energy and material

requirements for system maintenance are considered if data are available [15, 256].

The biggest challenge in the end-of-life phase is the lack of data, as mentioned in a number of
studies [44, 108, 213]. Longo et al. used average data for the European recycling process [108];
Weber et al. adapted existing ecoinvent data sets [44]. Among the electro-chemical batteries, Pb-
A is highly recyclable. Hiremath et al. modeled a scenario for 70% recycled lead [258] and Van
den Bossche [110] considered 98.3% recyclability, assuming secondary lead quality is as good as

virgin. Although some studies include the recycling of Li-ion batteries, it is difficult to get reliable
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process parameters and robust results. Swain estimated that less than 3% of the world’s Li-ion
batteries are recycled [277]. According to Weber et al., only a little electricity is required to balance
the vanadium electrolyte when used again [44]. The authors assumed a 95% recovery of vanadium
electrolyte. With the increasing use of electro-chemical batteries, it is expected that recycling

processes will be established, and recycling rates may improve in the future.

2.4.3. Impact assessment

The life cycle impact assessment (LCIA) translates the inventory results to defined impact
categories (e.g., acidification, cumulative energy demand [CED], eutrophication, fossil fuel
depletion, human toxicity, global warming potential [GWP], etc.). CED and GWP are the most
common impact categories in ESS studies [30] because of their wide acceptance in decision-
making. Human toxicity, particulate matter formation, and fossil resource depletion are also used.
In addition to emissions, the net energy ratio (NER) is a performance indicator used in LCA studies
on ESSs. NER is defined as a ratio of energy output to the total energy input of the product system

throughout its lifetime [278].

Oro¢ et al.’s [259] LCA of thermal energy storage is based on the Eco-indicator 99 (EI99) method
[279]. The reasons for selecting the EI99 are its wide acceptance and the availability of extensive
data, as mentioned by Or¢6 et al. Three different damage categories are grouped into a single
indicator. For example, the overall score considering the ecosystem quality, human health, and
resources is 5.67/kWh for molten salt thermal storage under normal conditions [259]. Stougie et
al. used ReCiPe 2016 to assess the environmental sustainability of different ESSs [280]. A total
normalized score is given to each energy storage type. The total scores for Li-ion and PHS are
2346 and 100, respectively. The lower the ESS score, the higher its environmental performance is.

Oliveira et al. [52] and Hiremath et al. [258] used ReCiPe 2008 [281] for impact assessment. The

68



difference between ReCiPe 2008 and ReCiPe 2016 is that weighting and normalization factors to

calculate the endpoint indicator are unavailable in ReCiPe 2016 [280].

The environmental impacts of different ESSs found in various studies are listed in Table 2.8. Each
life cycle stage makes different contributions to the environmental impacts depending on the
system boundary and assumptions. Kapila et al. found that in PHS and CAES systems, the
construction phase is the most material and energy intensive of the life cycle phases [256]. The
authors amortized the energy consumption and resulting emissions from the life cycle stages over
the lifetime of the storage system and estimated that about 95% of the emissions is resulted from
the material and energy use in the construction phase [256]. With respect to life cycle emissions,
conventional CAES is the most GHG intensive among mechanical storage technologies because it
requires additional fuel, e.g., natural gas, during operation. Denholm and Kulcinski report that dam
construction makes up 28% of the life cycle energy use of PHS when the electricity generation
source is not considered [15]. Around 49% of the life cycle energy use is from natural gas
consumption and the rest is from electricity use in different equipment. Storing electricity from
renewable rather than non-renewable sources can reduce overall emissions significantly, as

mentioned by Oliveira et al. [52].

The construction phase is one of the biggest sources of energy consumption for electro-chemical
batteries. The disposal of the lead smelter is the main source of environmental impacts for Pb-A
batteries. Oliviera et al. found that for Li-ion batteries, the mining activities of copper and lithium
have the largest impact [52], and Rydh found that the largest impact for the VRFB is in the
production of polypropylene tanks, flow frames, and steel stacks [146]. According to Denholm
and Kulcinski, power stack materials and manufacturing make up 42-44% of the life cycle GHG

emissions [15]. The BOP contributes 19-24% of the emissions. The anode and cathode materials
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contribute considerably to the manufacturing energy use and GHG emissions. In Li-ion batteries,
for example, anode and cathode materials make up 46% of the manufacturing emissions [253].
The use of recycled materials can significantly reduce energy consumption in material production.
Rydh found that the use of 99% secondary lead, for instance, can reduce CO; emissions by 13%

compared to the use of 50% secondary lead in Pb-A batteries [146].

Oliveira et al. conducted an LCA of proton exchange membrane fuel cell technology, which is
scalable in a module of 500 kW [52]. This technology uses hydrogen from electrolyzers at high
pressure. The authors compared mechanical and electro-chemical storage systems with hydrogen
storage and found hydrogen storage to have the worst environmental performance. This is due to
poor efficiency in hydrogen production and fuel cell conversion. However, GHG emissions from
infrastructure requirement for fuel cell technology are marginal, less than 10 g-CO2eq/kWh. The
overall environmental footprint of fuel cells can be reduced considerably if electricity is stored
from a low GHG-intensive source, and hydrogen storage could potentially compete with PHS and

CAES [253].

The environmental performance of thermal ESSs has been assessed in a number of studies [254,
259,267, 268, 271]. Among the manufacturing, construction, operation, dismantling, and disposal
phases, the manufacturing phase makes up 46% of the life cycle GHG emissions. The solar
collector assembly and heat transfer fluid are the largest sources of emissions in this phase [254].
According to Heath et al., life cycle GHG emissions can be reduced if the salt inventory for the
thermocline storage system is reduced [268]. Or6 et al. compared sensible heat storage in high
temperature concrete and molten salts media with latent heat storage using phase change materials
[259]. Although the storage capacity of the solid media is lower than in the salt system, its

environmental impacts are lower than in systems using molten salt and phase change materials
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because of the low material requirement in solid media [259]. Because the molten salt system
requires special equipment to withstand high temperatures, it has a higher footprint than the phase

change material system.

In most ESSs, the operation phase is one of the largest contributors to the life cycle emissions and
is dictated by the emission intensity of the electricity used for charging [258]. The transition from
fossil fuel-based electricity to renewables reduces the overall GHG emissions dramatically [52,
258]. The life cycle GHG emissions of utility-scale solar and wind power plants are 26-183 g-
CO2eq/kWh [282] and 3-45 g-CO2eq/kWh [283], respectively, while coal and natural gas plants

emit 66-1300 g-CO2eq/kWh and 380-1000 g-CO2eq/kWh, respectively [284].

Life cycle environmental impacts vary widely with the application scenario because of the
discharge duration and number of cycles. PHS, CAES, and solar thermal are used for energy
applications where discharge duration is high. For example, Kapila et al. [256] and Thaker et al.
[271] designed mechanical and thermal energy storages for 12 hours and 8 hours, respectively,
while Heath et al. [268] assumed 6 hours discharge duration for thermal storage. Electro-chemical
storage systems can be used for different power and energy applications. A few studies assessed
the environmental sustainability of ESSs for different applications. Discharge duration and number
of cycles appear to be among the important characteristics of the applications. Hiremath et al.
considered seven application scenarios, each having specific power and energy capacities [258].
Under-use of the batteries is the main reason for differences in the environmental footprints of the
system. Baumann et al. considered four stationary cases [51]. Primary regulation and electric time-
shift have higher carbon footprints because grid mix electricity is used, rather than renewable
support and PV self-consumption, which uses renewables. The key parameter in all cases is the

duration of discharge. The discharge durations for electric time-shift, PV self-consumption,
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primary regulation, and renewable support are 4, 3.2, 1, and 10 hours, respectively. The
corresponding number of cycles are 2, 1, 34, and 1.12, respectively. The number of cycles is crucial
for battery life because higher frequency in charge/discharge cycles leads to high replacement
rates. The performance of the Li-ion is better than the Pb-A because of Li-ion’s longer lifetime

[51].

The impact assessment results in most of the studies were limited to point estimates and do not
provide the most likely ranges. Life cycle impact assessment results are subject to a certain degree
of uncertainty. This could be due to uncertainties in input and output parameters, modeling choice,
temporal and spatial variabilities, and so on. Therefore, in order to have a better understating and
interpretation of LCA results, it is important to perform sensitivity and uncertainty analyses.
However, few published LCA studies on ESSs do this. Some incorporate uncertainty analysis.
Kapila et al. [256], for example, used a Regression, Uncertainty, and Sensitivity Tool (RUST)
[285] to identify the influential variables and provide a range of results. Thaker et al. [271] and
Baumann et al. [51] also generated a wide range of GHG emissions results by using a range of
input parameters in order to have a better comparative assessment of the alternative energy storage

technologies.

A direct comparison of the environmental impacts of different ESSs is difficult because of the
difference in system boundaries and assumptions adopted in various studies. C-CAES has higher
emissions than PHS and A-CAES because of the use of natural gas. The problems of electro-
chemical ESSs have been with replacing batteries due to their short lifetime and with the disposal
of chemicals. The ranking of various electro-chemical ESSs differs among studies because of the
variations in key technical parameters, i.e., round-trip efficiency, depth of discharge, and cycle

life. The source of electricity used for charging can also influence the results. For thermal ESSs,
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life cycle GHG emissions depend largely on the configuration. For example, the total emissions
of a latent heat thermal storage system are higher than from sensible heat. This is mainly due to
the use of phase change material, which requires additional energy. However, in order to have a
reasonable comparison of the environmental performance of different ESSs and avoid any
misleading conclusions, it is important to establish a consistent system boundary and set of

assumptions.
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Table 2.8: A summary of LCAs of energy storage technologies

ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
PHS 1 kWh Cradle-to-gate, Existing NER and Y/Y 7.79 g- The net energy ratio (NER) and [174]
transportation, studies and GWP CO2eq/kWh  emissions are calculated for a
and ecoinvent PHS with a capacity of 118 MW.
decommissioning  database The NER is 0.778. 52% of the
total construction emissions are
from dam construction.

1 GWh Cradle-to-gate, Economic ER and GWP N/N 5.6 g- The total energy requirement is [15]
operation, and Input/Output CO2eq/kWh  0.066 MJiherma/kWh  (without
decommissioning  (EIO) stored electricity). The

database calculations are based on a 20%
capacity factor and 60-year
project lifetime.

1 kWh Cradle-to-grave Ecoinvent CC, HT, N/N 23.5-650 g-  Emissions  from electricity [52]

and NEEDS  PMF, and CO2eq/kWh, production were also included in
Life Cycle FFD 15.70-418 g- the analysis. The emissions are
Inventory 1,4 from different energy sources
Database DBeq/kWh, including wind, photovoltaic, the

0.05-0.85 g-  Belgium grid, and the Union for
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
PM10eq/kW the  Coordination of the
h, 5.61-189 Transmission  of  Electricity
g-oileq/kWh  (UCTE).

1 kWh Cradle-to-grave Existing GWP Y/N 145-179 g- The range results from the [253]
studies and CO2eq/kWh  variation of efficiency and
ecoinvent lifetime of a 100 MW system.
database

1 MJ*day  Cradle-to-grave Ecoinvent GWP, HT, N/N 5.43-324 g-  The range represents the various [272]
database PMF, FFD, CO2eq/kWh, sources for electricity, i.e., wind,

OD, POF, 1.64-129 g-  natural gas, and the local grid.
TA, etc. oileq/kWh,

3.34-17.6 g-

1,4

DCBeq/kWh

, 0.002-0.44

g-

SO2eq/kWh
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
1 kWh Cradle-to-gate, Existing NER and Y/Y 269.75- The NER and emissions are [256]
transportation, studies and GWP 276.04 g- calculated for a PHS with a
maintenance, ecoinvent CO2eq/kWh  capacity of 118 MW. The NER
operation, and database ranges from 0.77-0.79.
decommissioning
10 kWh Cradle-to-gate, SimaPro ReCiPe 2016 Y/N 100 The value represents the [280]
transportation, indicators normalized environmental
operation, and impact considering human health
decommissioning (40%), ecosystems (40%), and
resources (20%).
CAES 1kWh Cradle-to-gate, Existing NER and Y'Y 264.36 g- The NER and emissions are [174]
transportation, studies and GWP CO2eq/kWh  calculated for a conventional
and ecoinvent CAES with a capacity of 81 MW.
decommissioning  database The NER is 0.542. The

combustion of natural gas is
included. The transportation of
natural gas and the compressors

are the main contributors to
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ESS

Functional

unit

System

boundary

Data sources

and models

Impact Sensitivity/

categories uncertainty

considered

Emissions

Comments

Refer

ence

1 GWh

Cradle-to-gate,
operation, and

decommissioning

Economic
Input/Output
(EIO)

database

ER and GWP N/N

construction emissions at 28%

and 26%, respectively.

4.96 g-
CO2eq/kWh

292 g-
CO2eq/kWh

The NER and emissions are
calculated for an adiabatic CAES
with a capacity of 60 MW. The
NER is 0.702. Compressors and
underground cavern
development are the main
contributors  to  construction
emissions at 44% and 26 %,
respectively.

The energy requirement is 5.27
MJtherma’ kWh plus 0.735
kWheiectricity/ k Wh (without stored
electricity). The calculations are
based on a system of 2700 MW
with a 20% capacity factor and a

40-year project lifetime.

[15]
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
1 kWh Cradle-to-grave Ecoinvent CC, HT, N/N 27.1-740 g-  Emissions  from  electricity [52]
and NEEDS  PMF, and CO2eq/kWh, production were also included in
Life Cycle FFD 24.90-475 g- the analysis. The emissions are
Inventory 1,4 from different energy sources
Database DBeq/kWh, including wind, photovoltaic, the
0.08-1.0 g- Belgium grid, and UCTE.
PM10eq/kW
h, 7.48-217
g-oileq/kWh
1 kWh Cradle-to-grave Existing GWP Y/N 161-272 g- The range results from the [253]
studies and CO2eq/kWh  variation of efficiency and
ecoinvent lifetime of a 100 MW system.
database
1 kWh Cradle-to-gate Existing CC,FWET, N/N 380 g- An LCA was conducted fora 200 [257]
and operation studies and FWE, HT, CO2eq/kWh, MW conventional CAES for a
ecoinvent MRD, PMF, 0.24 g-1,4 400 MW offshore wind farm.
database POF, TA, DCBeq/kWh
and AULO ,031 g-
SO2eq/kWh
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
19 g- An LCA was conducted fora 150
CO2eq/kWh, MW adiabatic CAES for a 400
0.47 g-1,4 MW offshore wind farm.
DCBeq/kWh
,0.13 g-
SO2eq/kWh
1 kWh Cradle-to-gate, Existing NER and Y'Y 97.23-403.1 The NER and emissions are [256]
transportation, studies and GWP g- calculated for a conventional
maintenance, ecoinvent CO2eq/kWh  CAES with a capacity of §1 MW.
operation, and database The NER ranges from 0.53-0.54.
decommissioning 296.12- The NER and emissions are
308.85 g- calculated for an adiabatic CAES
CO2eq/kWh  with a capacity of 60 MW. The
NER ranges from 0.70-0.72.
10 kWh Cradle-to-gate, SimaPro ReCiPe 2016 Y/N 3970 The value represents the [280]
transportation, indicators normalized environmental

operation, and

decommissioning

impact considering human health
(40%), ecosystems (40%), and

resources (20%).
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
FESS Not Cradle-to-gate Existing CcC N/N 838,315 kg- Total GHG emissions in the [54]
specified and operation studies CO» material production and
operation phases over the 20-year
lifetime.
Not Cradle-to-gate Existing CC N/N 6785 kg-CO, Total GHG emissions in the [55]
specified studies material production over the 15-
year lifetime.
Pb-A 150 kW Cradle-to-grave Existing GWP, N/N 25.22 g- The  emissions  calculation [146]
h/day studies and POF, CO2eq/kWh, assumes a 50 kW system that can
manufacturers acidification, 0.20 g- generate an average of 150 kWh
eutrophicatio SO2/kWh, electricity per day for 20 years.
n, and 0.05 g- The system uses 50% secondary
RD CO/kWh, lead for battery manufacturing.
0.22 g- We converted the CO,, CH4, and
NOx/kWh N2O  emissions to  CO2

equivalents with GWPs of 1, 25,
and 298 for CO,, CH4, and N2O,

respectively.
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
21.91 g- The  emissions  calculation
CO2eq/kWh, assumes a 50 kW system that can
0.13 g- generate an average of 150 kWh
SO2/kWh, electricity per day for 20 years.
0.04 g- The system uses 99% secondary
CO/kWh, lead for battery manufacturing.
0.16 g- We converted the CO2, CH4, and
NOx/kWh N>O  emissions to  CO»
equivalents with GWPs of 1, 25,
and 298 for CO», CH4, and N>O,
respectively.
1 kWh Cradle-to-grave Ecoinvent CC, HT, N/N 104-770 g- Emissions  from  electricity [52]
and NEEDS  PMF, CO2eq/kWh, production were also included in
Life Cycle and FFD 189-610 g- the analysis. The emissions are
Inventory 1,4 from different energy sources
Database DBeq/kWh, including wind, photovoltaic, the
0.28-1.13 g-  Belgium grid, and UCTE.
PM10eq/kW
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
h, 29.90-226
g-oileq/kWh
1 MWh Cradle-to-gate Existing CED and Y/N 215-1157 g-  The energy requirement is from [258]
and operation studies and GWP CO2eq/kWh  7.67-18.5 MJ/kWh. The energy
ecoinvent requirement and  emissions
database ranges are based on base case
scenarios for various battery uses
including frequency regulation,
energy time-shift, etc.
1 kWh Cradle-to-gate Existing GWP N/N 65-92 g- The GHG emissions are [286]
and recycling studies and CO2eq/kWh  calculated for a Pb-A battery
ecoinvent integrated with solar PV based on
database the technology in 2013 and
2020+.
1 kWh Cradle-to-gate Industry and ~ GWP Y'Y 170-740 g- The emissions are for a valve- [51]
and operation ecoinvent CO2eq/kWh  regulated lead-acid battery used
database for various services including

time-shift and renewable

integration.
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
1 MWh Cradle-to-gate Manufacturer CC, OD, TA, Y/N 102.76 g- We have calculated the emissions [255]
and SimaPro FWE, HT, CO2eq/kWh, for a lead-acid battery based on
POF, FFD, 0.51 g- the functional unit.
etc. SO2eq/kWh,
59.82 g-14
DBeq/kWh,
0.21 g-
PM10eq/kW
h
1 MJ Cradle-to-gate Existing CED, GWP, N/N 0.017-0.025  Only the environmental impact [261]
studies, HT, OD, g- due to battery production was
SimaPro, and POF, IR, etc. CO2eq/kWh, considered as the operation phase
ecoinvent 0.02-0.03 g-  varies considerably by
1,4 application.
DBeq/kWh
10 kWh Cradle-to-gate, SimaPro ReCiPe 2016 Y/N 7310 The value represents the [280]

transportation,
operation, and

decommissioning

indicators

normalized environmental

impact considering human health
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
(40%), ecosystems (40%), and
resources (20%).
1 kWh Cradle-to-gate Existing GWP Y'Y 190-730 g- Loss of electricity in charging [213]
and transportation studies and CO2eq/kWh  and discharging is considered.
ecoinvent The range of GHG emissions
represents various applications
and jurisdictions.
Li-ion 1 kWh Cradle-to-grave Ecoinvent CC, HT, N/N 72.30-600 g- Emissions  from  electricity [52]
and NEEDS  PMF, CO2eq/kWh, production were also included in
Life Cycle and FFD 86.40-417 g- the analysis. The emissions are
Inventory 1,4 from different energy sources
Database DBeq/kWh, including wind, photovoltaic, the
0.13-0.81 g-  Belgium grid, and UCTE.
PM10eq/kW
h, 30.50-186
g-oileq/kWh
1 MWh Cradle-to-gate Existing CED and Y/N 177-810 g- The energy requirement is from [258]
and operation studies and GWP CO2eq/kWh  6.25-12.9 MJ/kWh. The energy

requirement and  emissions
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
ecoinvent ranges are based on base case
database scenarios for various battery uses
including frequency regulation,
energy time-shift, etc.

1 kWh Cradle-to-grave Existing GWP Y/N 259-335 g- The range results from the [253]
studies and CO2eq/kWh  variation of efficiency and
ecoinvent lifetime of a 100 MW system.
database

1 kWh Cradle-to-gate Existing GWP N/N 60-72 g- The GHG emissions are [286]

and recycling studies and CO2eq/kWh  calculated for a  lithium-
ecoinvent ferrophosphate (LFP) battery
database integrated with solar PV based on
the technology in 2013 and
2020+.
1 kWh Cradle-to-gate Industry and  GWP Y/Y 100-500 g- The emissions are for a lithium- [51]
and operation ecoinvent CO2eq/kWh  iron-phosphate  battery  with
database graphite anode used for various

services including time-shift and

renewable integration.
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
70-490 g- The emissions are for a lithium-
CO2eq/kWh  iron-phosphate  battery  with
lithium-titanate anode used for
various services including time-
shift and renewable integration.
150-600 g- The emissions are for a lithium-
CO2eq/kWh  manganese-oxide battery with
graphite anode used for various
services including time-shift and
renewable integration.
1 MWh Cradle-to-gate Manufacturer CC, OD, TA, Y/N 27.80 g- We calculated the emissions fora [255]
and SimaPro FWE, HT, CO2eq/kWh, lithium-manganese battery per
POF, FFD, 0.18 g- kWh based on the functional unit.
etc. SO2eq/kWh,
16.80 g-1,4
DBeq/kWh
16.10 g- We calculated the emissions for a
CO2eq/kWh, lithium-iron-phosphate  battery
0.12 g-
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
SO2eq/kWh, per kWh based on the functional
10.73 g-1,4  unit.
DBeq/kWh
1 MW-year Cradle-to-grave Existing GWP, CED, N/N 45-180 and ~ The values represent the average [49]
studies, and 5-15 GWP changes in GWP emissions for
BatPaC, and  acidification annual the coal and natural gas cases,
GREET person respectively, due to the addition
impact of a 1 MW-year capacity of Li-
equivalent ion battery.
1 MWh Cradle-to-grave Ecoinvent CC, OD, Y/N -439 g- A consequential LCA for [262]
and CLCA FWE, POF, CO2eq/kWh integrating the surplus electricity
model Acidification, from renewables in the Swiss
etc. grid for 2030 using a Li-ion

battery with a capacity of 6
MWh. The negative sign for the
GHG emissions represents the
reduction in GHG emissions for
using the battery with renewables

in the grid.
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered

1 MJ Cradle-to-gate Existing CED, GWP, N/N 0.06-0.1 g- Only the environmental impact [261]

studies, HT, OD, CO2eq/kWh, associated with battery

SimaPro, and POF, IR, etc. 0.01-0.02 g-  production was considered as the

ecoinvent 1,4 operation phase varies
DBeq/kWh considerably by application.

10 kWh Cradle-to-gate, SimaPro ReCiPe 2016 Y/N 2346 The value represents the [280]
transportation, indicators normalized environmental
operation, and impact considering human health
decommissioning (40%), ecosystems (40%), and

resources (20%).
1 MWh Cradle-to-grave Ecoinvent CC,HH, EQ, Y/N -2 kg- A consequential LCA of the Li- [263]
etc. COoeq/year/k 1ion battery. The negative value
g battery represents the amount by which
pack GHG emissions reduce if the
battery is used.

1 kWh Cradle-to-gate Existing GWP Y'Y 80-390 g- Loss of electricity in charging [213]

and transportation studies and CO2eq/kWh  and discharging was considered.

ecoinvent

The range of GHG emissions
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
represents various applications
and jurisdictions.
Na-S 1 kWh Cradle-to-grave Ecoinvent CC, HT, N/N 37.90-640 g- Emissions from  electricity [52]
and NEEDS  PMF, CO2eq/kWh, production were also included in
Life Cycle and FFD 15.30-417 g- the analysis. The emissions are
Inventory 1,4 from different energy sources
Database DBeq/kWh, including wind, photovoltaic, the
0.08-0.85 g-  Belgium grid, and UCTE.
PM10eq/kW
h, 9.97-187
g-oileq/kWh
1 MWh Cradle-to-gate Existing CED and Y/N 201-937 g- The energy requirement is from [258]
and operation literature and ~ GWP COz2eq/kWh  7.3-15 MIJ/kWh. The energy

ecoinvent

database

requirement and  emissions
ranges are based on base case
scenarios for battery uses
including frequency regulation,

energy, time-shift, etc.
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
1 MJ Cradle-to-gate Existing CED, GWP, N/N 0.007 g- Only the environmental impact [261]
studies, HT, OD, CO2eq/kWh, due to battery production was
SimaPro, and POF, IR, etc. 0.002 g-1,4  considered as the operation phase
ecoinvent DBeq/kWh  varies considerably by
application.

VRFB 1 GWh Cradle-to-gate, Economic ER and GWP N/N 40.20 g- The energy requirement is 0.56 [15]
operation, and Input/Output CO2eq/kWh  MJherma/kWh  (without stored
decommissioning  (EIO) electricity). The calculations are

database based on a system of 15 MW with
a 20% capacity factor and a 20-
year project lifetime.
150 kW Cradle-to-grave Existing GWP, N/N 7.26 g- The  emissions  calculation [146]
h/day studies and POF, CO2eq/kWh, assumes 50 kW system that can
manufacturers acidification, 0.03 g- generate an average of 150 kWh
eutrophicatio SO2/kWh, electricity per day for 20 years.
n, and 0.004 g- The system uses 99% secondary
RD CO/kWh, vanadium for battery
0.04 g- manufacturing. We converted the
NOx/kWh CO., CH4, and N>O emissions to
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
COs equivalents with GWPs of 1,
25, and 298 for CO2, CH4, and
N20, respectively
1 MWh Cradle-to-gate Existing CED and Y/N 208-1022 g-  The energy requirement is from [258]
and operation studies and GWP CO2eq/kWh  7.87-16.6 MJ/kWh. The energy
ecoinvent requirement and  emissions
database ranges are based on base case
scenarios for various services
provided by the batteries
including frequency regulation,
energy time-shift, etc.
1 MWh Cradle-to-grave Ecoinvent GWP, HT, N/N 52-279 g- Emissions  from  electricity [44]
database acidification, CO2eq/kWh, production were also included in
and abiotic 91-150 g-1,4 the analysis. The emissions are
depletion DCBeq/kWh from different energy sources
,0.7-1.01 g- including wind, photovoltaic,
SO2eq/kWh, and the grid. The battery
0.013-0.025  materials are not recycled in this
g-Sbeq/kWh  case.
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
21-247 g- Emissions  from  electricity
CO2eq/kWh, production were also included in
44-113 g-1,4 the analysis. The emissions are
DCBeq/kWh from different energy sources
,0.13-0.44 g- including wind, photovoltaic,
SO2eq/kWh, and the grid. The battery
0.003-0.014  materials are recycled in this
g-Sbeq/kWh  case.
1 kWh Cradle-to-gate Industry and  GWP Y'Y 190-580 g- The emissions are for a VRFB [51]
and operation ecoinvent CO2eq/kWh  battery used for various services
database including time-shift and
renewable integration.
1 kWh Cradle-to-gate Existing CC, HT, Y'Y 136.5 kg- The environmental impact of the [287]
and transportation studies, acidification, CO2eq/kWh, vanadium battery is lower than
SimaPro, and POF, OD, 225 kg-1,4 the Li-ion battery. The biggest
ecoinvent etc. DBeq/kWh, advantage is the reusability of
1.67 kg- vanadium electrolyte.
SO2eq/kWh
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
1 kWh Cradle-to-gate Existing GWP Y/Y 120-840 g- Loss of electricity in charging [213]
and transportation studies and CO2eq/kWh  and discharging was considered.
ecoinvent The range of GHG emissions
represents various applications
and jurisdictions.
Polysul 1 GWh Cradle-to-gate, Economic ER and GWP N/N 32.6 g- The energy requirement is 0.45 [15]
phide operation, and Input/Output CO2eq/kWh  MJherma/kWh  (without stored
Battery decommissioning  (EIO) electricity). The calculations are
database based on a system of 15 MW with
a 20% capacity factor and a 20-
year project lifetime.
Blue 10 kWh Cradle-to-grave SimaPro ReCiPe 2016 Y/N 586 The value represents the [280]
battery indicators normalized environmental
system impacts  considering  human
health (40%), ecosystems (40%),
and resources (20%).
NaNiCl 1kWh Cradle-to-grave Ecoinvent CC, HT, N/N 32.50-607 g- Emissions  from  electricity [52]
and NEEDS  PMF, CO2eq/kWh, production were also included in
Life Cycle and FFD 86.40-450 g- the analysis. The emissions are
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
Inventory 1,4 from different energy sources
Database DBeq/kWh, including wind, photovoltaic, the
0.33-1.08 g-  Belgium grid, and UCTE.
PM10eq/kW
h, 8.10-178
g-oileq/kWh
1 kWh Cradle-to-gate Industry and  GWP Y'Y 130-630 g- The emissions are for a NaNiCl [51]
and operation ecoinvent CO2eq/kWh  battery used for various services
database including time-shift and
renewable integration.
Ni-Cd 1MJ Cradle-to-gate Existing CED, GWP, N/N 0.04-0.05 g- Only the environmental impact [261]
studies, HT, OD, CO2eq/kWh, from battery production was
SimaPro, and POF, IR, etc. 0.014-0.02 g- considered as the operation phase
ecoinvent 1,4 varies considerably by
DBeq/kWh application.
Hydrog 1 kWh Cradle-to-grave Ecoinvent CC, HT, N/N 50.60-1620 Emissions  from  electricity [52]
en and NEEDS  PMF, g- production were also included in
Life Cycle and FFD CO2eq/kWh, the analysis. The emissions are
35.30-1030 from different energy sources
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€co systems

Functional System Data sources Impact Sensitivity/ Emissions Comments
boundary and models categories uncertainty
considered
Inventory g-1,4 including wind, photovoltaic, the
Database DBeq/kWh,  Belgium grid, and UCTE.
0.16-2.18 g-
PM10eq/kW
h, 17.40-475
g-oileq/kWh
Cradle-to-grave Existing GWP 386-700 g- The range results from the
studies and CO2eq/kWh  variation of efficiency and
ecoinvent lifetime of a 100 MW system.
database
Cradle-to-gate, Ecoinvent Environment 0.3-0.7/kWh  Sensible heat is stored in high-
operation, and database al impact temperature concrete. The range
dismantling calculated in of numbers is due to the changes
points based in the temperature gradient of the
on Eco- storage material in different
indicator 99 scenarios.
considering 5.7-29/kWh  The sensible heat is stored in

liquid media, molten salt. The

range in numbers is a result of the
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ESS Functional

unit

System

boundary

Data sources Impact

and models categories

considered

Sensitivity/

uncertainty

Emissions

Comments

Refer

ence

Not
specified

Cradle-to-gate,
operation,
and

decommissioning

quality, HT,

and resources

Ecoinvent GWP
and

Economic
Input/Output

LCA

databases

N/N

changes in the temperature
gradient of the storage material in

different scenarios.

4.7-
13.8/kWh

17,100
MTCOzeq

7890
MTCOzeq

Latent heat and sensible heat are
stored using the phase change
material. The range in numbers is
a result of the changes in the
of the

temperature  gradient

storage material in different
scenarios.

The emissions are calculated for
a two-tank indirect thermal
energy storage system designed
to supply 6 hours of storage for a
50 MW CSP plant.

The emissions are calculated for
a thermocline indirect molten salt

thermal energy storage system

[268]
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
designed to supply 6 hours of
storage for a 50 MW CSP plant.
1 kWh Cradle-to-grave Manufacturer, GWP, water  Y/N 26 g- The cumulative energy demand [254]
contractor, use, and ER CO2eq/kWh, is 0.43 MJ/kWh. The
and ecoinvent 4.7L environmental  impacts  are
database water/kWh calculated for a 103 MW CSP
plant with thermal storage.
1GJ Cradle-to-grave Not specified GWP, N/N 22.68-36 g-  We converted the numbers to get [267]
acidification, CO2/kWh, the emissions per kWh from GlJ.
eutrophicatio 0.17-0.25 36
n, and POF g-SO2/kWh,
0.0075-0.01
g-
phosphate/k
Wh
1 kWh Cradle-to-grave Existing NER, GWP Y/Y 13-47 g- Two-tank indirect sensible heat [271]
studies and CO2eq/kWh  storage.
GREET 7-28 g- Two-tank direct sensible heat
database CO2eq/kWh  storage.
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ESS Functional System Data sources Impact Sensitivity/ Emissions Comments Refer
unit boundary and models categories uncertainty ence
considered
5-21 g- One-tank direct sensible heat
CO2eq/kWh  storage.
9-34 g- Latent heat storage.
COzeq/kWh
9-27 g- Thermochemical storage.
COzeq/kWh

Net energy ratio (NER) = Energy output/(construction energy+maintainance energy-+operational energy).
1,4 DBeq is 1,4 dichlorobenzene equivalents, PM10eq is particulate matter (<10 um) emission equivalents.

Y =yes and N = no.

GWP = global warming potential, ER = energy requirements, CED = cumulative energy demand, CC = climate change, HT = human toxicity, PMF = particulate

matter formation, FFD = fossil fuel depletion, FWET = freshwater ecotoxicity, FWE = freshwater eutrophication, MRD = mineral resource depletion, POF =

photochemical oxidant formation, TA = terrestrial acidification, AULO = agricultural and urban land occupation, RD = resources depletion, OD = ozone depletion.
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2.5. Land footprint of energy storage systems

Table 2.9 shows the land area requirement for several energy storage technologies. For electro-
chemical energy storage systems, data from Mastro’s study [288] was used to calculate the area
required per kWh of battery capacity. The land footprint for PHS was calculated from the direct
use of land and the storage capacity. For conventional and adiabatic CAESs, the values were taken
from Bouman et al. [257]. The advantage of conventional electro-chemical batteries (Li-ion, Na-
S, and Pb-A) 1s that they are highly modular, so they can be divided into racks and cabinets and
built vertically. A VRF’s land footprint is much higher than other batteries’ as it requires different
equipment to operate, i.e., storage tanks, heat exchangers, pumps, and stacks, that are not required
for Li-ion, Na-S, or Pb-A batteries. The main advantages of a Li-ion battery are that it is very
compact and lightweight. However, the compact nature makes its weight per square meter high,
which could be challenging for some building floors [288]. C-CAES and A-CAES systems have
a large footprint because they require several components such as a compressor, turbine, heat
exchanger, storage medium, etc. The A-CAES’s land footprint is higher than a C-CAES’s because
it needs storage for the thermal fluid that extracts heat during air compression and rejects heat to
increase air temperature before the air enters the turbine, in addition to the other components [31].

For PHS, the land footprint ranges from 0.10 m? [289] to 0.14 m?*/kWh [256].
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Table 2.9: Land footprint of different energy storage technologies

Technology Land footprint Source Comment
(m*/kWh)
C-CAES 0.43 [257]
A-CAES 0.61 [257]
PHS 0.10 [289] Calculated from the direct use of land (m?)
and storage capacity (kWh).
0.14 [256] Calculated from the area of vegetation
removal (m?) and storage capacity (kWh).
Li-ion 0.02 [288] Calculated from the total footprint (m?)
and battery size (kWh).
Na-S 0.03 [288] Calculated from the total footprint (m?)
and battery size (kWh).
Pb-A 0.09 [288] Calculated from the total footprint (m?)
and battery size (kWh).
VRFB 0.24 [288] Calculated from the total footprint (m?)
and battery size (kWh).

2.6. Identified gaps and recommendations
The following section discusses the gaps identified from the review of techno-economic and life

cycle assessments of ESSs.

2.6.1. Economy of scale

Although there are few studies that developed economies of scale and scale factors for pumped
hydro, compressed air, and thermal ESSs, electro-chemical batteries and flywheel for commercial-
scale operations require extensive study to understand their economic feasibility. The relation

between the capacity and the investment cost needs to be investigated by developing scale factors
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and economies of scale for different technologies, such as VRFB, Na-S, Ni-Cd, hydrogen storage,

FESS, and other emerging storage technologies for utility applications.

In addition, the relation between the depth of discharge and cycle life of ESSs should be included
in the techno-economic assessment. Increasing the depth of discharge can reduce the cycle life of
electro-chemical batteries considerably. Including this aspect in the analysis could change our

understanding of cost performance.

2.6.2. Consistency in cost estimation

Our review of the techno-economic assessments of ESSs found that the calculations of the TCC
and LCOE are inconsistent. For example, many studies underestimate the LCOE by not
considering the BOP and fixed O&M costs of the system. All the cost components in the analysis

need to be included to generate results robust enough to compare various storage technologies.

The cost of charging is reflected in the levelized cost of electricity. The LCOE will change if the
source of electricity changes, because electricity production cost differs by source. Therefore, the
levelized cost of storage (excluding the cost of charging) could be a better performance indicator
than the levelized cost of electricity for comparing the ESSs. Although a handful of studies
estimated the LCOS for pumped hydro, compressed air storage, and thermal storage, very few
estimated the LCOS for electro-chemical, flywheel, and hydrogen storage systems. Future studies

should estimate the LCOS for a better economic comparison.

2.6.3. LCA system boundary and data sources
Like economic assessment, environmental performance is an important aspect in the selection of

energy storage technologies. However, there is little information on environmental performance,
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especially for electro-chemical batteries, liquid air ESSs, and flywheels. Most of the earlier studies
considered the material manufacturing, transportation, and operation of the storage section only
and did not account for PCS and BOP. The PCS and BOP are also important components of the
storage system. The environmental impacts of these components should be included in the

analysis.

An important limitation found in the review of LCAs of ESSs is inconsistencies in the system
boundary, which could generate misleading results. Including all the life cycle stages from cradle-
to-grave is required to quantify NERs and environmental footprints of ESSs. To understand the
end-of-life impact, recycling should be included. Recycling of materials can reduce the overall
burden by displacing virgin materials. This topic is not sufficiently addressed in the earlier studies.
There may be an opportunity to increase the burden if the recycling process is more energy-

intensive compared to virgin material production.

Most studies use generic databases for inventory analysis. Product-specific data inventory should
be built to accurately conduct LCA. Specific energy consumption and emissions differ with the
technology used and the jurisdiction. Future LCA studies should also use appropriate values for

specific energy consumption and emission factors.

2.6.4. Need for uncertainty analysis

LCA and TEA are subject to uncertainties that arise from the parameters used, modeling choice,
and scenario development. It is important to incorporate those uncertainties into the LCA and TEA
if they are used as decision support tools. However, uncertainty analysis has been overlooked in

most LCA and TEA studies on ESSs. Comparative assessment of different technologies using only
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point estimating could be misleading. Only a handful of studies provide possible cost ranges and
environmental footprints considering the variabilities in input parameters, modeling choice, and
other sources of uncertainty in their analyses. Techno-economic and life cycle assessment results
with uncertainty ranges have more credibility and reliability. Hence, sensitivity and uncertainty

analysis practices should be encouraged in future research in the ESS domain.

2.6.5. LCA of emerging energy storage technologies

Most of the reviewed LCA studies focus on PHS and CAES from mechanical energy storage, Li-
ion and Pb-A batteries from electro-chemical batteries, and thermal ESSs with various
configurations. Those technologies are already widely implemented or at a high maturity level.
The availability of technical and environmental data are the main motivations behind these studies.
LCA studies on emerging storage technologies, such as lithium-sulfur and solid-state batteries,
liquid air energy storage, etc., are limited. However, understanding the environmental performance
of technologies in their early stages of development offers opportunities to make design

adjustments to minimize environmental burdens.

In summary, developing an integrated bottom-up techno-economic and life cycle assessment
model incorporating all the technical parameters and components to estimate the levelized cost of
electricity and environmental footprints associated with storage systems is crucial to fill
knowledge gaps in the research. Incorporating uncertainty analysis in the model would help us

understand the influence of each parameter on the overall results.
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2.7. Conclusion

Energy storage systems (ESSs) help mitigate the uncertainty associated with the electrical load in
the power network. To incorporate ESSs in the grid, it is essential to understand their technical
parameters as well as their economic and environmental performances. This chapter provided a
review of the current status of energy storage technologies along with their technical characteristics
and operating principles. Further, decision-making indicators, i.e., total capital costs, levelized cost
of electricity, and environmental footprints, were reviewed. The pumped hydro storage system
dominates the market and will continue to dominate it in the near future. The shares of electro-
chemical storage systems are increasing. Lithium-ion battery use is growing the fastest, followed

by sodium-based batteries.

Following the review, we conclude that the most influential technical parameters affecting cost
and environmental performances are lifetime, round-trip efficiency, and cycle length. Among the
bulk ESSs, PHS outperforms other technologies because of its very long lifetime, usually 60 years.
However, due to their operational flexibility, electro-chemical batteries are growing faster. The
economic and environmental performances of electro-chemical ESSs depend on the stationary
applications they provide. It is expected that the Li-ion battery will dominate the electricity market
for all stationary applications because its costs will decrease sharply. While improving efficiency
and cycle life can reduce environmental footprints, storing electricity from green sources can

drastically reduce GHG emissions.

ESSs are used for various utility-scale stationary applications and the choice depends on technical
characteristics, cost, and environmental emissions. Considering these criteria, pumped hydro,

compressed air, hydrogen, and thermal energy storage appear to be suitable for the energy
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applications, such as bulk energy storage and T&D investment deferral. Although flywheels are
not suitable for energy applications because of their high energy loss, they can be used for
frequency regulation. The advantages of electro-chemical ESSs are quick response time and
modularity, which make them favorable for most energy and power applications, such as bulk
energy storage, T&D investment deferral, frequency regulation, and support of voltage regulation.

They are also suitable for power quality and power reliability applications.

This study provides a database for future research on techno-economic and life cycle assessments
of ESSs. However, to handle the range in datasets for each ESS, an uncertainty analysis needs to

be carried out to better understand the results.
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Chapter 3: The development of techno-economic models for the assessment of

utility-scale electro-chemical battery storage systems?

3.1. Introduction

Concerns about climate change impacts associated with fossil fuel use and energy independence
have contributed to the growing share of renewables in the global electricity production. Among
the renewables, the cumulative growth of wind and solar has been significant, from 223 GW in
2010 to 1049 GW in 2018 [290]. According to the International Renewable Energy Agency
(IRENA), the share of renewable sources in the electricity sector is expected to increase from 25%
in 2017 to 85% in 2050, mostly through wind and solar capacity additions [291]. This
transformation in the global electricity sector would create challenges to power system planning
and operations [291]. Energy storage systems (ESSs) can encourage the integration of renewable
energy sources such as wind and solar into electricity systems [9, 292] by mitigating the
uncertainty associated with planning and with electrical grid network operations. While ESSs are
a flexible option to the intermittency of wind and solar energy sources (both of which provide a
high level of grid penetration), the economics of each storage technology is highly dependent on

each stationary application [11, 293] and thus each requires in-depth analysis.

Stationary applications include time-shifting, ancillary services, power quality, etc. [23, 51, 115].

Mechanical storage systems, particularly pumped hydro storage (PHS) and compressed air energy

3 A version of this chapter has been published as Rahman MM, Oni AO, Gemechu E, Kumar A. The development of
techno-economic models for the assessment of utility-scale electro-chemical battery storage systems. Applied Energy.

2021;283:116343.
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storage (CAES), are mature technologies used primarily for time-shift and supply capacity [12,
24, 119] and hence their technical and economic characteristics are well known. Electro-chemical
battery technologies, such as valve-regulated lead-acid (VRLA), lithium-ion (Li-ion), sodium-
sulfur (Na-S), nickel-cadmium (Ni-Cd), and flow batteries, are more versatile; they are used for
any service an ESS can provide [12, 28, 105]. Although the technical aspects are well developed,
the economic aspects of these systems for stationary applications are not and thus require thorough
investigation. Moreover, the contributions of different components (e.g., the storage section, power
conversion system, and balance of plant) to the capital cost need to be understood, along with the
system’s life cycle costs and the cost of electricity delivery. For decision making and policy
formulation toward the deployment of ESSs in the power network, it is important to incorporate
technical characteristics, such as depth of discharge, round-trip efficiency, and other similar
characteristics into economic models to predict the levelized cost of storage (LCOS) and
economies of scale for various application capacities. Therefore, it is necessary to develop bottom-

up techno-economic models to provide more insight into the economics of electro-chemical ESSs.

There are many studies in the literature to help us understand technical characteristics, for example,
the round-trip efficiency, depth of discharge, energy and power densities, and sizing of ESSs [6,
92, 95], as well as the challenges associated with their application [8, 100, 101]. There are a few
studies on the techno-economic performance of ESSs, specifically of mechanical storage
technologies [31, 294, 295], thermal energy storage [131, 238], and electro-chemical storage

systems [27, 105, 296, 297].

With respect to electro-chemical storage systems, most of the existing techno-economic
assessments use a top-down approach. The top-down approach uses aggregated data and provides
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opaque results without sharing the details. Due to the lack of process specificness, this approach
cannot capture the full interaction between the technical parameters and economic outputs. For
example, the aggregated capital cost of an ESS can be used to calculate the LCOS, but it is
impossible to determine the effects of efficiency, depth of discharge, battery pack cost, and other
technical parameters on the outputs. The bottom-up approach, on the other hand, uses engineering
principles to calculate the installed ESS capacity, design the components, and estimate the costs
of components. The bottom-up approach is transparent, and the results are easily reproducible. The
studies by Schoenung [25] and Schoenung and Eyer [26] used data collected from various sources
to estimate and compare the costs and benefits of different types of electro-chemical storage
technologies. The impacts of depth of discharge and cycle life on capital and life cycle costs were
not addressed. Abrams et al. developed a framework to evaluate the cost effectiveness of the Pb-

A and Li-ion using data from manufacturers [27].

Other important aspects to consider while estimating the capital cost and levelized cost of storage
of electro-chemical storage are replacement cost, and fixed and variable operation and
maintenance (O&M) costs. Some studies overlooked these factors [10, 91, 116, 170]. For electro-
chemical batteries, replacement cost is vital as these batteries need to be replaced after a certain
period depending on the operating conditions. Furthermore, some batteries, such as Pb-A, need
frequent maintenance. All of these cost components need to be considered in order to accurately

estimate the real cost of electricity delivery from electro-chemical storage technologies.

Although electro-chemical ESSs can be used for various stationary applications, early studies
focussed on their use in bulk energy storage applications (electric time-shift and supply capacity)
[215, 298, 299]. A few studies considered the cost performance of other stationary applications.
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Schmidt et al. conducted a techno-economic assessment of different Li-ion battery types for a
number of applications [213]. Jiilch compared the cost performance of Pb-A, Li-ion, and vanadium
redox flow (VRF) for long-term and short-term applications [176]. Because they respond rapidly
to need, electro-chemical ESSs are suitable for various stationary applications, and these are worth

investigating.

A scale factor shows how the total investment cost of a plant changes with a change in plant
capacity. Developing a scale factor is also a key element in performing a techno-economic
assessment of a technology, and this was not done in earlier studies. Although a few studies show
how the LCOS varies with increasing ESS capacity [28, 105, 297], none of these studies have

developed scale factors to show how the storage system performs at higher energy capacities.

Cost estimates of a technology in the literature inherently differ given the differences in input
parameters, modeling approach, and assumptions, among others. These variabilities should be
reflected in the output results following sensitivity analysis and quantifying the uncertainty.
However, most existing studies are limited to point estimates, hence these do not provide a cost

range that considers multiple assumptions and input parameters.

There is a significant lack of information on electro-chemical ESSs that include all the cost
parameters to evaluate their techno-economic feasibility for various stationary applications. In this
chapter, the aim is to fill this research gap by developing comprehensive techno-economic
assessment models to evaluate the cost-effectiveness of large-scale electro-chemical storage
systems. Five electro-chemical batteries —Na-S, Li-ion, VRLA, Ni-Cd, and VRF - were studied to

compare their techno-economic feasibility in four stationary application scenarios - bulk energy
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storage, transmission and distribution investment deferral, frequency regulation, and support of

voltage regulation. The specific objectives of this study are to:

— Develop bottom-up data-intensive techno-economic models for five electro-chemical
battery storage technologies;

— Estimate total investment cost, annual life cycle cost, and levelized cost of storage of these
technologies;

— Develop scale factors and study the impact of economies of scale for bulk energy storage;

— Compare the economic feasibility in four stationary application scenarios - bulk energy
storage, transmission and distribution investment deferral, frequency regulation, and
support of voltage regulation; and

— Conduct sensitivity and uncertainty analyses to determine the effect of variability in input

parameters on output results.

3.2. Model development

3.2.1. Modeling approach

In this study, bottom-up data-intensive spread-sheet-based techno-economic models were
developed for large-scale electro-chemical battery storage systems. First, scenarios were
developed based on the operational characteristics of batteries, such as rated power, duration of
discharge, and number of cycles. Second, systems were sized using the engineering principles for
the power conversion system (PCS) and storage section. Once the system components were
identified and sized, the technical model was integrated with the economic model. The economic

model consists of cost metrics including capital costs for the power conversion system (PCS),
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storage section (battery and foundation) and balance of plant (BOP), fixed and variable O&M costs
for the battery, fixed cost for the PCS, charging cost, replacement cost, and contingency cost. The
developed techno-economic models estimate technical parameters such as installed battery
capacity, number of PCSs required, delivered electricity, and cost metrics, such as total investment
cost (TIC), replacement cost (RC), and levelized cost of storage. Sensitivity and uncertainty
analyses were conducted using the Regression, Uncertainty, and Sensitivity Tool (RUST)
developed by Di Lullo et al. [285] to identify the technical and cost inputs that have the greatest
influence on the outputs and to improve the reliability of the model results. Figure 3.1 shows the

overview of the modeling methodology used in this research.
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3.2.1.1. Stationary application scenario development

The following four stationary application scenarios were developed to determine their economic
feasibility when utility-scale electro-chemical batteries are integrated with electrical grid
networks: bulk energy storage (S1), T&D investment deferral (S2), frequency regulation (S3), and
support of voltage regulation (S4). A description of these applications can be found in section B.1
of Appendix B. The bulk energy storage application is already in use. T&D investment deferral,
frequency regulation, and support of voltage regulation have become more important as the share
of renewables in electricity generation increases [105]. ESSs have the potential to cut down the
cost of grid operation and can generate revenue by providing T&D investment deferral, frequency
regulation, and support of voltage regulation [300]. Usually, the applications supported by ESSs
are classified as energy and power. Scenarios S1 and S2 are energy applications with discharge
durations of more than 30 minutes, and S3 and S4 are power applications with discharge durations
of 30 minutes or less [301]. The scenarios were developed based on rated power, duration of
discharge, and number of cycles per year. The rated power and discharge duration determine the
rated energy capacity of a particular ESS. The amount of electricity delivered in a year can be

calculated from the rated energy capacity and number of cycles in a year.

Different capacity ranges were considered for each scenario based on current operational electro-
chemical storage systems capacities. A capacity range of 5-100 MW was assumed for S1 and S3,
while 5-25 MW and 5-30 MW for S2 and S4, respectively, were considered to capture most of the
operational large utility-scale electro-chemical ESSs [12]. The base case capacities are 50 MW,
10 MW, 50 MW, and 15 MW for S1, S2, S3, and S4, respectively. Table 3.1 shows the assumptions

used to develop the scenarios. The discharge duration for bulk energy storage varies widely [119].
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Therefore, in this research, we varied the discharge duration from 1 hour to 8 hours and discerned

the impact on cost.

Table 3.1: Scenario assumptions

Scenario S1 S2 S3 S4

Base case rated power (MW) 50 10 50 15

Power range (MW) 5-100 5-25 5-100 5-30
Duration of discharge (h) 5 5 0.25 0.25
Rated energy capacity® (MWh) 250 50 12.5 3.75
Number of cycles per year 365 [119] 248 [105] 12,410° 248 [105]

2 The values represent the amount of energy discharged during each cycle except for frequency regulation.
bFor frequency regulation, the number of cycles per year assumes 34 small cycles per day with 5% depth of discharge,

equivalent to 1.7 full cycles [258].

3.2.1.2. System boundary and sizing

This study considers the components of an energy storage system (the PCS, storage section, and
BOP). The PCS converts the alternating current to direct current and vice versa, and the storage
section stores the electricity. The BOP items are the supporting components that help the ESS run
effectively. A detailed description of these components can be found in section B.2 of Appendix
B. Figure 3.2 shows the system boundary adopted in this study for techno-economic modeling.
The source of electricity generation (e.g., solar and wind) and the electrical grid network were not

included in the system boundary.
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The sizing of a PCS is based on the rated power in MW of the storage system, as presented in
Table 3.1. The capacity of each PCS is considered to be 5 MW (containerized*) [302]. The number
of parallel connected PCSs was calculated from the system’s rated power capacity and the capacity
of each PCS. The PCS efficiency of 95% and 20-year lifetime were taken from Eckroad and Gyuk

[169] and Rodrigues et al. [299], respectively.

The installed capacity of the storage system was calculated using Equation 3.1, adapted from

Akinyele et al. [303] and Kaldellis et al. [304]:

_Er _1 3.1
Egss nb*DOD (3.1)

4 The power conversion systems can be built in standard shipping containers to make installation easy.
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where Efgss is the installed capacity of the storage system (MWh), Er is the rated energy storage
capacity (MWh), 7, is the battery round-trip efficiency’ (%), and DOD® is the depth of discharge

(%).

The technical parameters used in model development are given in Table 3.2. Different approaches
were used to design the storage sections of conventional batteries (Na-S, VRLA, Li-ion, and Ni-
Cd) and the flow battery (VRF). For the conventional batteries, a battery cell, containing electrodes
and electrolyte, provides the power and energy. The installed capacity was calculated to satisfy the
rated power and energy based on the round-trip efficiency and depth of discharge. Because of their
modular design, electro-chemical batteries can be scaled to any capacity to serve utility-scale
applications [305]. It was assumed that the battery cells are stacked to form a module, modules are
attached to form a rack, racks are connected to form a section, and several sections are required to
satisfy the installed capacity. The connections can be made in parallel, in a series, or in parallel
and a series combination, depending on the requirements. For VRFs, the power and energy
capacities are determined by the size of the active area of the cell stack and the volume of
electrolyte solutions in the electrolyte tanks, respectively. There are some accessories, such as heat
exchangers and pumps. The lifetime of conventional batteries is limited by the DOD. The deeper
the battery is discharged, the faster its lifetime reduces. However, for the VRF battery, the DOD
does not affect the cycle life [306] because the electrolyte does not degrade [307]. The equations
given in Table 3.2 were used to find the cycle life for the specified DOD. After the number of
cycles in a lifetime were determined, the battery replacement period and the number of

replacements required were calculated for the ESS over a 20-year life [258].

> The ratio of the energy delivered to the energy required for charging.

®1t is a measure of how deeply a battery is discharged.
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Table 3.2: Technical parameters used to design the storage systems

Technology Efficiency Depth of  Average cell Number of cycles in Footprint

discharge voltage (V) lifetime (m?*/kWh)
Na-S 78% [308] 80%[119] 2[309] 1.978*10°(DOD) 0.030% [288]
17343101 [299]
Li-ion 90% [258] 80% [310] 3.7 [305] 2731.7(DOD) ™ *exp  0.017% [288]
[1.614(1-DOD)] [311]
VRLA 82% [258] 60% [119] 2[312] 1248.6(DOD)-88% 0.062°¢[313]
Ni-Cd 80% [314] 80%[119] 1.2[315] 2016.1(DOD) 3014 0.057% [288]
VRF 75% [105] 90%°[316] 1.19 [316] 13,0001 [317] 0.243% [288]

3 Calculated from the total footprint (m?) and battery size (kWh).

® The equation was developed using data from Discover Battery [318]. Details can be found in Appendix B in section
B.3.

¢ Calculated from the total footprint (m?) and battery size (kWh) of a CUB EC 40 container [313].

4 The equation was developed using data from Eckroad and Gyuk [169]. Details can be found in Appendix B in section
B.3.

¢ Calculated from the minimum (5%) and maximum (95%) states of charge [316].

f The DOD does not affect the cycle life [306].

A VREF battery i1s designed quite differently from a conventional battery because it stores the
energy in the electrolyte instead of the electrodes, as is the case for conventional batteries. As a
result, the design of power and energy ratings should be done independently. While power capacity
is determined by the number of cells and the size of the electrodes, an energy capacity is calculated
based on the volume of the electrolytes stored in the storage tanks. The technical parameters to
design both power and energy ratings for a VRF battery are listed in Table 3.3. The number of
cells required to satisfy the power requirement was calculated from the average cell voltage,

current density, and cell area, as shown in Equation 3.2, found in an earlier study [316]:
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P (3.2)

Neens = IR

where Ne.is 1s the number of cells required, P is the rated power (W), V'is the average cell voltage
(V), and 7 is the current (A). The current can be calculated from the current density and active cell

area (see Table 3.3).

When many cells are connected, these form a stack. The stack is comprised of individual cells
made up of electrodes, membranes, a current collector, bipolar plates, and stack frames [296]. In
this study, the power subsystem was assumed to be modular, with a 1 MW capacity consisting of
four 250 kW stacks that can be fitted into 40-foot containers if needed [319]. The number of stacks
required was calculated from the number of cells required for the system (see Equation 3.2) and
the number of cells required for a 250 kW stack (the same equation applies). It was assumed that
the stacks will be replaced after 10 years [320] because of corrosion and degradation of gaskets

and membranes [44].

To design the energy capacity, the main components of the energy subsystem were identified. The
main components are vanadium electrolyte and electrolyte tanks. After the system components
were identified, the volumes of positive and negative electrolytes and electrolyte tanks, along with
pump flow rate, were calculated. The flow rate of the vanadium in the system was estimated using

Equation 3.3, adapted from Minke et al. [296]:

Qy = P (3.3)

where Qy is the flow rate of vanadium (mol/s), P is the rated power (W), V' is average cell voltage

(V), and F is Faraday’s constant (96,485 C/mol).
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The amount of vanadium pentoxide (V20s) determines the energy potential of a VRF battery. The
amount of vanadium required for the positive and negative electrolytes can be calculated using

Equation 3.4, adapted from Minke et al. [296]:

_ _ _ Quxtx3600
Nypey = Nvwey = Nv == 55— (34

where Ny is the amount of vanadium (mol), t is the discharge duration (h), DOD is depth of

discharge (%), and 7, is the efficiency of the battery (%).

Once the required amount of vanadium (Ny) is determined, the volume of positive and negative

electrolytes was calculated using the concentration of vanadium as indicated in Equation 3.5:

N
Vg = Vyg = C_: (3.5)

where Vpgand Vg are the volume of positive and negative electrolytes (L), respectively, and Cy

is the vanadium concentration (mol/L).

The tank volume should be more than the electrolyte volume to allow some void space. Therefore,
the tank volume for each electrolyte was assumed to be 1.5 times the electrolyte volume [296].
Each 1 MW power subsystem will be connected to two electrolyte tanks. The size of each tank
was calculated using the power capacity (1 MW) and specified duration of discharge (see Table
3.1). As the system was designed to be modular, the number of tanks was calculated from the
volume of electrolyte required for the rated energy of the system and the volume of electrolyte for

a 1 MW subsystem to be discharged for the considered discharge duration.
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Pumps and heat exchangers (HXs) are the accessories, along with some piping and fittings (for
electrolyte circulation), required for the VRF battery systems. The details of the pump and HX

design can be found in Appendix B in section B.4.

Table 3.3: Technical and cost inputs used for the VRF battery system

Parameter Value Reference Comment
Current density (A/m?) 3000 [316]

Active cell area (m?) 1 [316]

Capacity of each stack (kW) 250 [296]

Stack lifetime (year) 10 [320]

Vanadium concentration (mol/L) 1.6 [44]

Molecular mass of vanadium (g/mol) 181.90 [316] V>0s in this case.
Electrolyte density (kg/m?) 1200 [316]

HX thermal resistance (m*K/W) 0.006 [296]

HX log-mean temperature difference (K) 14 [296]

Lifetime of pump (year) 10 [321]

Length of pipeline per module (m) 70 Assumed for both

electrolyte tanks.

Pump cost ($/m*h™) 47.41 [296] Average of the cost range
reported in the study by
Minke et al. [296]. The cost
of the pump is a function of
flow rate.

HX cost ($/m?) 353.04 [296] Average of the range
reported in the study by
Minke et al. [296].

Stack capital cost ($/kW) 1065.20  [296] Calculated from the capital
cost and the capacity of

each stack made of
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Parameter Value Reference Comment

standard Nafion™
membranes.
Stack replacement cost ($/kW) 1065.20 Assumed to be the same as

capital cost because of the
unavailability of future

cost estimates.

Tank cost ($/m?) 365.21 [296] Steel tank is considered.
V105 cost ($/kg) 24.35 [296]

H2SO4 cost ($/kg) 0.06 [296]

Specific cost of pipeline and fittings 21.2 $10.6/m was assumed for
($/m) pipeline only [320]. Due to

the lack of data, a factor of

100% was assumed for the

costs of fittings [296].
Labour cost for assembly ($/kWh) 1.13 [320]

All the cost numbers are in 2019 US dollars.

3.2.1.3. Techno-economic model
Once the system components were identified and designed, the technical parameters were
integrated into the cost models. The cost models were developed based on the assumptions listed

in Table 3.4. All the cost numbers are in 2019 US dollars unless otherwise mentioned.

Table 3.4: Input data for investment cost estimation and LCOS calculation

Parameter Value Reference Comment

Project lifetime (year) 20 [258, 322]

Off-peak electricity pool price 15.81 [323] Average calculated for years 2013-
($/MWh) 17 for Alberta, Canada.

On-peak electricity pool price 37.98 [323] Average calculated for years 2013-
($/MWh) 17 for Alberta, Canada.
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Parameter Value Reference Comment

Nominal discount rate 10%  [131,174] Based on the values reported for
similar projects.
Average inflation rate 1.72% [324] Average inflation rate in Canada

from 2010 to 2018.

Table 3.5 summarizes the battery cost data used for model development. The total investment cost
comprises the storage section (battery and foundation with enclosure), PCS, BOP, and contingency
costs. In this study, contingency cost was considered as a fixed percentage of capital cost (5-10%,
depending on the technology), and decommissioning cost was not included as there is insufficient
cost data for the end-of-life phase. The capital cost for conventional batteries is based on the
battery’s unit price ($/kWh). Table 3.5 shows several cost parameters for energy storage
technologies. For a VRF battery, once the system components were designed, the capital cost of
all components was calculated using the cost parameters listed in Table 3.3. The stacks and pumps
of the VRF battery need to be replaced after 10 years of operation [320, 321]. The replacement
costs (if any) of batteries (stacks and pumps in case of the VRF) were considered to be equal to
the capital cost to avoid complexity [299]. The costs for the exterior enclosure and foundation
required for the battery systems are based on the energy storage footprint (m?>/kWh) (see Table

3.2). The enclosure and foundation cost was assumed to be $282.96/m? [169].

Table 3.5: Battery cost data used for model development

Technology Na-S Li-ion VRLA Ni-Cd VRF
Battery capital cost ($/kWh) 217.73*  216.27 [325] 231.08" 788.64 [215] -
Fixed O&M cost ($/kW- 3.5[172] 10.35°[326] 6.14 [297] 14.34 [28] 5[327]
year)
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Technology Na-S Li-ion VRLA Ni-Cd VRF

Variable O&M cost 235[28] 2.74[28] 0.48[28] 8.819[169]  1.17[28]
($/MWh)

BOP cost ($/kW) 97.46¢  106.75' 103.91¢  131.44[328] 65.84¢
Contingency cost (% of 5%1[207] 10%[207]  10%[207] 10%[119]  7%[119]

capital cost of the system)

2 The cost was estimated from the cost of a G50 module ($84,913.45) and its capacity (390 kWh). The details can be
found in section B.5 in Appendix B.

® The cost function was developed for capital cost based on battery size. The details can be found in section B.5 in
Appendix B.

¢ Average of the fixed O&M cost range reported in Aquino et al. [326].

4 The unit is in $/kW-year.

¢ Average of the BOP costs reported in earlier studies (Kintner-Meyer et al. [172], Zakeri and Syri [28], and Battke et
al. [105]).

f Average of the BOP costs reported in earlier studies (Kintner-Meyer et al. [172], Zakeri and Syri [28], Aquino et al.
[326], and Kintner-Meyer et al. [329]).

¢ Average of the BOP costs reported in studies by Zakeri and Syri [28] and Battke et al. [105].

The PCS was assumed to be containerized and thus includes transformers, a power converter,
controller(s), and grid disconnect and breaker protection [169]. Characteristics and cost data for
PCSs are given in Table 3.6. Like batteries, PCSs are considered to be modular. It was assumed
that the smallest unit of the PCS is 5 MW. The capital cost of the first unit of the PCS was

calculated using Equations 3.6 and 3.7, found in Eckroad and Gyuk’s work [169]:
Cpcs =255 x p703 (3.6)

Cpcs =300 * p~03 (3.7)

where P is power (MW) and Cpcs is the cost of the PCS ($/kW). The cost numbers in the above
equations were adjusted to 2019 US dollars. To calculate the costs of multiple parallel PCS units,

a 95% learning rate was applied for the economy of multiplicity [169]. PCS selection depends on
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the applications for which the energy storage systems are used. Equation 3.6 was used for scenarios
S1, S2, and S3; Equation 3.7 was used for S4, based on Eckroad and Gyuk’s guidelines for PCS

selection and cost estimation [169].

Table 3.6: PCS characteristics and cost data

Parameter Value Reference
Capacity of each PCS (MW) 5 [302]
Lifetime (year) 20 [299]
Efficiency 95% [169]
Capital cost ($/kW) 206.812, 243.31° [169]
Fixed O&M cost ($/kW-year) 2.63 [172]

2This value is used for all the applications considered in the study except for the support of voltage regulation.

b This value is used for the support of voltage regulation.

Once the TIC and RC for the system were evaluated, these costs were amortized over the lifetime
of the project. The annual life cycle cost (ALCC) is expressed in $/kW-year and includes TIC,
O&M cost, RC, and charging cost. The yearly charging cost was estimated from the yearly
electricity requirements and the charging price of electricity. In this study, the off-peak price of
electricity in Alberta, Canada was taken as the charging cost of electricity. In Alberta, each day is

separated into on-peak (7 am-11 pm) and off-peak (remaining hours) periods [323].

The ALCC and yearly electricity production determine the LCOS, the price at which the electricity
should be sold to cover the expenditures associated with the system over its entire life. The number
of cycles per year and length of the discharge cycle are required to calculate the amount of yearly
electricity discharge. Equation B.4 in Appendix B is an expression for the LCOS using a
discounted cash flow that mathematically correlates several parameters used in the models.

Another important aspect, the levelized cost added by storage (LCAS), can be determined by
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subtracting the charging cost from the LCOS using Equation B.5 (see Appendix B). Except for the
charging cost, the LCAS accounts for all other cost components, such as capital, replacement, and
O&M costs. As the charging cost is dependent on the market and operator, the LCAS could be a

useful indicator to compare the economic performance of the energy storage technologies.

3.2.1.4. Sensitivity and uncertainty analyses

The Morris method was used for the sensitivity analysis to examine the effects of input parameters
on the total investment cost (TIC) and LCOS. The values of technical and economic parameters,
such as battery cost, depth of discharge, discount rate, inflation rate were taken from the literature.
Uncertainty analysis was conducted to assess the effect of a simultaneous change in multiple inputs
on the TIC and LCOS. The uncertain inputs were identified with their lowest and highest ranges.
To obtain output distribution, a random sample was chosen from the range of input variables and

iterated 100,000 times.

3.3. Results and discussion

3.3.1. Technical analysis

With respect to efficiency and DOD, the systems were designed in such a way that these can satisfy
the rated power and energy requirements. For instance, for S1, 401.16 MWh of Na-S ESS should
be installed to deliver 250 MWh of energy at a rate of 50 MW. For all four scenarios, the installed
battery capacity for all five electro-chemical batteries is listed in Table 3.7. For the same rated
energy capacity, the installed capacity of a VRLA is higher than a Na-S’s because the product of
round-trip efficiency and DOD is lower for a VRLA battery. The Li-ion has the smallest installed
capacity in every scenario because of its high efficiency. Except for the VREF, all the batteries must
be replaced after a period of time that ultimately depends on the cycle life and number of cycles

per year. The VRLA battery requires the most frequent replacement because of its comparatively
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lower cycle life (1966 cycles at 60% DOD and 17,908 cycles at 5% DOD). The round-trip
efficiency, DOD, PCS efficiency, and number of cycles per year determine the yearly electricity
requirements for charging. The electricity requirement, along with system footprint and overall
efficiency, are listed in Table 3.7. The amount of electricity required for charging is highest for
the VRF because of its low efficiency (68% overall efficiency), a result of the pumps operating to
circulate the electrolytes. The Na-S needs the second highest amount of electricity (because of the
heat requirement for the cells to operate). It has the second lowest overall efficiency of 70% (see
Table 3.7). The Li-ion needs the least amount of electricity as it is the most efficient of the
technologies considered. The rated power, duration of discharge, and number of cycles determine
the amount of electricity delivered from the ESSs. The amount of electricity delivered from the
ESSs is 86.69, 11.78, 7.37, and 0.88 GWh/year for S1, S2, S3, and S4, respectively, for the base

cases described in Table 3.1.

The total footprint of the system was calculated based on the installed capacity and specific area
requirement (m*/kWh). The total footprint of the VRF battery is much higher than the other battery
technologies as it requires equipment such as tanks, pumps, heat exchangers, and stacks that are
not required for conventional batteries. The Li-ion uses the least amount of space of the ESSs to
deliver 1 kWh of electricity as it needs only 0.017 m*kWh. Among the battery technologies, S1
and S4 have the highest and lowest land requirements, respectively, because they have the highest

and lowest energy capacities, respectively (see Table 3.1).

The components of the VRF battery were individually designed to satisfy power and energy
capacities, as discussed in section 3.2.1.2. 200, 40, 200, and 60 250 kW stacks are required for S1,
S2, S3, and S4, respectively. The amount of vanadium and the volume of positive and negative

electrolytes for a 50 MW/250 MWh system for S1 were estimated to be 23,225,574.26 mols and
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7258 m? each. The resulting volume of each electrolyte tank is 10,887 m>, The system was assumed
to be modular (1 MW/5 MWh each); fifty 218 m? tanks are required to satisfy S1’s energy capacity
for each electrolyte circuit. For S2, ten 218 m? tanks are required for each electrolyte circuit; this
scenario needs less vanadium (4,645,114.85 mols) because it has a lower energy capacity than S1.
S3 requires 1,161,278.71 mols of vanadium and S4 needs only 348,383.61 mols for energy
capacities of 12.5 MWh and 3.75 MWh, respectively. The electrolyte flow rate for each pump was
estimated using Equation B.1 (see Appendix B) to be 19.60 m*/h; therefore, S1 and S3 require 100
pumps for 50 MW. On the other hand, S2 and S4 require 20 and 30 pumps to satisfy the base cases
of 10 and 15 MW, respectively. A plate type HX is installed in each electrolyte circuit to dissipate
the heat flow. As for the pumps, 100 HXs are required for S1 and S3, and S2 and S4 require 20
and 30 HXSs, respectively. Each HX can dissipate 88 kW (half the heat flow, 176 kW/MW). The
resulting HX area in each apparatus requires 38 m2. The results for all the scenarios are presented

in Table 3.8.

Table 3.7: List of technical outputs from the models

ESS type Installed Number of Electricity Total Number System
system replacements requirements footprint of PCS overall
size required for charging (m?) required efficiency
(MWh) (GWh/year)

Scenario: S1

Na-S 401.16 1 123.31 11,963.20 10 70%

Li-ion 347.22 1 106.73 5919.34 10 81%

VRLA 508.13 3 117.18 31,471.21 10 74%

Ni-Cd 390.63 2 120.08 22,191.48 10 72%

VRF 370.37 0 128.07 60,874.69 10 68%

Scenario: S2

Na-S 80.23 1 16.76 2392.64 2 70%
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ESS type Installed Number of Electricity Total Number System
system replacements requirements footprint of PCS overall
size required for charging (m?) required efficiency
(MWh) (GWh/year)

Li-ion 69.44 1 14.50 1183.87 2 81%

VRLA 101.63 2 15.92 6294.24 2 74%

Ni-Cd 78.13 1 16.32 4438.30 2 72%

VRF 74.07 0 17.40 12,174.94 2 68%

Scenario: S3

Na-S 20.06 1 10.48 598.16 10 70%

Li-ion 17.36 2 9.07 296.97 10 81%

VRLA 25.41 9 9.96 1573.56 10 74%

Ni-Cd 19.53 2 10.21 1109.57 10 72%

VRF 18.52 0 10.89 3043.73 10 68%

Scenario: S4

Na-S 6.02 1 1.26 179.45 3 70%

Li-ion 5.21 1 1.09 88.79 3 81%

VRLA 7.62 2 1.19 472.07 3 74%

Ni-Cd 5.86 1 1.22 332.87 3 72%

VRF 5.56 0" 1.31 913.12 3 68%

" Only the stacks and pumps need to be replaced after 10 years.

Table 3.8: List of technical outputs from the VRF ESS model

Parameter Unit S1 S2 S3 S4
Amount of vanadium  Mols 23,225,574.26 4,645,114.85 1,161,278.71 348,383.61
required for the system

Volume of positive m’ 7257.99 1451.60 362.90 108.87

and negative
electrolytes (Vpg =
ViE)
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Parameter Unit S1 S2 S3 S4
The volume of m’ 145.16 145.16 7.26 7.26

electrolyte for each

module (Vpe = VNE)

The volume of each m? 218 218 11 11
tank for the module

Number of tanks Nos. 100 20 100 30
required

Number of pumps Nos. 100 20 100 30
required

Number of HXs Nos. 100 20 100 30
required

3.3.2. Economic analysis

Table 3.9 lists the base case cost estimates of the five ESSs for each stationary application scenario
(with capacities of 50, 10, 50, and 15 MW for S1, S2, S3, and S4, respectively). Additional results
for various power capacities can be found in section B.6 of Appendix B. The Ni-Cd has the highest
TIC among the conventional batteries in all the scenarios because of the high cost of the battery
($788.64/kWh) (see Table 3.5). The Ni-Cd appears to have the highest RC among the conventional
batteries in every scenario except S3 because of its high unit replacement cost. In S3, the VRLA
has the highest RC, followed by the Ni-Cd. The Ni-Cd requires only 2 replacements (at 8 and 16
years), and the VRLA needs nine replacements (one every 2 years); this is because the Ni-Cd can

operate for 99,346 cycles and the VRLA for only 17,908 cycles in a lifetime at a 5% DOD.

The VRF battery has the highest TIC of all the technologies in S3 and S4. The VRF operates
differently than the other conventional batteries, whose power and energy come from the same

battery cell. In a VRF battery, the power comes from the stacks and the energy comes from the
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electrolyte. This makes the VRF battery more component-intensive. In S1 and S2, the TIC of the
VRF is the second highest, after the Ni-Cd. On the other hand, in S3 and S4, the VRF has the
highest TIC among the ESSs. The conventional batteries’ cost advantage for smaller energy
capacities is because the battery cost is per kWh, but the VRF battery’s cost is based on the cost
of the energy and power components, along with the accessories. While the capital cost of the
battery alone is $15.4 million for the Ni-Cd storage system, the VRF’s capital cost is $53.3 million
for the stacks and $5.4 million for the electrolytes, tanks, pumps, and HXs in S3. Similar costs

were found in S4.

The capital costs of the storage section and PCS, the BOP, and the contingency cost have key
contributions to the TIC depending on the stationary application. For example, in S1 and S2, the
storage section accounts for 76-87% and the PCS contributes 3-9% to the TIC. On the other hand,
in S3 and S4, the PCS contributes greatly to the TIC at 41-52%, followed by the storage section at
17-28% for the Na-S, Li-ion, and VRLA. However, for the Ni-Cd and VRF, the largest contributor
to the TIC is the storage section (42-45% for the Ni-Cd and 74-77% for the VRF) followed by the
PCS (27-31% for the Ni-Cd and 12-15% for the VRF) in S3 and S4 because of the higher capital
cost of the storage section compared to the other technologies, where the capital cost of the PCS

is higher.

Table 3.9: Comparison of cost outputs for different electro-chemical ESSs

Scenario Na-S Li-ion VRLA Ni-Cd VRF
TIC (million §)

S1 110.01 100.50 154.86 363.19 175.99

S2 22.17 20.28 31.15 72.82 35.37

S3 19.60 20.28 22.85 34.70 77.19

S4 6.63 6.87 7.64 11.20 23.93

130



Scenario Na-S Li-ion VRLA Ni-Cd VRF
RC (million §)

S1 87.25 75.09 352.26 616.13 53.35

S2 17.45 15.02 46.97 61.61 10.67

S3 4.36 7.51 52.84 30.81 53.35

S4 1.31 1.12 3.52 4.62 16.01

A discounted cash flow analysis was performed to calculate the ALCC. Figure 3.3 shows the
components that make up the ALCC. The ALCC of the Ni-Cd storage system is highest in S1 and
S2 because of the storage system’s high capital and replacement costs. Capital cost appears to be
the key contributor of the ALCC in all the batteries in S1 and S2. Replacement cost is also
significant in the Ni-Cd and VRLA, either from the more frequent replacement of batteries or
higher battery cost (in S1 and S2). The ALCC values are comparably lower in S3 and S4, below
$200/kW-year in most batteries, because of the lower energy capacity than in S1 and S2. The major
portion of the ALCC comes from the capital cost except for the VRLA in S3, where the ALCC is
dominated by the replacement cost. The amortized replacement cost ($53.89/kW-year) is higher

than the amortized capital cost ($47.02/kW-year) due to the VRLA’s large number of replacements

(nine).
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Figure 3.3: Annual life cycle cost for electro-chemical ESSs

The LCOS point estimates for the base cases, based on the default inputs (see Tables 3.1-3.6), are
shown in Figure 3.4. The LCOS values vary considerably across the applications and technologies.
For the applications, technical parameters, such as discharge duration and number of cycles per
year, determine the LCOS. For instance, the LCOS for all the battery technologies is lowest in S1
and highest in S4 even though S1 has a much higher TIC than S4, mainly because S4 has a lower
discharge duration and fewer cycles than S1. On the other hand, for the technologies, differences
in cost parameters and lifetime are the main drivers. For example, for Scenario 1, the LCOS for
the Ni-Cd ($801.61/MWh) is much higher than the LCOS for the Li-ion ($179.69/MWh) due to
higher capital cost and number of replacements in the case of the Ni-Cd. When the point estimates
are considered, the ranking of electro-chemical ESSs varies across applications. As shown in
Figure 3.4, the Li-ion has the lowest LCOS in S1 and S2, while the Na-S leads in S3 and S4 (power
application scenarios). While the VRF battery performs well in energy applications (S1 and S2)

because of economies of scale, its performance in power application scenarios (S3 and S4) is poor.
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The Ni-Cd is an expensive option in every scenario due to the high capital cost of battery cells.
The Li-ion and Na-S showed greater cost competitiveness because of their longer lifetime, which

ultimately reduces the replacement cost.

The LCAS is the cost added to the wholesale and retail price of electricity from the use of a storage
system. The LCAS could be calculated from the LCOS using the charging cost and system
efficiency. The charging cost is influenced by the battery efficiency. The greater the battery
efficiency, the less electricity is required for charging. The LCAS follows a similar trend as the
LCOS for the applications and technologies. The LCAS ranges from $160.22/MWh for the Li-ion
to $779.71/MWh for the Ni-Cd in S1, $223.33/MWh for the Li-ion to $885.51/MWh for the Ni-
Cd in S2, $343.34/MWh for the Na-S to $1471.47/MWh for the VRF in S3, and $918.93/MWh
for the Na-S to $3770.55/MWh for the VRF in S4. The difference between the LCOS and LCAS

is only $19.47 for the Li-ion and $23.36 for the VRF per MWh electricity discharged.
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Figure 3.4: The levelized cost of storage developed in this study in the four scenarios
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3.3.3. The effect of discharge duration on the TIC and LCOS

For the bulk energy storage scenario (S1), discharge time varies from project to project depending
on the energy requirements. The base case was designed as 5 hours of discharge for a 50 MW ESS.
However, the discharge duration was varied from 1 hour to 8 hours to observe the impact on the
TIC and LCOS. If the TIC is plotted with respect to the energy capacity of the ESS, the plot gives
the scale factor. The developed scale factors for all the ESSs studied are shown in Table 3.10. The
TIC increases at a much lower rate than the ESS’s energy capacity. An increase in energy capacity
decreases the unit capital cost which establishes economies of scale. A scale factor less than 1
indicates a cost advantage, as capacity increases due to economies of scale. Figure 3.5 shows the
range in the LCOS from changes in discharge duration. For all the ESSs, the LCOS decreases with
an increase in discharge duration because of economies of scale. At a discharge duration of 2 hours,
the VRF battery is cheaper than the VRLA ESS. If it is discharged for 8 hours or more, the VRF
battery shows excellent cost competitiveness and can deliver electricity at a cost near to the
electricity cost for the Na-S and Li-ion. When the duration of discharge is increased (keeping the
power the same), the VRF system only needs to increase the size of the electrolyte tanks without
changing the number of stacks, which makes it economically favourable at a longer duration of
discharge. These results suggest that the VRF ESS is more suitable for energy applications than
the power applications. For any length of discharge, the Ni-Cd is the most expensive ESS option,

and the Li-ion is the cheapest among the ESSs considered in S1.

Table 3.10: Total investment cost (TIC) model for 1-8 hours of discharge in S1 (50 MW)

ESS type TIC (million $)
Na-S y =32.052x%7
Li-ion y =31.006x"7
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ESS type TIC (million $)

VRLA y = 41.702x"%2
Ni-Cd y = 84.333x"!

VRF y = 86.099x°4

X is in MWh.
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Figure 3.5: The levelized cost of storage with variations in discharge duration, Scenario 1

3.3.4. Sensitivity and uncertainty analyses

Results based on point estimates provide limited useful information. To improve the reliability and
accuracy of our techno-economic models, sensitivity and uncertainty analyses were performed. A
sensitivity analysis was performed using the Morris method to identify key technical and cost
inputs that have impacts on the TIC and LCOS. Figures 3.6 and 3.7 present the results for the Na-
S ESS for bulk energy storage. The higher the values of the Morris mean and standard deviation,

the higher the sensitivity in the output result. The TIC and LCOS are most sensitive to battery
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capital cost, depth of discharge, round-trip efficiency, nominal discount rate, and inflation rate. As
the round-trip efficiency increases, the installed capacity and amount of electricity required
decrease, ultimately lowering the TIC and LCOS. On the other hand, increasing the depth of
discharge reduces the life of the battery, meaning more replacement of batteries will be required,
thus increasing the RC. However, increasing the depth of discharge decreases the TIC because of
the lower installed capacity. Figures 3.6 and 3.7 show the sensitivity results for the Na-S battery

for S1. Similar results were found for the Li-ion, VRLA, and Ni-Cd in the other scenarios.

Battery efficiency, V20s cost, nominal discount rate, inflation rate, and the cost of enclosure and
foundation are the parameters that have the most impact on the TIC and LCOS for the VRF system.
The sensitivity results for the VRF system for bulk energy storage are presented in Figures B.4

and B.5 in Appendix B. Similar results were found for the other scenarios.
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Figure 3.6: Sensitivity analysis for the TIC in the Na-S ESS for bulk energy storage
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Figure 3.7: Sensitivity analysis for the LCOS in the Na-S ESS for bulk energy storage

Uncertainty analysis was also conducted to assess the effect of a simultaneous change in several
inputs on the TIC and LCOS. Several input parameters were varied by a range found in the
literature. The most likely values are the default values used in the techno-economic models and
are given in Tables 3.1-3.6. The minimum and maximum values for each ESS can be found in
section B.7 in Appendix B along with the details of the uncertainty analysis. Different statistical
distributions (i.e., triangular, PERT, and uniform) of the input variables were used to perform the
simulations. To obtain output distribution, a random sample was chosen from the range of input
variables and iterated 100,000 times. Equation B.6 in Appendix B shows the formula used to

estimate the sampling error.
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Figures 3.8-3.11 show the uncertainties in the LCOS for all four scenarios; uncertainty in the TIC
is provided in section B.7.2 of Appendix B. The bottom and top of the rectangular boxes in the
figures represent the 25" and 75" percentiles, respectively, and the bottom and top of the error
bars represent the 5™ and 95 percentiles, respectively. The dots in the rectangular boxes represent
the means. In S1 and S2, the scenarios in which the energy output is much higher than the power
output, the ranking of batteries was found to be similar. A wider LCOS range is found in the Ni-
Cd, mainly from the uncertainties in battery cost, round-trip efficiency, depth of discharge, and
discount and inflation rates. While the mean LCOSs are $233.46/MWh for the Na-S,
$212.44/MWh for the Li-ion, $406.57/MWh for the VRLA, $846.23/MWh for the Ni-Cd, and
$295.89/MWh for the VRF in S1, in S2 the mean LCOSs are $308.38, $284.24, $475.47, $973.58,
and $424.32/MWh for the Na-S, Li-ion, VRLA, Ni-Cd, and VREF, respectively. The mean LCOS
is from $449.98-$1153.19/MWh for the Na-S, $444.19-$1086.95/MWh for the Li-ion, $793.47-
$1297.33/MWh for the VRLA, $925.82-$2148.24/MWh for the Ni-Cd, and $1549.54-
$3935.67/MWh for the VRF in S3 and S4, respectively. Figures 3.8-3.11 show overlaps in
technologies; this is due to the range of input parameters (see Table B.3 in Appendix B). Even
taking the LCOS range into account, the Ni-Cd is the most expensive option for both energy
application scenarios (S1 and S2) due to the high capital cost of the Ni-Cd battery. In the power
scenarios, the VRF is the most expensive option, ranging from $1425.37/MWh to $1678.94/MWh
in S3 and $3626.96/MWh to $4260.18/MWh in S4. S4 is the most costly scenario; this is because

its batteries are used the least (for only 15 minutes and 248 cycles per year).
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Figure 3.8: Uncertainty analysis for the LCOS for bulk energy storage (S1)
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Figure 3.9: Uncertainty analysis for the LCOS for T&D investment deferral (S2)
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Figure 3.10: Uncertainty analysis for the LCOS for frequency regulation (S3)
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Figure 3.11: Uncertainty analysis for the LCOS for support for voltage regulation (S4)

140



3.3.5. Comparison with other energy storage technologies

The results of this study were compared with values reported in the literature. Very few studies
have assessed the LCOS of stationary applications. The results of this study were compared with
values reported by Battke et al. [105] and Steward et al. [215]. Battke et al. considered the Na-S,
Li-ion, and VRF battery systems. The LCOS they reported for the Na-S is $196/MWh for the
energy time-shift mode, $294/MWh for T&D investment deferral, $883/MWh for frequency
regulation, and $1395/MWh for support of voltage regulation. The LCOSs reported for the Li-ion
and VRF are $501 and $283/MWh for energy time-shift, $730 and $425/MWh for T&D
investment deferral, $872 and $1210/MWh for frequency regulation, and $1068 and $1657/MWh
for support of voltage regulation. The LCOS Battke et al. reported for the Li-ion is higher than that
calculated in this study because their study’s Li-ion battery pack had a higher capital cost; in recent
years, the price of a Li-ion battery has dropped [330]. The difference in the VRF’s LCOS reported
in this study and Battke et al.’s is due to differences in methods. While this research used a bottom-
up approach to design the components and estimated costs based on the design, Battke et al. used
a top-down approach and took the battery’s capital cost from the literature. The authors did not
assess the VRLA or the Ni-Cd. Steward et al. reported the LCOSs to be $240-$280/MWh for the
Na-S and $540-$890/MWh for the Ni-Cd [215]. The LCOSs for the VRF are $270-$390/MWh for
the energy arbitrage mode, which is comparable to this study’s Scenario 1. The numbers obtained

in this research are in good agreement with those reported by Steward et al. [215].

In addition to comparing the electro-chemical energy storage technologies, an “apples-to-apples”
comparison of the LCOS for different energy storage technologies was made, keeping the system
boundary the same. The LCOSs for electro-chemical ESSs were compared with the LCOSs for
mechanical energy storage systems reported by Kapila et al. [174] and thermal energy storage
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systems reported by Thaker et al. [131]. Figure 3.12 shows that mechanical ESSs can deliver
electricity at a lower cost than the electro-chemical ESSs. Although the capital cost of mechanical
ESSs is higher than that of most electro-chemical ESSs, the mechanical ESS’s long cycle life will
lower the LCOS. Unlike mechanical ESSs, batteries in the electro-chemical ESS need to be
replaced after a certain period. Thermal energy storage systems show a wide LCOS range
depending on the technology used. While direct sensible heat using one tank (scenario T3 in
Thaker et al.’s study) is the cheapest option, indirect sensible heat using two tanks (scenario T1)
is the most expensive option for thermal energy storage. This is obvious because, as the study
shows, T1 requires extra equipment (e.g., pump, heat exchanger, valves, etc.), which increases
capital cost. The LCOS for a latent heat thermal energy storage system (scenario T4) is in the range
of the LCOS for the Na-S and VREF battery ESSs. The main advantage of the electro-chemical
ESSs is that these are more flexible in terms of application. While mechanical and thermal ESSs
are mostly used for bulk energy storage, electro-chemical ESSs could be used for shorter or longer

discharge durations.
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Figure 3.12: LCOS:s for different ESSs for a discharge duration of 8 hours

(Note: PHS- pumped hydro storage, CAES (C)- conventional compressed air energy storage, CAES (A)- adiabatic
compressed air energy storage, T1- indirect sensible heat using two tanks, T2- direct sensible heat using two tanks,

T3- direct sensible heat using one tank, T4- latent heat using one tank, and T5- thermochemical storage).

3.4. Conclusion

In this study, bottom-up techno-economic models were developed to assess the economic
feasibility of five electro-chemical ESSs in four stationary application scenarios. The life cycle
costs were estimated for capacities of 5-100 MW for bulk energy storage, 5-25 MW for
transmission and distribution investment deferral, 5-100 MW for frequency regulation, and 5-30
MW for support of voltage regulation. The economic performance indicators — total investment
cost and levelized cost of storage — were evaluated for economic feasibility. In addition, scale
factors were developed for the ESSs with discharge durations of 1-8 h. The developed scale factors

are 0.77, 0.74, 0.82, 0.91, and 0.46 for the sodium-sulfur, lithium-ion, valve-regulated lead-acid,
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nickel-cadmium, and vanadium redox flow, respectively. The results show that unit capital cost
falls sharply with an increase in discharge duration for the vanadium redox flow; thus, this

technology has a cost advantage for higher energy capacities due to stronger economies of scale.

The sensitivity analysis showed that battery cost, depth of discharge, round-trip efficiency,
discount rate, and inflation rate are the most sensitive parameters for the electro-chemical batteries.
To provide more robust results and mitigate risks, an uncertainty analysis was performed and
yielded a range of total investment cost and levelized cost of storage for the application scenarios.
Bulk energy storage is the least costly scenario; sodium-sulfur and lithium-ion energy storage
systems perform better in terms of the levelized cost of storage. On the other hand, support of
voltage regulation is the most expensive scenario; an overlap in levelized cost of storage was
observed among sodium-sulfur, lithium-ion, and valve-regulated lead-acid energy storage systems.
The cycle life and battery capital cost mainly determine the relative ranking of storage technologies
based on the levelized cost of storage. In bulk energy storage and transmission and distribution
investment deferral, nickel-cadmium energy storage system is the most expensive option even with
uncertainty taken into account because of the high capital cost of nickel-cadmium battery cells.
Although the vanadium redox flow energy storage system performs better in bulk energy storage
and transmission and distribution investment deferral, this technology is the most expensive option
for the power applications, frequency regulation, and support of voltage regulation, because of the
very short discharge duration. The levelized cost of storage values for the sodium-sulfur and
lithium-ion are lowest in every scenario because of these batteries’ relatively low capital cost and

long cycle life.

144



The findings of this research are expected to provide a better understanding of the cost
competitiveness of different electro-chemical energy storage technologies for stationary

applications, which should ultimately help stakeholders in decision-making.
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Chapter 4: The greenhouse gas emissions’ footprint and net energy ratio of

utility-scale electro-chemical energy storage systems’

4.1. Introduction

The need to use energy storage systems (ESSs) in electricity grids has become obvious because of
the challenges associated with the rapid increase in renewables [331]. ESSs can decouple the
demand and supply of electricity and can be used for various stationary applications [213]. Among
the ESSs, electro-chemical storage systems will play a vital role in the future. The advantages of
electro-chemical ESSs are two-fold — fast response time and modularity, which make them suitable
for a wide range of stationary applications [84] and give them the flexibility to be deployed when
and where required [332]. Electro-chemical ESSs have received increased attention from the
energy industry, government, and academia. However, before ESSs can be implemented, it is
important to understand their environmental performance in terms of the net energy ratio (NER)
and the life cycle GHG emissions in various stationary applications. Life cycle assessment (LCA)
is the most widely used tool to evaluate the environmental performances of a product system
throughout its life cycle [333]. LCA has become increasingly important in making informed
decisions regarding the deployment of ESSs. An ESS with lower life cycle GHG emissions and

higher NER is preferred.

Earlier LCA studies on electro-chemical batteries have focussed on the comparison of lithium-ion

(Li-10n) and other batteries for electric vehicle applications, for example, Li-ion with nickel-metal-

7 A version of this chapter has been published as Rahman MM, Gemechu E, Oni AO, Kumar A. The greenhouse gas
emissions’ footprint and net energy ratio of utility-scale electro-chemical energy storage systems. Energy Conversion

and Management. 2021;244:114497.
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hydride [334] and Li-ion with sodium-nickel-chloride (NaNiCl) [335]. These studies provide
useful information on the batteries’ technical parameters and material and energy inventories, but
the findings cannot be directly applied to stationary applications because of differences in system
requirements and characteristics. There are a few published papers on the LCA of different ESSs
for stationary applications; most of them focus on leading technologies for utility-scale
applications, such as pumped hydro storage [256], compressed air energy storage [336], and
thermal storage [271, 337]. These studies facilitate the comparison of environmental performances
of large-scale mechanical and thermal ESSs. LCAs of electro-chemical ESSs focus on comparative
assessments, for example, vanadium redox flow (VRF) with Li-ion [44], aluminium ion (Al-ion)
with Li-ion [45], and VRF with lead-acid (Pb-A) and sodium-sulfur (Na-S) [46]. Two studies [47,
48] compared the environmental footprints of different Li-ion batteries. However, none of these
studies provides a relative ranking of battery technologies in different applications, considering
the impacts of operational characteristics in the use phase. Only a limited number of studies
investigates the environmental performances of electro-chemical ESSs in different stationary
applications. Ryan et al. [49] conducted an LCA of three types of Li-ion batteries to estimate the
cumulative energy demand (CED), global warming potential (GWP), and acidification for
frequency regulation. Jones et al. [50] evaluated the GWP of Li-ion and VRF storage systems for
black start, renewables support, reserve, and balancing. Baumann et al. [51] assessed the GWP of
Li-ion, valve-regulated lead-acid (VRLA), VRF, and NaNiCl for renewables support, primary
regulation, time-shift, and increase of self-consumption. In addition to the GWP, a few studies [52,
53] estimated a wide range of environmental impacts, such as human toxicity, particulate matter
formation, freshwater ecotoxicity, etc. These studies considered several battery chemistries and

found that sodium- and lithium-based batteries have lower environmental footprints than the other
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batteries. These studies provide useful information on the environmental performances of electro-
chemical ESSs. However, life cycle inventory analysis and impact assessment in these studies
relied on generic databases, which might not be applicable for a specific project or application, as
material and energy inventories can vary by application and jurisdiction [11]. While one cannot
avoid using generic inventory data, especially for background systems, primary data can be
accurately estimated by applying fundamental engineering principles to size the storage systems
and develop the material and energy inventories for different applications. In addition, these
studies overlooked the environmental impacts arising from the use of the power conversion system
(PCS). To the best of the author’s knowledge, none of the earlier LCA studies included the PCS
in the system boundary to evaluate the energy use and resulting GHG emissions for the material
production and manufacturing of the PCS. Moreover, some studies omitted one or more life cycle
stages, for example, dismantling and transportation of dismantled components. Excluding any of
these aspects when comparing different energy storage technologies can generate misleading
information. Finally, there is a lack of detailed sensitivity and uncertainty analyses in the previous
studies. For example, the impacts of important design parameters, such as depth of discharge,
battery manufacturing energy requirements, cell voltage, and efficiency of the PCS on the
environmental performances were not evaluated. According to ISO 14040, an LCA should have
sensitivity and uncertainty analyses to improve the reliability of models and results by identifying

the most influential parameters and providing a probable range of results [57].

To address the gaps in the literature, data-intensive bottom-up LCA models were developed to
quantify the NER and life cycle GHG emissions of five promising electro-chemical ESSs —
lithium-ion (Li-ion), sodium-sulfur (Na-S), valve-regulated lead-acid (VRLA), nickel-cadmium
(Ni-Cd), and vanadium redox flow (VRF) battery to provide useful insights into their stationary
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applications in Alberta’s (a Canadian province) electricity network. The focus of this study is on
four stationary application scenarios — bulk energy storage, transmission and distribution (T&D)
investment deferral, frequency regulation, and support of voltage regulation. Fundamental
engineering principles were used to size the storage systems and calculate the material and energy

requirements. The specific objectives are to:

— Conduct a life cycle assessment of five electro-chemical ESSs — lithium-ion, sodium-
sulfur, valve-regulated lead-acid, nickel-cadmium, and vanadium redox flow storage
systems;

— Develop material and energy inventories for all the life cycle stages from material
production to end-of-life using fundamental engineering first principles;

— Evaluate the NER and life cycle GHG emissions considering all the life cycle stages from
material production to end-of-life; and

— Assess four stationary application scenarios — bulk energy storage, transmission and

distribution investment deferral, frequency regulation, and support of voltage regulation.

The remainder of the chapter is divided into three sections. Section 4.2 describes the method used
for this study that includes the selection of application scenarios, system design, and life cycle
assessment. Section 4.3 discusses the results including the NER and life cycle GHG emissions.

Conclusions are outlined in section 4.4.
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4.2. Method
The details on application scenarios, system design, and LCA are discussed in this section. The

data and assumptions used to build material and energy inventories are also described.

Figure 4.1 shows an overview of the modeling approach used in this study. First, application
scenarios and their technical characteristics were defined followed by the estimation of the energy
capacity of each scenario. Second, different system components were identified, their technical
parameters were defined, and components were sized to satisfy the rated power and energy for the
applications. The last segment of the framework describes the LCA procedure followed to evaluate
the NER and life cycle GHG emissions. This involves goal and scope definition (setting the system
boundary and functional unit), inventory analysis, and translation of the inventory data to NER
and GHG emissions. The system design and LCA handle a large number of input parameters that
can influence the model outputs. To handle the variability in inputs, sensitivity and uncertainty

analyses were conducted through the Regression, Uncertainty, and Sensitivity Tool (RUST) [285].
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Figure 4.1: Methodological framework

4.2.1. Application scenario development

Because of flexibility in operation, electro-chemical ESSs can be used for both short-term and
long-term storage applications. To evaluate the environmental footprints of electro-chemical ESSs,
two short-term and two long-term application scenarios were developed based on cycle duration.
Typically, short-term applications have a discharge duration of less than 2 hours, while long-term
applications have 2-8 hours of discharge duration [139]. Bulk energy storage and T&D investment
deferral are the long-term application scenarios and named Scenario 1 (S1) and Scenario 2 (S2),

respectively. Bulk energy storage involves charging an ESS when the electricity price is low during
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off-peak hours and discharging during peak hours at a high price. T&D investment deferral helps
to defer or avoid additional investments related to the transmission and distribution infrastructure.
Although compressed air, pumped hydro, and power-to-chemical storage systems are widely used
for long-term applications, because of rapid cost decline and modularity, electro-chemical ESSs
are increasingly being considered [84]. Furthermore, the availability of suitable geographic sites
is an issue for compressed air and pumped hydro storage systems. Frequency regulation and
support of voltage regulation are the short-term application scenarios, Scenario 3 (S3) and Scenario
4 (S4), respectively. Frequency regulation maintains grid frequency within the permissible bounds
by balancing short-term fluctuations of electricity generation and consumption. An ESS used for
support of voltage regulation maintains the voltage within a pre-defined level by managing the
reactance in the distribution grid. These applications are increasingly important for stabilizing
electrical grids with high shares of renewables [105]. Table 4.1 presents the operational

characteristics of these applications.

Table 4.1: Assumptions used in the stationary application scenarios

Scenario Bulk energy T&D investment Frequency Support of voltage
storage (S1)  deferral (S2) regulation (S3) regulation (S4)

Rated power 50 [338] 10 [338] 50 [338] 15 [338]

(MW)

Discharge 51119] 5[339] 0.25[119] 0.25 [340]

duration (h)

Energy rating 250 50 12.5 3.75

(MWh)

Cycles/year 365[119] 248 [105] 12,410 [257] 248 [105]

2For frequency regulation, each cycle will be equivalent to a 5% depth of discharge of the corresponding battery size.
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4.2.2. System design

The PCS and storage section are the main components of an electro-chemical ESS. The PCS
includes an inverter and a transformer. The storage section has batteries connected in various
combinations (series, parallel, or both) to meet voltage and capacity requirements [6]. The number
of PCSs required was calculated based on the application scenario’s rated power and the rated
power of each PCS. It was assumed that each PCS would have 5 MW rated power. 5 MW is one
of the largest containerized PCSs in the market [302]; they have significant cost advantages
because of their large capacity [169]. The installed capacity of the storage section was calculated
using the rated power, discharge duration, battery round-trip efficiency, and depth of discharge
(DOD). Equation 4.1, adapted from Akinyele et al. [303], was used to calculate the battery installed

capacity.

E =R O (4.1)
np DOD

Here, E; is the installed energy storage capacity (MWh), Pk is the rated power (MW), H is the
discharge duration (h), #» is the round-trip efficiency of the battery (%), and DOD is the depth of

discharge (%).

Table 4.2 summarizes the technical parameters used to design the storage systems. The design of
conventional batteries (Na-S, VRLA, Li-ion, and Ni-Cd) is different from that of flow batteries
(VRFs). For conventional batteries, power and energy come from the same battery cell, which
contains electrodes and the electrolyte. The installed capacity was calculated to satisfy the rated
power and energy capacities. The advantages of these batteries are that they can be designed in
modules and can be scaled up. Battery cells form a module; many modules can be connected to

form a rack. Racks can be attached in a section and several sections need to be connected to meet
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the installed capacity requirement. For VRFs, the size of the active area of the cell stack determines
the power capacity and the volume of electrolyte solutions in the electrolyte tanks determines the
energy capacity [10]. There are some accessories, such as heat exchangers (HXs), which dissipate
the electrolyte’s heat, and pumps, which circulate the electrolyte to the cell stacks. The technical
parameters used to design the power and energy components of the VRF battery are listed in Table

C.1 in Appendix C.

The cycle life determines the number of battery replacements, which ultimately depends on the
DOD and the number of cycles a battery operates. For conventional batteries, cycle life decreases
with increasing DOD, but the cycle life of VRFs is not affected by the DOD [306]. VRF batteries
are good for about 13,000 cycles [258] because the electrolyte does not degrade over time [307].

The details of a VRF system sizing can be found in section C.1 in Appendix C.

Table 4.2: Technical inputs used to design the energy storage systems

ESS Depth of Battery Cycle life (number of cycles)  Footprint
discharge (%) efficiency (%) (m?*/kWh)
Na-S 80 [119] 78 [308] 1.978*10%DOD) ! "*+3101 0.030
[299] [338]
Li-ion 80 [310] 90 [258] 2731.7(DOD) %" *exp 0.017
[1.614(1-DOD)] [311] [338]
VRLA 60 [119] 85 [258] 1248.6(DOD) ¥ [338] 0.062
[338]
Ni-Cd 80 [119] 80 [314] 2016.1(DOD) 1301 [338] 0.057
[338]
VRF 90 [316] 75 [105] 13,000 [258] 0.243
[338]
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4.2.3. Life cycle assessment

4.2.3.1. Goal and scope definition

The most promising large-scale electro-chemical ESSs for future energy storage applications are
Li-ion, Na-S, Pb-A, Ni-Cd, and VRF. This study aims to understand the relative rankings of these
electro-chemical ESSs in utility-scale applications based on their NER and life cycle GHG
performances. We developed spreadsheet-based models to build material and energy inventories
and to translate inventories to environmental impacts. The material and energy inventories were
developed based on engineering principles. Publicly available data were used where relevant. Data
sources are discussed in section 4.2.3.2. The NER and life cycle GHG emissions are the
environmental metrics used. The NER is the ratio of total energy output to the total energy
expended in material production, manufacturing, transportation, and end-of-life (EOL) over the
lifetime. Intergovernmental Panel on Climate Change (IPCC) 100-year global warming potential
values were used to translate the inventory to GHG emissions (CO; equivalent). The functional
unit was considered to be 1 MWh electricity delivered from the ESSs. The project lifetime of the

ESSs was taken to be 20 years [258].

Figure 4.2 shows the common system boundary used to compare the environmental performance
of electro-chemical ESSs. In the operational phase, electricity from the Alberta grid was
considered. Landfilling and incineration in the EOL were not included in the analysis due to the
lack of data. The recycling of battery materials at the EOL was not modeled in the base case due
to the lack of data; however, an additional case study was conducted with the limited data available

to understand the impact of battery recycling.
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Figure 4.2: System boundary for electro-chemical energy storage systems

4.2.3.2. Inventory analysis

The inventory analysis involves the calculation of material and energy inputs and outputs at all the
life cycle stages in the system boundary for the storage section and PCS. The details on how
inventories were built for all the life cycle stages of an ESS with relevant data sources are provided

below.

4.2.3.2.1. Material production
To build the material inventory list, we first estimated the mass of the battery and the PCS
separately. For conventional batteries (Na-S, Li-ion, VRLA, and Ni-Cd), the total mass was

calculated from the installed capacity and energy density using Equation 4.2, adapted from Spanos

et al. [341]:

B (42)

Eq

where m is the total mass of the battery (kg), £ 1s the installed battery capacity (Wh), and Ey is the

energy density (Wh/kg).

The energy densities of Li-ion, Na-S, VRLA, and Ni-Cd ESSs are presented in Table 4.3. In this

study, three Li-ion battery types, lithium manganese oxide (LMO), lithium nickel manganese
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cobalt (NMC), and lithium iron phosphate (LFP), were considered as they are the types used

frequently.

Table 4.3: Energy densities considered for various electro-chemical batteries

ESS Default energy Source/comment
density (Wh/kg)

Li-ion 110 (LMO), 135 Average of the ranges reported by Stan et al. [342].
(NMC), and 102.5  Sensitivity and uncertainty analyses were conducted
(LFP) [342] using the range reported in the literature.

Na-S 116 [258] Hiremath et al. reported 116 Wh/kg for grid

applications. The range of energy density considered
for the uncertainty analysis is from 100 [343] to 206
Wh/kg [344].

VRLA 35 [345] The energy density calculated for the VRLA ranges
from 30-40 Wh/kg, according to Discover Battery’s
brochure [346].

Ni-Cd 55 [347] Average of the range reported by Omar et al. [347].
However, the range of energy density considered for the
uncertainty analysis is from 50-75 Wh/kg, as reported
by Fan et al. [348].

Once the total mass of the batteries was determined, the mass of each material was calculated from
the mass fraction of battery materials. The mass fraction of different materials for the batteries can
be found in Table C.2 of Appendix C. The Na-S battery inventory is best described in Sullivan and
Gaines [349]; that inventory was used in this study. The material fraction for VRLAs was taken
from Spanos et al., who provide the inventory with information from the manufacturer [341]. The
material composition for Li-ion batteries was taken from Greenhouse Gases, Regulated Emissions,

and Energy Use in Transportation (GREET) model [350]. The material inventory for the Ni-Cd
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battery was taken from Rydh and Karlstrom [351]. The inventory was validated with Saft
Batteries’ material safety data sheet [352]. The power subsystem inventory for the VRF battery
was taken from an earlier study [44], while the inventory for the energy subsystem was estimated

using the scientific principles described in Appendix C in section C.1.

Different methods were used to estimate the material inventory for the VRF battery, as its energy
and power components are independent. The energy subsystem components are an electrolyte (a
mixture of V20s, H2SO4, and water) and the tanks that hold the electrolyte. The amount of
electrolyte needed and the volume of positive and negative electrolyte tanks were calculated using
the energy rating; the calculation details can be found in Appendix C in section C.1. For the

electrolyte tanks, it was assumed that the tank material is glass fiber [44].

The power subsystem consists of the stacks. The mass of the different stack components for the
rated power was estimated based on the mass fraction of components and the mass of a 1 MW
power subsystem [44]. The total mass of the components of a 1 MW power subsystem is 10.02
tonnes [44]. A similar approach was used to find the mass of accessories, pumps, pipes, cables,

and heat exchangers (HXs). The details can be found in Appendix C in section C.2.

The PCS consists of inverters and transformers [302]. The mass of the inverter and transformer
varies with capacity. The higher the capacity, the lower the mass per unit capacity. The mass of
various capacity inverters and transformers were taken from industrial datasheets [353, 354]. From
the plots of mass vs. capacity, best-fit equations were obtained and used to calculate the mass of
the inverter and the transformer (see Figures C.1 and C.2 in Appendix C). The details of mass
calculations along with the material composition for the inverter and transformer can be found in

Appendix C in section C.2.
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A concrete foundation is required for the storage section as it carries a huge load. The PCS is
assumed to be containerized [302]. The amount of concrete needed was calculated from the total
area required for each battery, the thickness of the concrete floor, and the density of the concrete.
The area requirements were estimated from the battery’s footprint (m*kWh) and installed

capacity.

Once the material requirements for the batteries and PCS were estimated, the energy consumption
for the materials’ production and the resulting GHG emissions were calculated using specific
energy consumption (MJ/tonne) and emission factors (kg-COzeq/tonne), respectively. Table C.3

in Appendix C shows the developed material inventory for the five ESSs.

4.2.3.2.2. Manufacturing

The total primary energy (PE) required for the manufacturing of batteries is based on the specific
PE (MJ/Wh) and the capacity of each battery. Table 4.4 shows the specific PE to manufacture
various batteries. The replacement of batteries, if required, was also considered. Once the primary
energy was estimated, the sources of energy were identified to calculate the GHG emissions.
Electricity and heat are the sources of energy in the manufacturing of batteries [273]. The shares
of PE attributable to electricity for the batteries are presented in Table 4.4. The rest is attributable
to heat generation from natural gas [355]. A 40% conversion efficiency was used to convert
primary fuel to electricity [146]. Once the amount of electricity and natural gas was known, the
GHG emissions were calculated from the amount of energy and the emission factors (EFs). It was
assumed that Na-S and Ni-Cd batteries are manufactured in Japan. NGK, a Japanese company, is
the only producer of Na-S [356] and Japan is the largest manufacturer of Ni-Cd batteries in the
world [351]. As China is the global leader in VRF battery manufacturing and use, it was assumed

that the VRF battery is manufactured in China. Li-ion and VRLA are widely used battery
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technologies and are considered to be manufactured in the USA. The electricity emission factors
for Japan, the USA, and China are presented in Table 4.4. Although the electricity EFs can vary
depending on the location and the share of different energy sources over time, the method
considered in this research would be valid for other jurisdictions with a slight adjustment in the

emission factors.

Table 4.4: Energy requirements for manufacturing electro-chemical batteries

Battery Manufacturing energy Share of PE used to  Manufacturing Electricity

requirement produce electricity country EFs (kg-

(MJpe/Wh) (%) CO2eq/MWh)
Na-S 0.60 [357] 70 [357] Japan [358] 0.49 [359]
Li-ion  1.20 [357] 75 [357] USA [360] 0.46°[361]
VRLA?* 0.42 [357] 65 [357] USA [362] 0.46°[361]
Ni-Cd  2.10[357] 68 [357] Japan [363] 0.49 [359]
VRF 0.74 [357] 41 [357] China [364] 0.62 [359]

2 It was assumed that the manufacturing energy and shares of primary energy used to generate electricity are the same
for lead-acid and valve-regulated lead-acid batteries.

YUSA average electricity mix.

The energy requirements in manufacturing the inverter and transformer were also considered in
this study. The energy requirement data for 2.5-20 kW inverters were used to calculate the energy
requirements for a 5 MW inverter [365]. A scale factor was developed from the plots of energy
required vs. rated power to calculate the amount of energy used for a 5 MW inverter. The data to
generate the inventory for the transformer were taken from Burger Mansilha et al.’s study [366],
which provides energy requirements for a 75 kVA transformer. Due to the lack of data, the same

scale factor developed for the inverter was used for the transformer. Table C.6 in Appendix C
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shows the inventory list for the manufacturing phase of the PCSs used in the stationary application

scenarios.

After estimating the energy requirements for the inverter and transformer, with the EFs of different
energy sources, GHG emissions were calculated. Although there are many PCS manufacturers in
Asia and Europe, several American companies manufacture PCSs, and it was assumed that the

PCS was manufactured in the USA. For electricity, US average EFs were used (see Table 4.4).

4.2.3.2.3. Operation

The operation phase includes charging and discharging the batteries. The amount of electricity
discharged from the system was calculated based on the rated power, duration of discharge,
number of cycles per year, and PCS efficiency. The amount of electricity required for charging
depends on the rated power, duration of discharge, number of cycles per year, battery round-trip
efficiency, and depth of discharge. The input in this phase is the electricity used during charging.
For the base case, electricity from the Alberta grid (35% coal, 30% cogeneration, 16% natural gas,
9% wind, 6% hydro, and 4% others) was considered for charging [367]. However, additional
scenarios were developed for other provinces where the grid mixes are different than Alberta. The
GHG emissions in the operation phase were calculated based on the amount of electricity required

and the EF of Alberta grid electricity (471 kg-CO2eq/MWh) [367].

4.2.3.2.4. End-of-life (EOL)

The EOL phase includes dismantling and the transportation of dismantled components. Given the
limited data and lack of confidence in their quality, recycling was not included in the base case.
However, to understand the importance of recycling battery materials, a case study was done for

recycling using the data available and some assumptions. It was assumed that battery parts and the
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PCS are dismantled mechanically; the electricity and diesel requirements for these are 0.01

kWh/kg and 0.10 MJ/kg, respectively [44].

For recycling, a literature review was conducted to find which battery materials could be recycled
with existing recycling processes. The amount of recycled materials was determined using the
recovery rate of various materials. It was assumed that the remaining material would come from
virgin materials. Only those materials were considered for recycling for which information on
recovery rate and specific energy required for recycling was available. The materials recycled with
their recovery rate and the specific energy consumption in recycling can be found in Table C.7 in

Appendix C.

4.2.3.2.5. Transportation

The amount of energy required in transportation depends on the mode and the distance. Figure 4.3
provides an overview of the supply chain routes for the PCSs and batteries. PCSs, as well as Li-
ion and VRLA batteries, are manufactured in the USA and exported from California. The
transportation distance by ship was calculated from the Port of San Francisco (California) to the
Port of Kitimat (British Columbia, Canada) using the Portworld Distance Calculator [368].
Because British Columbia (BC) is Alberta’s nearest province with seaports, it was assumed that
all the ESS components would go to the Port of Kitimat in BC. Na-S and Ni-Cd batteries are
transported from Japan and VRFs from China. Since Alberta ESSs are the focus of this research,
the distance from the Port of Kitimat to Edmonton, Alberta (1370 km) was considered. Another
300 km was assumed for the transportation of the components from the manufacturers to the
seaports in the manufacturing countries. For the EOL phase, it was assumed that after dismantling,
the components are transported 300 km to a recycling plant or landfilling zone in Alberta. The

recyclable materials were assumed to be used in remanufacturing in the recycling case. For inland
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transportation, heavy-duty trucks were assumed. As distances can vary, an uncertainty analysis
was performed for different transportation distances. The energy consumption was then calculated
using the distance, mass transported, and specific energy consumption for ships and trucks. After
the energy requirement for transportation was calculated, the GHGs were estimated from the EFs

for diesel (truck transportation) and bunker fuel (marine transportation).
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Figure 4.3: Overview map of the supply chain routes for the batteries and power

conversion system

4.2.3.4. Sensitivity and uncertainty analyses
The LCA models developed in this study handle a large amount and range of input data. To

understand the effects of variations in input data, sensitivity and uncertainty analyses were
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performed using RUST, an Excel-based tool [285]. The Morris method [369] was used for the
sensitivity analysis to investigate the impacts of inputs on the NER and GHG emissions. The
advantage of the Morris method is that it helps us understand the interactions among input
parameters and their non-linear effects [285]. The most influential parameters identified in the
Morris analysis were included in the uncertainty analysis, which was performed using a Monte
Carlo simulation. Parameters with negligible effect were excluded in the uncertainty analysis.
Distributions for the input parameters were obtained from the literature. A random sample was
selected from the range of input variables to obtain output distributions, and 100,000 iterations
were performed to achieve a sampling error of less than 1% of the mean. The lowest and highest
values for each uncertain parameter were identified and used in the sensitivity and uncertainty

analyses (they can be found in Table C.8 in Appendix C).

4.3. Results and discussion
The net energy ratio and life cycle GHG emissions are presented and discussed in this section.

Sensitivity and uncertainty analyses results are also presented and discussed.

4.3.1. Net energy ratio (NER)

The electricity outputs in bulk energy storage (S1), T&D investment deferral (S2), frequency
regulation (S3), and support of voltage regulation (S4) are 1733.75, 235.60, 147.37, 17.67 GWh,
respectively. The total energy consumption is the sum of the energy required for material
production, manufacturing, operation, transportation, and dismantling. Figure 4.4 shows the NERs
for the electro-chemical ESSs. The NERs range from 0.50 for the Ni-Cd to 0.69 for the Li-ion for
S1, 0.47 for the VRF to 0.65 for the Li-ion for S2, 0.50 for the VRLA to 0.70 for the Li-ion for S3,
and 0.38 for the VRF to 0.63 for the Li-ion for S4. The NERs are different in the application

scenarios and are dictated by the duration of discharge and the number of cycles the ESSs operate.
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In all the scenarios, the Na-S and Li-ion have higher NERs than the other storage systems because

of their higher energy density and longer lifetime.

In bulk energy storage (S1), Na-S has lower NER than Li-ion mainly because of its higher energy
requirement in material production. Among the Li-ion batteries, LMO has the highest NER and
NMC the lowest because the production of cathode material for NMC requires 3.45 times more
energy than for LMO. Na-S and Li-ion perform better than other batteries because of their
comparatively higher energy density, meaning comparatively lower material requirements and
longer cycle lives. The cycle lives of Na-S and Li-ion are 1.5 and 1.6 times longer than that of the
Ni-Cd battery. Although the VRLA has the lowest manufacturing energy requirement (see Table
4.4), it has the lowest energy density (35 Wh/kg), hence high energy requirements in material
production. The VRLA is the third-best performer in S1. Although the cycle life of the VRF is
very high (13,000 cycles), it can not compete with Na-S or Li-ion. This is mainly due to the large
number of components required for the VRF system. This is a unique battery that requires positive
and negative electrolyte tanks, pumps, and heat exchangers. In addition, stacks and pumps need to
be replaced after 10 years of operation. The additional components make the battery system more
energy-intensive. The NER of a VRF is 0.52, slightly lower than a VRLA’s (0.56). The Ni-Cd
ESS has the lowest NER in S1 because of the higher energy consumption in material production
and manufacturing due to the replacements (2 replacements). A similar trend can be seen in S2
except for the Ni-Cd and VRF ESSs. The Ni-Cd performs better than the VRF; it is the reverse in
S1. In S2, the Ni-Cd requires only 1 replacement versus 2 replacements in S1 due to the higher
number of cycles in S1. In S3, although the Li-ion needs 2 replacements (1 more than the Na-S),
the Li-ion has a higher NER. This is mainly because the energy required for material production
is much higher in the Na-S due to energy-intensive f-alumina production and Na-S’s lower round-
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trip efficiency meaning it needs more electricity for charging than the Li-ion. The NER of the
VRLA is the lowest because, in S3, the VRLA battery needs 9 replacements because of its short
cycle life. The relative rankings of ESSs in S4 are similar to those of S2. The NER of the VRF
ESS is only 0.38. For the same amount of electricity delivery, the energy required for material

production is very high for the VRF ESS because of its material-intensive design.

Among the life cycle stages, the operation stage has the highest share of the total life cycle energy
use followed by the material production and manufacturing stages. For example, for the Na-S ESS
in Scenario 1, the contribution of energy use in the operation phase (charging) is 87%, while
material production and manufacturing contribute 8% and 5%, respectively, to the total energy
requirement. The electricity required for charging varies among the batteries because of the
difference in their efficiencies. Li-ion requires the least electricity in charging because it has the
highest efficiency among the batteries considered. Although the contributions of operation,
material production, and manufacturing may vary among ESSs, these are the most energy-
intensive stages. The contribution of energy consumption in transportation and dismantling is

insignificant.
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Figure 4.4: Net energy ratio (NER) for electro-chemical energy storage technologies

[Note: The negative error bars represent the NERs for lithium nickel manganese cobalt (NMC), the positive error bars
represent the NERs for lithium manganese oxide (LMO), and the base case values represent the NERs for lithium iron

phosphate (LFP)].

4.3.2. Life cycle GHG emissions

The results of all the life cycle phases were aggregated to calculate the total life cycle GHG
emissions. The life cycle GHG emissions range from 624.96 kg-CO2eq/MWh for the Li-ion to
800.19 kg-CO2eq/MWh for the VRF in S1, from 646.23 kg-CO2eq/MWh for the Li-ion to 849.42
kg-CO2eq/MWh for the VRF in S2, from 624.43 kg-CO2eq/MWh for the Li-ion to 802.81 kg-
CO2eq/MWh for the VRLA in S3, and from 658.77 kg-CO2eq/MWh for the Li-ion to 963.37 kg-

CO2eq/MWh for the VRF in S4.
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Figure 4.5 shows that among the life cycle stages, the total GHG emissions are highly dominated
by the operation phase. The contributions of material production and manufacturing are 3-25%
and 1-10%, respectively, depending on the technology and application. Transportation contributes
less than 1%, and EOL (dismantling) emissions are negligible. The storage section and PCS are
the components of an ESS. The GHG emissions’ contribution to the life cycle GHG emissions
from the material production and manufacturing of a PCS is small: 0.43, 0.63, 5.02, and 12.56 kg-

CO2eq/MWh in S1, S2, S3, and S4, respectively.

The emission factor of the electricity grid mix along with the electricity requirement for charging
determines the operational GHG emissions. The operational emissions differ among battery
technologies depending on the round-trip efficiency. For instance, the operational GHGs of a Ni-
Cd ESS are higher than those of a Li-ion ESS because Ni-Cd has a lower efficiency (80%) than
Li-ion (90%). The operational emissions vary with electricity mixes; a slight modification of EFs
in the models is required if the source changes. Since the electricity EF has a significant influence
on the total GHGs, the implications of different electricity mixes were explored. Figure C.4 in
Appendix C shows the operational GHG emissions for different Canadian provinces. Operational
GHGs differ significantly among provinces. For example, the British Colombia grid mix, a hydro-
dominated mix, has 93% fewer GHGs in the operational phase than the Alberta grid mix. Because
operational emissions depend on battery efficiency and the electricity EF only, GHGs per MWh
do not change among application scenarios for a particular ESS. Therefore, the relative rankings
of the ESSs in the scenarios are mainly dictated by the material production and manufacturing
stages. In S1, the Li-ion ESS performs best, with relatively low GHG emissions. Although Figure
4.5 shows the GHG emissions for an LFP-type Li-ion battery, the environmental performances of

LMO and NMC are the best and worst, respectively. The difference in total GHG emissions
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between NMC and LFP is 4.69-7.82 kg-CO2eq/MWh and between LFP and LMO is 0.56-0.93 kg-
CO2eq/MWh, depending on the application. This is mainly because there are fewer GHG
emissions in cathode material production for LMO. GHG emissions in the production of cathode
material for NMC are 3.8 times higher than those of LMO cathode material production. Although
the Na-S battery needs less energy in manufacturing, the GHG emissions from its material
production are higher than the Li-ion’s because of the GHG-intensive -alumina production. The
production of B-alumina is a GHG-intensive process, and about 98% of the process energy comes
from electricity. The production of B-alumina contributes to 70% of material production emissions.
The VRLA ranks third in S1, and its material production emissions are higher than those of the
Na-S or Li-ion because it is replaced every five years. The GHG emissions of Ni-Cd and VRF
ESSs are much higher than Na-S and Li-ion ESSs. For the Ni-Cd ESS, manufacturing accounts
for about 11% of the total GHG emissions, while the production of Ni alone contributes 41% of
the total material production emissions. For the VRF, the energy supply comes from the electrolyte
solution, which contains V20s. To produce 1 kg of V20s, 33.1 kg of GHGs are emitted [370]. The
system requires two electrolyte tanks that contain positive and negative electrolytes. The
production of V205 accounts for 94% of the material production emissions. The Na-S and Li-ion
perform well in the other scenarios as well because of their high energy densities and longer cycle
lives. VRLA emissions are highest in S3 as the VRLA battery requires 9 replacements because of
its short lifetime. The relative rankings of the ESSs in S4 are similar to those in S2. The life cycle
GHG emissions of the VRF in S4 are very high due to the large amount of energy required for

material production.

For the recycling case, a mix of virgin and recycled materials was used for material requirements
for each battery technology to assess the impact of recycling. Figure C.3 in Appendix C shows the
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change in overall GHG emissions when recycling is included in the analysis. There was a
significant reduction in GHG emissions for VRLA and VRF because of the high recovery rates of
lead and vanadium electrolyte, respectively. The impact of recycling on the life cycle GHG

emissions is discussed in section C.4 in Appendix C.

Some of the results of this research were compared with numbers found in the literature. A few
studies assessed life cycle GHG emissions for stationary application scenarios. Most of the earlier
studies conducted LCA for bulk energy applications. The GHGs calculated in this study were
compared to the results reported by Hiremath et al. [258] and Oliveira et al. [52] as they are most
relevant for comparison, even though they make different assumptions for the electricity mix.
Excluding the operation phase, the GHGs in the other stages were compared. Hiremath et al. [258]
reported 13-43, 34-76, and 13-23 kg-CO2eq/MWh for the Li-ion, Na-S, and VRF, respectively.
The VRLA and Ni-Cd ESSs were not considered. There is good agreement between the results of
this study and Hiremath et al.’s study except for the VRF, largely because of differences in
modeling for the VRF battery. While Hiremath et al. designed the VRF ESS based on energy
density, in this research the power and energy components were designed through a bottom-up
method. Oliveira et al. reported 63 and 23 kg-CO2eq/MWh for the Li-ion and the Na-S,
respectively [52]. Although the results for the Li-ion obtained from this study and Oliveira et al.’s
work are in good agreement, there is a difference of 45 kg-CO2eq/MWh for the Na-S. This is due
to differences in assumptions for the cycle life, storage lifetime, and round-trip efficiency. No
detailed information about the emission factors of materials was found; the EFs might have an
impact on the results. A VRLA is a maintenance-free lead-acid battery with an energy density
similar to a Pb-A [345]. Hiremath et al. reported 87-139 kg-CO.eq/MWh for a Pb-A, whereas
Oliveira et al. reported 102 kg-CO2eq/MWh for a VRLA battery excluding the operation stage.
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The corresponding value in this study is 111.85 kg-CO2eq/MWh, which is in good agreement with

the values reported by Hiremath et al. [258] and Oliveira et al. [52].

In addition to the NER and GHG emissions, an economic indicator is necessary to evaluate the
comparative performance of electro-chemical ESSs. The levelized cost of storage is the cost at
which the electricity should be sold to overcome all the expenses related to an ESS during its
lifetime. Rahman et al. [338] evaluated the techno-economic performance of similar electro-
chemical ESSs for stationary applications. The levelized cost of storage ranges from $199-$941
for the Na-S, from $180-$1032 for the Li-ion, from $410-$1184 for the VRLA, from $802-$1991
for the Ni-Cd, and from $267—-$3794 for the VRF per MWh, depending on the application scenario
[338]. Schmidt et al. [213] found Li-ion batteries show greater cost competitiveness compared to
Pb-A and VRF batteries. The Li-ion and Na-S have the lowest GHG footprints as well as the lowest
levelized cost of storage for both short-term and long-term applications. The advantages of these
batteries are a longer lifetime, high energy density, and lower capital cost. The environmental and
economic footprints of a VRF are high because of its component-intensive design. Although the
capital cost of a VRLA is low, its cycle life is not impressive. A Ni-Cd, on the other hand, is an

expensive option with a high capital cost.
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[Note: Na-S: sodium-sulfur, Li-ion: lithium-ion, VRLA: valve-regulated lead-acid, Ni-Cd: nickel-cadmium, and VRF: vanadium redox flow].
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4.3.3. Sensitivity and uncertainty analyses

The Morris method was used for sensitivity analysis to understand the interactions of inputs and
their effects on net energy ratio and life cycle GHG emissions. An example of sensitivity analysis
for the life cycle GHG emissions of the Li-ion for bulk energy storage (S1) is presented in Figure
4.6. The high Morris mean and standard deviation values of an input parameter indicate that the
input has a large influence on the results. As shown in Figure 4.6, because of the high mean and
standard deviation values, the PCS efficiency, electricity emission factor, and battery round-trip
efficiency have the most influence on the GHG emissions. The moderate influential parameters
are discharge duration, the number of cycles, battery manufacturing energy, energy density, and
depth of discharge. These parameters also have an influence on the life cycle GHG emissions of
Na-S, VRLA, and Ni-Cd ESSs in all the application scenarios. For the VRF ESS, however, given
its design, the parameters with the most influence on the GHG emissions are cell voltage, battery
and PCS efficiencies, electricity emission factor, discharge duration, and the number of cycles.
Figure C.5 in Appendix C shows the sensitivity analysis for the GHG emissions of the VRF ESS
for bulk energy storage. The same trend was observed in the other scenarios as well. The
parameters with the lowest Morris mean and standard deviation values, such as transportation
distances and the fuel mix for manufacturing the PCS, have the least impact on the results and can

therefore be excluded in the uncertainty analysis.

An uncertainty analysis using a Monte Carlo simulation was conducted to provide a range of NER
and life cycle GHG emission results. The simulations were based on minimum, most likely, and
maximum values of input parameters found in the literature. The most likely values are the default
values used in the models. The uncertainty analysis NER results are presented in Figure 4.7, and

the uncertainty analysis life cycle GHG emissions results are presented in Figure 4.8. There are
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overlaps among the ESS technologies due to differences in input data. Na-S and Li-ion ESSs have
higher NERs than Ni-Cd and VRF ESSs because they consume comparatively less energy in the
material production phase due to higher energy densities. There are some overlaps between the
Ni-Cd and the VRF in S1, S2, and S3, and between the Li-ion and the VRLA in S2 and S4. The
results of uncertainty analysis show that the batteries with high efficiency and energy density as

well as long cycle life have high NERs.

As with the NERs, there are overlaps in life cycle GHG emissions. The contribution of operational
GHGs is more than 80% to the life cycle GHG emissions for all the ESSs. Therefore, the wide
range of the life cycle GHG emissions in Figure 4.8 is mainly due to the operational GHGs. The
maximum and minimum Alberta electricity emission factors considered are 559 kg-CO2eq/MWh
(2021 value) and 252 kg-CO2eq/MWh (projected value for 2041), respectively, considering the
20-year change in the Alberta electricity grid mix [367]. Because of this wide range of emission
factors, the life cycle GHGs of Li-ion ranges from 374 kg-CO2eq/MWh to 737 kg-CO2eq/MWh in
S1, for example. If the mean values (the yellow dots in Figure 4.8) based on the most likely input
data are considered for comparison purposes, the life cycle GHG emissions’ footprints of the Li-

ion ESS are the lowest in all the scenarios.
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4.4. Conclusion

The main objective of this research was to evaluate the environmental performance of Na-S, Li-
ion, VRLA, Ni-Cd, and VRF energy storage systems by developing data-intensive, process-based
LCA models. The NER and life cycle GHG emissions were used to compare these electro-
chemical ESSs for four different stationary application scenarios: bulk energy storage, T&D
investment deferral, frequency regulation, and support of voltage regulation. In the life cycle stages
considered, the emissions are dominated by the operation phase, while material production and
manufacturing phases have moderate contributions. Transportation and dismantling have
negligible contributions. The environmental performance of the ESSs varies among bulk energy
storage, T&D investment deferral, frequency regulation, and support of voltage regulation because
of the number of cycles and discharge duration. The GHG emissions are mostly influenced by the
electricity emission factor, the efficiency of the PCS, and battery round-trip efficiency. Due to the
variability in inputs, uncertainty analysis results overlap. However, when the mean values were
used for comparison purposes, it was found that the Li-ion appears to offer better environmental
performance in all application scenarios. The VRF in bulk energy storage (S1), T&D investment
deferral (S2) and support of voltage regulation (S4), and the VRLA in frequency regulation (S3)
show the highest GHG emissions mean values. The ESSs with high efficiency, long cycle life, and
high energy density are preferable, as they need less electricity for charging and less energy in
material production. Thus, the Li-ion and Na-S ESSs outperform other technologies based on NER

and life cycle GHG emissions.
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Chapter 5: The development of a techno-economic model for the assessment
of the cost of flywheel energy storage systems for utility-scale stationary

applications®

5.1. Introduction

The global energy transition from fossil fuels to renewables along with energy efficiency
improvement could significantly mitigate the impacts of anthropogenic greenhouse gas (GHG)
emissions [72, 371]. It has been predicted that about 67% of the total global energy demand will
be fulfilled by renewables by 2050 [372]. The use of energy storage systems (ESSs) is necessary
because of the challenges in increasing the share of renewables (i.e., solar and wind) in electricity
grids given the intermittency of renewables [213, 373]. ESSs can be used for short- or long-
duration applications in the transmission and distribution (T&D) grid to improve reliability [105,
374]. Pumped hydro storage (PHS), compressed air energy storage (CAES), thermal energy
storage, and different electro-chemical batteries have already been proven to be feasible for long-
duration applications including energy arbitrage and T&D investment deferral [11]. Short-duration
applications, such as frequency regulation and voltage leveling, are crucial for the safety and
reliability of electricity networks [198, 199]. Electro-chemical ESSs can be used in short-duration
services [84, 375], but they suffer from a short lifetime and the need to dispose of toxic materials
[11, 258]. Flywheel energy storage systems (FESSs) are a promising alternative to electro-

chemical batteries for short-duration support to the grid [11]. Frequency regulation is the most

8 A version of this chapter has been published as Rahman MM, Gemechu E, Oni AO, Kumar A. The development of
a techno-economic model for the assessment of the cost of flywheel energy storage systems for utility-scale stationary

applications. Sustainable Energy Technologies and Assessments. 2021;47:101382.
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common service a FESS can provide in the electricity network [119, 376]. FESSs can play a vital
role in the grid to maintain its frequency by matching electricity demand and supply for a short-
duration [105]. A FESS is a mechanical storage system that converts electricity into kinetic energy,
which is converted to electricity when needed [377, 378]. FESSs have a long lifetime, typically
15-20 years, and high efficiency and power density [106, 115]. A FESS mainly consists of a rotor,
a motor-generator set, an enclosure, a set of mechanical or magnetic bearings, a vacuum pump,
and a power conversion system (PCS). A bi-directional converter is used as a PCS to convert
alternating current to direct current or vice versa. A flywheel rotor is usually made of steel or
composite materials. Typically, composite rotors have a high rotational speed of up to 100,000

RPM [379], and steel rotors can rotate up to 6000 RPM [380].

With the current cumulative global capacity of 931 MW [11], it is projected that the FESS market
will increase by about 77% from 2019 to 2027 [20, 21]. Given their rapid market growth, FESSs
are receiving increased attention in industry and academia, which has led to research related to
rotor design and optimization. There are several studies on FESSs with different focuses: the
optimization of flywheel rotors made of different materials [198, 381], and the design of bearings
[382, 383] and motor-generators [384, 385]. These studies provide useful insight into technical
parameters and their effects on flywheels’ performances. However, a techno-economic assessment
is needed to make investment decisions regarding the deployment of FESSs. A techno-economic
assessment is a decision-making tool used to assess the economic feasibility of a system [386,

387].

Large-scale flywheels could be an attractive option for short-duration utility applications given
their fast response time, longer cycle life, and large power discharge [168, 388]. Before a FESS

can be integrated into the grid, a techno-economic evaluation is required to answer three key
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research questions: How do the composite and steel rotor flywheels perform in stationary
applications in terms of cost? How much does each component contribute to the total investment
cost? How do the systems perform at different capacities? Efforts have been made to understand
the techno-economic implications of FESSs. Most studies performed comparative assessments, for
example, flywheel with PHS, CAES, and several electro-chemical batteries [22, 23] or with
supercapacitor and superconducting magnetic energy storage [24]. Nikolaidis and Poullikkas [22]
found that based on the power capital cost, a FESS performs better than PHS and CAES, and,
according to Mostafa et al. [24], a FESS has a higher levelized cost of electricity (LCOE) than
supercapacitor energy storage and superconducting magnetic energy storage systems. Schmidt et
al. [23] projected the LCOE to 2050 and found that FESSs are more competitive when the
discharge duration is less than 30 minutes and the number of cycles is more than 5000 per year.
Zakeri and Syri [28] and Li et al. [29] also found that a FESS is economically more attractive than
lithium-ion and lead-acid for frequency regulation and uninterruptible power supply, respectively.
Although these studies provide useful information on the economic performance of various energy
storage technologies in stationary applications, there are limitations. The studies used aggregated
capital cost data without considering equipment design and sizing. They did not specify the rotor
type used. The rotor material could significantly influence the investment cost since the composite
material costs more than steel ($20/kg for composite and $1/kg for steel, for example) [389]. Rupp
et al., on the other hand, designed a FESS system and estimated its cost for non-stationary use
[204]. Although they evaluated equipment design and cost, their model cannot be applied to a
stationary utility application because of differences in system characteristics and requirements.
There are also some techno-economic studies specific to steel [205, 390] and composite rotors

[189, 391]. These studies provided high-level cost estimates but did not evaluate the cost of
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electricity delivery for utility-scale stationary applications. Some studies provided total capital cost

ranges without conducting a detailed assessment of economic performance [91, 116, 170].

Another important aspect that has not been well addressed in the literature is how economies of
scale change the techno-economic performance of a FESS or how to find the optimal point at
which the cost per unit output is lowest. A few studies developed scale factors for large-scale PHS,
CAES, and electro-chemical storage systems and showed there is a cost advantage for large-
capacity plants due to economies of scale. For example, Kapila et al. [31] found scale factors of
0.53, 0.87, and 0.88, respectively, for PHS, conventional CAES, and adiabatic CAES. Rahman et
al. [338] also developed scale factors for 5 electro-chemical ESSs, from 0.46 for vanadium redox
ESS to 0.91 for nickel-cadmium ESS. The scale factors help to understand the impacts of the
increase in capacity on the overall cost of the system. However, to the best of the author’s

knowledge, in the existing literature no scale factors have been developed for FESSs.

A wide range of capital costs is reported in the literature; for example, according to Akinyele and
Rayudu [42], the capital cost of a FESS can be from $1000-$5000/kW and $250-$350/kWh. There
are uncertainties not only in cost inputs but also in technical parameters and assumptions. For
instance, flywheel efficiency reported in two studies is 85% [392] and 95% [43]. Another source
of uncertainty is the standby power loss, 0.5-2% for composite rotor FESSs with magnetic bearings
[393, 394] versus 1-5% for steel rotor FESSs with mechanical bearings [205, 395]. Despite the
range in input technical and cost parameters, most studies provide point estimates. Studies that
attempt to understand the techno-economic performance of storage systems should be supported
with detailed sensitivity and uncertainty analyses. This allows us to make a reasonable comparison

among the storage alternatives. This is another key gap in the literature.
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While existing studies help us understand some economic parameters of FESSs, their use of
aggregated cost data makes it difficult to predict and compare the economic performances of
different projects. The results from such high-level analysis are limited in application. Also, there
are no cost functions or scale factors, which are needed to evaluate the system performance at
different capacities. To the best of the author’s knowledge, there is no comparative assessment of
steel rotor and composite rotor FESSs that uses the same system boundary. To fill the
abovementioned knowledge and literature gaps, a comprehensive techno-economic assessment of
utility-scale flywheel storage systems for short-duration applications was conducted by developing
a bottom-up model that considers the interactions among the technical and cost parameters. Two
configurations — composite rotor and steel rotor FESSs — were analyzed. The novel contributions

of this research are to:

— Apply engineering principles to design various components of flywheel energy storage
systems;

— Develop cost functions for the components of flywheel energy storage systems;

— Develop a scale factor for flywheel energy storage systems;

— Evaluate the total investment cost, annual life cycle cost, and levelized cost of storage;

— Compare the economic feasibility of composite rotor and steel rotor flywheel storage
systems for frequency regulation; and

— Conduct comprehensive sensitivity and uncertainty analyses to assess the impact of

various parameters on the cost.

Insights from the study will help the flywheel industry and electric utilities understand the
economic performance of the flywheel storage systems and ultimately help make informed

decisions on policies and investments.
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5.2. Modeling method

Figure 5.1 shows an overview of the modeling framework developed to assess the feasibility of
utility-scale flywheel storage systems for frequency regulation. Data for application parameters as
well as technical and cost parameters were gathered from published sources and used in various
stages of model development. In the system design, the storage plant capacity was determined, and
flywheel components were sized. The number of flywheels required was calculated from the plant
capacity and the capacity of each flywheel. After determining the size and capacities of different
components, we developed the cost functions for individual pieces of equipment to determine
techno-economic performance using various cost indicators (total investment cost, annual life
cycle cost, and levelized cost of storage). Finally, sensitivity and uncertainty analyses were
performed to identify the most sensitive parameters and provide a probable range of total
investment cost and levelized cost of storage. Each stage of model development is described in

detail in the following sections.
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5.2.1. Input parameter categorization

The first step in techno-economic modeling is data gathering and categorization. A detailed
literature search was conducted to collect the data relevant to the storage application as well as
technical and cost aspects. A particular stationary application is characterized by the rated power,
duration of discharge, and the number of cycles. Other application-specific inputs are the discount
rate, inflation rate, and electricity price for charging. These parameters could vary considerably
depending on the project and its location. The default inputs for the nominal discount rate and
inflation rate were taken as 10% [31, 131] and 2% [131, 396], which are standard values for

Canada; these values can be adjusted in the model.

A flywheel consists of several components including the rotor, shaft, motor-generator, and
bearings. Technical inputs were used to design and size these components. For example, rotor
material tensile strength, shape factor, angular speed, etc., were used as technical inputs to
calculate the kinetic energy delivered from a flywheel. Other technical parameters are the

degradation factor, standby loss, etc.

The cost parameters include the material and manufacturing costs of various components, such as
the rotor, shaft, and enclosure. For the motor-generator, vacuum pump, and bi-directional power
converter, cost functions were developed using their capacities and individual component costs.
Operation and maintenance (O&M) costs, along with miscellaneous and contingency costs, were

also considered as cost parameters.

5.2.2. System design and sizing
Utility-scale energy storage systems for stationary applications typically have power ratings of 1

MW or more [397]. The largest flywheel energy storage is in New York, USA by Beacon Power
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with a power rating of 20 MW and 15 minutes discharge duration [398]. Utility-scale flywheel
storage is typically used for frequency regulation to maintain grid frequency by matching
electricity supply and demand for a short period, usually 15 minutes [105, 293]. In this study for
the base case scenario, both the composite rotor and steel rotor flywheels were modeled for a 20
MW nameplate capacity with 15 minutes discharge duration and 4000 cycles per year. However,
a range in rated power of 1-40 MW was considered to develop the scale factor. The number of
cycles differs depending on the requirement of electric utilities, hence a range of 3000-5000 per
year was considered to determine the effect on the economic performance of the systems [119,

399].

Flywheel rotors can be made of steel or composites. Usually, a steel rotor can rotate up to 6000
RPM [28] and the rotational speed of a composite rotor is up to 100,000 RPM [379]. It was
assumed that magnetic and mechanical bearings will be used for the composite rotor and steel rotor
flywheels, respectively, because to support the high-speed composite rotor, contactless magnetic
bearings are needed [400], while simple mechanical bearings can be used for a low-speed steel
rotor [203]. In this study, hollow and solid cylindrical shapes were considered for composite and
steel rotors, respectively, because of their typical use in rotor design [379, 401]. To satisty the
rated capacity (20 MW/5 MWh) of the composite rotor and steel rotor FESSs, the number of
flywheels required was calculated from the capacity of each flywheel. The kinetic energy stored
in a flywheel can be calculated from the height and shape factor of the rotor, density of rotor
material, minimum and maximum angular velocities, and radius of the rotor. Equation 5.1, adapted

from Amiryar and Pullen [203], was used to calculate the useful energy stored in the flywheel:

(5.1)

1
E= Ekﬂph(wmaxz — Wmin?) (* = 1)
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where E is the kinetic energy (J), k is the shape factor, p is the rotor material density (kg/m?), & is
the height of the rotor (m), w is the angular speed (rad/s), and r; and 7, are the inner and outer radii

(m), respectively.

The outer radius of a rotor depends on the flywheel speed and strength of the rotor material.
Equations D.1 and D.2 (in Appendix D) were used to calculate the outer radii of the cylindrical
hollow composite rotor and solid steel rotor, respectively. The composite rotor’s inner radius was
calculated from its outer radius and the inner-to-outer diameter ratio of 0.60. An inner-to-outer
diameter ratio of 0.50-0.75 is typically used by flywheel manufacturers [201]. The rotor height
was calculated from the rotor’s outer diameter and a length-to-rotor outer diameter ratio of 0.95 to
avoid bending [391, 402]. Table 5.1 shows the design parameters used to calculate the capacity of

the flywheels.

Table 5.1: Design parameters used in the techno-economic model

Parameter Composite Steel Source/comment
rotor rotor

flywheel flywheel

Flywheel efficiency (%) 90 90 [6]

Rotor material tensile strength 4 1.24 [389, 403]
(GPa)

Rotor material density (kg/m?) 1700 7780 [201, 389]
Shape factor 0.5 0.5 [404, 405]
Factor of safety 4 4 [406]
Poisson’s ratio of steel - 0.3 [401]
Maximum rotational speed 16,000 6000 [198, 407]
(RPM)

188



Parameter Composite Steel Source/comment

rotor rotor
flywheel flywheel

Minimum rotational speed (RPM) 8000 3000 The minimum speed is 40% to
60% of the maximum speed
[404]; 50% was considered in
this analysis.

Shaft diameter-to-rotor outer 0.15 0.15 [408]

diameter ratio

Inner-to-outer diameter ratio 0.6 - 0.50 to 0.75 is a good design
typically used in the flywheel
industry [201].

Rotor length-to-outer diameter 0.95 0.95 A value less than 1 is

ratio considered to avoid mechanical
issues, such as bending and
vibration [391, 402]; 0.95 was
assumed in this study.

Thickness of the housing (m) 0.05 0.05 [409]

Bi-directional power converter 95 95 [169]

efficiency (%)

Standby loss (%) 1 2.5 Standby losses range from 0.5-
2% for a composite rotor
flywheel with magnetic
bearings [393, 394] and 1-5%
for a steel rotor flywheel with
mechanical bearings [205,
395]. The upper and lower
bounds were considered in the
uncertainty analysis.

Yearly degradation rate (%) 0.14 0.14 [189]
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Parameter Composite Steel Source/comment
rotor rotor
flywheel flywheel
Vacuum pump capacity (kW) 0.55 0.55 Assumed based on the studies
by Amber Kinetics [389] and
Caprio et al. [410].
Outer diameter of the rotor (m) 0.46 0.49 Calculated.
Mass of each rotor (kg) 623 5627 Calculated.
Density of shaft and enclosure 7700 7700 Assumed to be made of steel
material (kg/m?) [391].
Mass of shaft (kg) 198 251 Calculated.
Mass of enclosure (kg) 2951 3416 Calculated.
Kinetic energy stored in each 26 28 Calculated using Equation 5.1.
flywheel (kWh)
Electrical energy delivered from 25 27 Calculated from the kinetic
each flywheel (kWh) energy stored in the flywheel
assuming a 95% generator
efficiency [411].
Rated power of each flywheel 100 108 Calculated from the kinetic
(kW) energy stored in the flywheel
and the discharge duration.
Number of flywheels required 200 186 Calculated from the capacity of

each flywheel and the rated
capacity of the plant, 20
MW/5MWh.
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5.2.3. Components’ cost development

The total cost of the rotors, shafts, and enclosures is made up of the material and manufacturing
costs. Material costs for the steel rotor and shaft are $1.2/kg [201] and $1.4/kg [405], respectively.
For the composite, $49.6/kg was considered, an average of the range reported by Wang et al. [412].
Manufacturing costs are $2.3/kg for the steel rotor [201], $4.1/kg for the shaft [391], and $9.5/kg
for the composite rotor [391]. For the enclosure, the material cost is $1.2/kg [201] and the
manufacturing cost is $0.6/kg [391]. The capital costs for the permanent magnet motor-generator,
vacuum pump, and bi-directional power converter were plotted against various capacities of these
components to obtain their cost functions (see Figures 5.2-5.4). The equations in Figures 5.2-5.4
show the cost functions developed for the motor-generator, vacuum pump, and power converter,
respectively. x refers to the capacity in kW and y represents the capital cost of each piece of
equipment, i.e., the motor-generator, vacuum pump, and power converter. A permanent magnet
motor-generator set is typically used for energy conversion [413], and a cost equation was
developed for a wide range of capacities (30-315 kW) using cost estimates for brushless permanent
magnet motors [414]. A scale factor of 0.66 was found; this shows the cost advantage at large
capacities due to economies of scale. For the vacuum pump, the cost function was developed using
the market price from Atlas Corpo [415], and it shows a scale factor of 0.74 for a capacity range
0f 0.55-2.98 kW. Data from various studies were compiled to develop the cost function for the bi-
directional power converter [416-420]. The cost per kW decreases with an increase in capacity due
to economies of scale. Mechanical bearings are used for the steel rotor flywheel for $80.8/kWh, as
estimated from the study by Brown and Chvala [205]. There is limited information on the cost of

magnetic bearings for a composite rotor flywheel. The cost of magnetic bearings is usually 30-
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70% of the composite rotor material cost [204]; 60% was assumed in this study as the default. The

range (30-70%) was used in the uncertainty analysis to see its impact on the results.
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5.2.4. Cost estimation

The first cost component is the total investment cost (TIC), which is the sum of the total direct cost
(TDC) and the contingency cost (CoC). The TDC is the function of the total equipment cost (TEC),
miscellaneous items cost (MIC), and construction and commissioning cost (CC). The total
equipment cost (TEC) is the combined cost of the individual components listed in section 5.2.3.
The cost of any unaccounted item (miscellaneous cost) is assumed to be 10% of the TEC. The
construction and commissioning cost includes the costs related to procurement, transportation,
installation, etc., and was considered to be 20% in the base case (usually it is from 5-25%) [189].
To handle any uncertainties in TIC estimates, 10% of the TDC was assumed to be the contingency

cost (CoC).
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Although a FESS can operate for more than 20 years, some components, such as the vacuum pump
and mechanical bearings, need to be replaced (see Table 5.2 for the lifetimes). Because the future
costs of these components are unknown, the replacement cost (RC) of a component was assumed
to be equal to its equipment cost. Once the TIC and RC were calculated, a discounted cash flow
(DCF) analysis was performed. The cost parameters used in the DCF analysis are the TIC, total
RC, total operation and maintenance (O&M) cost, and charging cost. The total O&M cost includes
the fixed O&M cost and the cost of standby energy consumption. The TIC and the RC were
amortized over the lifetime of the system, 20 years [201, 392]. The amortized values of the TIC,
total RC, charging cost, and O&M cost were summed to calculate the annual life cycle cost

(ALCC), expressed in $/kW-year.

Along with the ALCC, the amount of yearly electricity delivery was used to calculate the levelized
cost of storage (LCOS). The LCOS is the minimum selling price of electricity to cover all the costs
over the life of an ESS and can be calculated using Equation 5.2, adapted from Rahman et al.
[338]. In this study, the average pool price of electricity in Alberta, Canada was used for the
charging cost. However, a small adjustment to the charging cost can be made in the model to
estimate the LCOS for other locations. The charging cost depends on electricity price, which
differs by jurisdiction. Therefore, to facilitate an appropriate comparison of various ESSs, an
indicator (in this case the levelized cost added by storage [LCAS]) can be used that does not
include the cost of charging. Equation 5.3, from Rahman et al.’s work [338], shows that the LCAS

can be calculated from the LCOS, charging cost, and overall efficiency of the FESS.

i(1+)" ) RC ia+)"
(1+i)n—1+0&M+Elm*CC*N+[(1+i)n,RC*(1+i)n_1]

TIC* (5.2)

LCOS =

Elout*N
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LCAS = LCOS — L=

In Equations 5.2 and 5.3, i is the real discount rate (i = [1+

Nov

(5.3)

] — 1), f'is the inflation rate, d is the

nominal discount rate,  is the lifetime of the project (year), C. is the charging cost ($/MWh), N is

the number of cycles/year, RC is the replacement cost ($), n,RC is the replacement period (year),

Elinand Ely, are electricity input and output in one cycle (MWh), respectively, and 7, is the overall

efficiency of the system (%).

Table 5.2: Economic parameters used to calculate the levelized cost of storage

Parameter Value Source/comment

Base year 2020

Discount rate 10% Based on the values reported for
similar projects [31, 131].

Inflation rate 2% [60, 131]

Project lifetime (year) 20 Based on the lifetime of a flywheel

Total equipment cost (TEC)

Miscellaneous items cost
(MIC)
Learning rate (LR)

Construction and
commissioning cost (CC)
Total direct cost (TDC)
Contingency cost (CoC)
Total investment cost (TIC)

Sum of the cost of each
piece of equipment

10%*TEC

95%

20%*(TEC+MIC)

(TEC+MIC+CC)
10% TDC
TDC+CoC

energy storage system [201, 392].

Calculated using cost functions.

[131]

After the first flywheel, a 95% LR
was assumed for  repetitive
manufacturing.

[189]

[119]
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Parameter Value

Source/comment

Total replacement cost Sum of the cost of
replaced equipment

Charging cost ($/MWh) 27.6

Fixed O&M cost for steel 6.9
rotor FESS ($/kW-year)

Fixed O&M cost for 13.3
composite rotor FESS ($/kW-

year)

Lifetime of a mechanical 5
bearing (year)

Lifetime of a magnetic 20
bearing (year)

Lifetime of a vacuum pump 10
(year)

Lifetime of a bi-directional 20

power converter (year)

Average Alberta electricity pool
price from 2015-2019 [421].
Average of the range reported by
Kailasan for Active Power’s FESS
[201].

Reported for Beacon Power’s FESS
by Kailasan [201].

[205]

[422]

[423]

[424]

5.2.5. Sensitivity and uncertainty analyses

To check the effects of model inputs and to provide a probable range of results, sensitivity and

uncertainty analyses were conducted. To do that, the model developed in this study was integrated

with the Excel-based Regression, Uncertainty, and Sensitivity Tool (RUST) developed by Di Lullo

et al. [285]. The Morris method was used for the sensitivity analysis to show the impact of different

interacting input parameters on the TIC and LCOS. Unlike the usual one-at-a-time approach, the

Morris method accounts for interactions among the inputs. A Monte Carlo simulation was

conducted for the uncertainty analysis to provide a distribution of the TIC and LCOS. The range
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of values for the sensitivity and uncertainty analyses is presented in Table 5.3. The most likely

values of the input parameters are the default inputs presented in Tables 5.1 and 5.2. To make sure

that the sampling error is <1% of the mean, 100,000 samples were used in the Monte Carlo

simulation.

Table 5.3: Input parameters for sensitivity and uncertainty analyses

Parameter

Minimum value

Maximum value

Efficiency of the flywheel
Efficiency of the bi-directional converter

Number of cycles per year

Safety factor

Tensile strength of carbon composite (GPa)

Tensile strength of steel (GPa)

Inside-outside diameter ratio for composite rotor

Composite rotor FESS standby loss
Steel rotor FESS standby loss

Nominal discount rate

Inflation rate

Fixed O&M cost for composite rotor FESS ($/kW-

year)

Fixed O&M cost for steel rotor FESS ($/kW-year)
Composite material cost ($/kg)

Cost of steel ($/kg)

Cost of magnetic bearings as a percent of rotor

material cost

Construction and commissioning cost
Lifetime of mechanical bearings (year)
Lifetime of a vacuum pump (year)
Charging cost ($/MWh)

Mechanical bearing cost ($/kWh)

85% [392]
90% [425]
3000 [399]
3[201]
2[201]

0.80 [428]
0.50 [201]
0.50% [393]
1% [205]
8% [338]
0.9% [338]
11.5[201]

5.7[201]
20.3 [430]
1.2 [390]

30% [204]

5% [189]
3 [205]
5[205]
18.5 [421]
40.4 [205]

95% [43]
98% [426]
5000 [119, 399]
5[201]

6 [427]

1.4 [389]

0.75 [201]

2% [394]

5% [395]

12% [338, 429]
2.9% [338]

23 [201]

8.0 [201]
86.1[430]
5.7 [390]

70% [204]

25% [189]
10 [205]
10 [205]
32.1 [421]
121.1 [205]

197



5.3. Results and discussion
This section discusses the results for composite and steel rotor FESSs for frequency regulation.

All the results in this study were adjusted to 2020 USD.

5.3.1. Total investment cost (TIC)

The total investment costs are $25.88 and $18.28 million, respectively, for composite and steel
rotor FESSs. The corresponding number of flywheels required was calculated to be 200 and 186
(see Table 5.1). The TIC comprises total equipment cost, miscellaneous items cost, construction
and commissioning cost, and contingency cost. The TEC, which comprises the costs of different
components of the system, alone contributes about 68% to the TIC. The distribution of the
individual equipment cost to the TEC is presented in Figure 5.5. The costs of the rotor, magnetic
bearings, and bi-directional power converter have large contributions to the TEC for the composite
rotor FESS. For the steel rotor FESS, on the other hand, the rotor and bi-directional power
converter contribute significantly to the TEC. There is a significant difference in the costs of
bearings in the two systems. The sophisticated magnetic bearings for the composite rotor are more
expensive than the simple mechanical bearings for the steel rotor. However, mechanical bearings
have a shorter lifetime than magnetic bearings. The shaft, enclosure, vacuum pump, and motor-
generator set have similar contributions in both systems. The rotor cost is a key contributor to the
TEC. Although the mass of a composite rotor is much lower than that of a steel rotor because of
the difference in material density, the composite rotor costs more because of the higher material
($49.6/kg) and manufacturing ($9.5/kg) costs; the material and manufacturing costs of a composite
rotor are $36,786 and $19,392 are for a steel rotor. Composite materials are still in the research

and development stage and therefore cost more than steel. The manufacturing cost is also higher

198



for the composite rotor because of the complex composite fiber manufacturing process. The cost
of composite rotors is expected to drop because of increased production capacity and market
competition, as is the TEC. Because of its high unit capital cost ($496.18/kW), the power converter
has a significant contribution to the overall TEC. The costs of a power converter for composite
and steel flywheels are $49,618 and $52,595, respectively. The cost difference is due to the

difference in rated power, 100 kW for the composite flywheel, and 108 kW for the steel flywheel.

FESSs are used for short-duration power applications. Therefore, power capital cost ($/kW) could
be a useful parameter to compare the economic feasibility of energy storage systems for similar
power applications. The power capital costs of the composite and steel rotor FESSs are $1294 and
$914/kW, respectively. Although both FESSs have the same power capacity, the power capital
cost for the composite rotor FESS is higher because of its higher total investment cost due to the
use of an expensive composite rotor and magnetic bearings. The energy capital costs of the
composite and steel rotor FESSs were found to be $5176/kWh and $3656/kWh, respectively. The
energy capital cost is significantly higher than the power capital cost because of the short discharge

duration in frequency regulation.
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Figure 5.5: Equipment cost distribution for the flywheel energy storage systems

5.3.2. Annual life cycle cost (ALCC)

The ALCC refers to the minimum annual payment to cover upfront capital costs and any loan
repayment [28]. The ALCCs are $178.07 and $137.36/kW-year for the composite and steel rotor
FESSs, respectively. To calculate the total annual life cycle cost, we performed a discounted cash
flow analysis (DCF) using the nominal discount rate and inflation rate. A DCF includes all the cost
components, that is, the TIC, O&M cost, and charging and replacement costs, as shown in Figure
5.6. The amortized TIC makes the largest contribution to the ALCC, followed by the charging cost
and the O&M cost. The composite rotor FESS has a higher amortized TIC ($130.26//kW-year)
than the steel rotor FESS ($92.01/kW-year) because of the high material and manufacturing costs
of the rotor as well as the magnetic bearing cost. Magnetic bearings are more expensive as they
require a more sophisticated design than simple mechanical bearings. The O&M cost includes the
fixed O&M cost and the cost of energy consumed to compensate for the loss of power in the

systems. The total O&M cost is higher for the composite rotor FESS than the steel rotor FESS
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because of the higher cost per unit power for the composite rotor. The costs of energy consumption
to compensate for the power loss are $11,018 and $27,546/year, respectively, for the composite
rotor and steel rotor FESSs. These costs were calculated from the standby losses. A higher standby
loss (2.5%) for the steel rotor makes the cost higher than the composite rotor’s (with only a 1%
loss). This is because a mechanical bearing suffers from high frictional loss due to the close contact
between the shaft and the bearing, while magnetic bearings support the shaft without physical
contact. The charging cost for both systems is $644,354/year with an electricity cost of
$27.6/MWh. The amortized replacement costs for the composite rotor and steel rotor FESSs are
$34,211/year and $95,123/year, respectively. The DCF analysis considers the lifetime of
components and the replacement costs to calculate the amortized replacement cost. The problem
with a steel rotor FESS is that its bearings need to be replaced frequently (typically every 5 years).
Magnetic bearings, on the other hand, provide service for 20 years or more. Both systems need a

vacuum pump replacement after 10 years of operation.
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Figure 5.6: Annual life cycle cost for flywheel energy storage systems

The key economic performance indicators for composite rotor and steel rotor FESSs with 20

MW/5 MWh rated capacity for frequency regulation are summarized in Table 5.4. Results were

also generated for wider capacity ranges (1-40 MW) and are provided in section D.2 in Appendix

D. The LCOSs are based on the annual life cycle cost, amount of electricity delivery from the

FESSs, and number of cycles per year. The LCOS largely depends on the number of cycles and

discharge duration. For the base case, we considered 4000 cycles, although we varied this in the

sensitivity and uncertainty analyses to examine its impact on the overall cost. For the same number

of cycles, the LCOS of the steel rotor flywheel is cheaper than the composite rotor, which is mainly

due to the steel rotor flywheel’s lower capital cost. The amortized capital costs are $130.26 and

$92.01/kW-year for composite and steel rotor FESSs, respectively. The corresponding LCOSs are

$189.94 and $146.41/MWh, respectively.
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The levelized cost added by storage does not account for the charging cost. The LCAS is a useful
indicator that can be used to compare different storage technologies for a specific application. The
LCAS is the added cost to the price of electricity when a storage system is in place. The LCASs

for composite and steel rotor FESSs are $155.58 and $112.05/MWh, respectively.

A scale factor (SF) was developed in this study using the TICs at different capacities. The value
of the SF was calculated to be 0.93. This means that the rate at which the TIC increases is lower
than the rate of increase in the rated power of the storage plant. Therefore, higher capacity plants
have higher returns on investment. Figure 5.7 shows the cost advantage at larger capacities. The
LCOS decreases with an increase in the rated power of the storage plant because of economies of
scale benefits, indicated by a scale factor of less than 1. Because the LCOSs presented for the base
case are specific to a particular plant capacity (20 MW), these results are not applicable for a plant
of a different capacity. We used the data generated from the model to plot LCOSs vs. plant
capacities to develop equations that can be used to estimate the LCOSs for different plant
capacities. The LCOS decreases from $217.76/MWh to $183.11/MWh for the composite rotor
FESS and from $175.07/MWh to $141.55/MWh for the steel rotor FESS, for a range of capacities
from 1-40 MW (see Figure 5.7). Equation 5.4 [431] can be used to calculate the TIC of a plant

with a different capacity for the selected technology with an SF of 0.93:

TICp _ ( ﬂ)sp 54
TICp RPy

where TIC, is the total investment cost of the base case storage system ($25.88 million for the
composite rotor FESS and $18.28 million for the steel rotor FESS), TICz is the total investment
cost of the required storage system, RP,4 is the rated power of the base case storage system (20

MW), and RP5 is the rated power of the required storage system.
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To demonstrate the validity of the model, the results were compared with those found in existing
studies. The power capital cost is the indicator widely used; this is because flywheels are used in
power applications rather than in energy applications. The power capital costs found in this study
are $1294/kW for the composite rotor and $914/kW steel rotor FESSs. The corresponding energy
capital costs are $5176/kWh and $3656/kWh. In the thirteen studies we reviewed, the power and
energy capital costs range from $250/kW [22] to $2880/kW [189] and from $1053/kWh [22] to
$10,510/kWh [119], respectively. These studies did not conduct detailed cost assessments for the
components of FESSs. Moreover, the material used for the rotors was not specified. Kailasan [201]
reported the power capital cost provided by specific manufacturers. The results of this study are in
good agreement with the values reported by Kailasan. The power capital costs of the FESSs by
Beacon Power and Powerthru (manufacturers of flywheels with composite rotors) are $1630/kW
and $1200/kW, respectively. $700/kW [201] and $950/kW [432] are the power capital costs of the
FESSs manufactured by Active Power and Amber Kinetics (manufacturers of flywheels with steel
rotors), respectively. Different assumptions, system boundary selections, and input parameters
might be the reasons for the small differences in the power capital costs between this and other
studies. In addition, the LCOSs obtained in this study were compared with the values reported in
a recent study by Schmidt et al. [23]. The LCOS for a primary response reported by Schmidt et al.
[23] is in the range of $135-$400/MWh for 2020. We estimated $189.94/MWh and $146.41/MWh
for the composite rotor and steel rotor FESSs, respectively. Although Schmidt et al. [23] did not
specify the rotor type, the LCOS values found in this research are within the range reported by
Schmidt et al. for 5000 discharge cycles per year. Mostafa et al. [24] reported about $705.30/MWh
for the LCOS of FESS, which is higher than the LCOS found in the study, mainly because of the

differences in discharge duration. While we considered 15 minutes of discharge, which is in
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agreement with the assumptions used in the earlier studies for frequency regulation [23, 293],
Mostafa et al. [24] assumed a very short-duration of 36 seconds. The results obtained in various
studies differ mainly because of data sources, modeling approaches, and assumptions related to
the input parameters. Therefore, detailed sensitivity and uncertainty analyses are important to
check the reliability of the results. Instead of providing point estimates, we presented a probable
range of the results (5™ percentile to 95" percentile) considering the uncertainties in assumptions,
modeling, and input data. Moreover, unlike most of the published studies, we designed each
component of the FESS using fundamental engineering principles and estimated their cost

functions, then developed the most useful performance indicators, such as TIC, ALCC, and LCOS.

The flywheel has become competitive with electro-chemical batteries for frequency regulation.
Flywheels have several advantages: they have comparatively longer lifetime regardless of
operating temperature and depth of discharge, and high power density. In some earlier studies,
flywheels were found to have a lower environmental footprint than electro-chemical storage
systems [203, 388]. Schmidt et al. [23] showed that flywheels show better cost competitiveness
than batteries because they have a longer cycle life. The main challenge of FESSs is the energy
loss due to friction. However, research is being conducted to increase the discharge duration of
flywheels. Amber Kinetics designed a system made of a steel rotor that can discharge for 4 hours
[433]. This will allow FESSs to be used for energy-related applications replacing electro-chemical

batteries.

The results of the research can help stakeholders, such as electric utilities and manufacturers, to
understand the economic performance of FESSs and will also be useful for making investment
decisions and policies regarding their deployment in electricity networks. Because this study

considers the design and economic aspects with a detailed sensitivity analysis of design
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parameters, it will help flywheel manufacturers to identify the areas where cost could be reduced
by improving the design. In addition, this study will facilitate a cost comparison of FESSs and

electro-chemical ESSs.

Table 5.4: Cost summary for 20 MW/SMWh flywheel energy storage systems

Cost parameter Composite rotor FESS  Steel rotor FESS
Total investment cost (million $) $25.88 $18.28

Total replacement cost (million $) $0.72 $1.95

Power capital cost ($/kW) $1294.01 $914.05
Levelized cost of storage ($/MWh) $189.94 $146.41
Levelized cost added by storage (3/MWh) $155.58 $112.05

206



$240

$220
$200 P y = 218.44x°0-047
~~~~~~~ A R? = 0.99
------------ a 4 Composite rotor
$180 flywheel

e Steel rotor

Levelized cost of storage (S/MWh)

$160 y = 173.8x°0058 f|\/WhGE|
R? = 0.99

$140

$120

0 10 20 30 40
Rated power (MW)
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5.3.4. Sensitivity and uncertainty analyses

Figure 5.8 shows the sensitivity analysis for the LCOS for the composite rotor FESS. The Morris
sensitivity analysis was used to identify the most influential parameters. The sensitivity plot was
divided into three zones, A, B, and C. In the Morris plot, mean and standard deviation dictate
whether a parameter is sensitive or not. The higher the mean, the more sensitive the parameter is.
A large standard deviation, on the other hand, indicates that either the parameter has interactions
with other variables or the parameter has a non-linear effect. The parameters in zone A have low
mean and standard deviations, hence they have insignificant impacts on the LCOS. These
parameters are round-trip efficiency, vacuum pump lifetime, and standby loss. Zone C indicates

the parameters with high Morris mean and standard deviation. These parameters are critical and
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have significant impacts on the LCOS. The sensitive parameters include the factor of safety, tensile
strength of the rotor material, number of cycles per year, discount rate, and rotor material cost. The
parameters in zone B with moderate impacts are the charging cost, O&M cost, cost of bearings,
efficiency of the power converter, etc. A similar trend was observed for the steel rotor FESS, as

seen in Figure 5.9.

The Monte Carlo simulations for the uncertainty analysis were conducted using minimum, most
likely (defaults in the model), and maximum values of inputs. Figures 5.10 and 5.11 show the
uncertainty analysis for the TIC and LCOS, respectively. The TIC ranges from $16.11 million to
$31.82 million for the composite rotor FESS and $15.51 million to $24.77 million for the steel
rotor FESS. The LCOSs are from $122.08/MWh to $253.52/MWh and from $108.63/MWh to
$187.64/MWh for the composite rotor and steel rotor FESSs, respectively. It is difficult to choose
between the two because of the overlaps in TIC and LCOS. These overlaps result from using a
wide range of input data. If the mean values are considered, the steel rotor FESS performs better
than the composite rotor FESS in terms of TIC and LCOS. The number of cycles has the most
influence on the LCOS for both FESSs. The LCOS ranges from $152.4/MWh to $227.6/MWh
with 3000-5000 cycles for the composite rotor FESS. If the number of cycles increases, the amount
of electricity delivered also increases; hence, the LCOS decreases. The factor of safety, cost of
rotor material, rotor material tensile strength, and nominal discount rate are also key parameters

that have a significant influence on LCOS distribution.
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5.4. Conclusion

The use of a flywheel storage system for short-duration applications is increasing because of its
high power density, long cycle life regardless of the depth of discharge, operating temperature,
and low environmental impact. To make investment decisions for the integration of flywheels into
electricity grids, their techno-economic feasibility needs to be assessed. However, almost no
bottom-up research has been done, i.e., research that considers the technical parameters to size the
components of a flywheel storage system, estimate cost parameters based on the design, and
provide a probable distribution of the total investment cost and levelized cost of storage. To address
the gaps in the literature, we conducted a techno-economic assessment of composite rotor and steel
rotor flywheel energy storage systems for a capacity of 20 MW with 15 minutes discharge duration
through the development of a bottom-up techno-economic model. We designed the system
components, then developed the cost function and conducted a discounted cash flow analysis to
estimate the total capital cost and levelized cost of storage. To improve model reliability, we
conducted sensitivity and uncertainty analyses to identify the parameters that affect the results and

to provide a provable distribution of the results.

The total investment costs of the composite rotor and steel rotor flywheel storage systems are
$25.88 million and $18.28 million, respectively. The corresponding levelized cost of storage
values are $189.94/MWh and $146.41/MWh. The differences in the TIC of the two systems are
due to differences in rotor and bearing costs. The composite rotor flywheel energy storage system
costs more than the steel rotor flywheel energy storage system because composite materials are
still in the research and development stage and material and manufacturing costs are high. If a
plant’s rated capacity increases, the levelized cost of storage decreases because of economies of

scale, with a scale factor of 0.93. The factor of safety, tensile strength of the rotor material, the
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number of cycles per year, discount rate, and cost of rotor material were identified as the
parameters that affect the results the most. The ranges obtained in the uncertainty analysis for the
levelized cost of storage are $122.08-$253.52/MWh and $108.63-$187.64/MWh for the composite
rotor and steel rotor FESSs, respectively. The results of the research can help understand the
economic performance of flywheel energy storage systems and will be useful for making decisions

regarding their deployment in electricity networks.
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Chapter 6: Energy and environmental footprints of flywheels for utility-scale

energy storage applications’

6.1. Introduction

Fossil fuel depletion and the environmental effects of global warming are the main drivers behind
the rapid penetration of renewables, such as wind and solar, in the electricity mixes worldwide.
The share of renewables in electricity production is projected to be 86% by 2050, up from 26% in
2018. By 2050, solar and wind could generate 67% of global electricity [434]. One of the key
challenges of operating an electrical grid with larger fractions of solar and wind is the intermittency
of renewables in matching demand and supply [435], and thus energy storage systems (ESSs) are
needed [31, 271, 436]. Short-duration ESSs usually operate for less than an hour and are crucial in
improving the robustness and reliability of electrical grid systems [11]. Although electro-chemical
batteries can be used for short-duration applications, they have a short lifetime, and their chemicals
need to be disposed of. Flywheel energy storage systems (FESSs) have proven to be feasible for
stationary applications with short duration, i.e., voltage leveling [437], frequency regulation [331],
and uninterruptible power supply [24], because they have a long lifespan, are highly efficient, and

have high power density [438].

A flywheel is a mechanical storage system that converts electricity to kinetic energy during
charging and the kinetic energy back to electricity during discharge. Steel rotor FESSs are the most
widely used FESSs, but recent developments in composite materials have encouraged
manufacturers to produce composite rotor FESSs. Beacon Power has a 20 MW plant, the largest

in North America that uses composite rotor flywheels [439]. The total installed capacity of FESSs

% A version of this chapter has been published as Rahman MM, Gemechu E, Oni AO, Kumar A. Energy and
environmental footprints of flywheels for utility-scale energy storage applications. e-Prime, 2021;1:100020.
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worldwide is 931 MW for stationary applications [331]. The global market for FESS is projected
to be $479 million in 2025, up from $264 million in 2018 [440, 441]. The increased use of FESSs
in utility applications has encouraged research, especially in flywheel design and optimization
[198, 381] and techno-economic assessment [ 189, 331]. However, the environmental performance
assessment of FESSs has received little attention from academia mainly because of the lack of data
on energy and material use in each life cycle stage of a FESS. Evaluating the environmental
footprints of FESSs over the life cycle helps to identify the hotspots and thus make informed
decisions to improve its sustainability performance; to make a reasonable comparison with other
storage technologies, such as pumped hydro, compressed air, electro-chemical batteries, and
thermal; and to formulate environmental policy in the energy sector. Each unit operation in the
supply chain of a FESS, i.e., material production, manufacturing, operation, transportation, and
end-of-life (EOL), requires energy input and hence releases greenhouse gases (GHGs). Moreover,
the contribution of different components and unit operations to the total energy consumption and
life cycle GHG emissions needs to be quantified. In addition, identifying the key input variables

that affect the environmental performance of a FESS requires a detailed investigation.

While there are a few LCA studies on FESSs, none include all the components and the full supply
chain from material production to EOL. Torell [54] performed an LCA of lead-acid (PbA) batteries
and FESSs focusing on the material production, transportation, and operation phases. The author
assumed the same footprints for the PbA battery and flywheel in the manufacturing and EOL
phases. Although the study provides some information on the carbon footprint, details of
assumptions, data sources, and model development are missing. A similar study by Active Power
estimated the carbon footprint of a FESS for an uninterruptible power supply application [55]. The

study focuses on material production for a steel rotor flywheel. A study by the Beacon Power
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Corporation compares the GHG emissions of a 20 MW FES plant with natural gas, coal, and
pumped hydro storage [56]. The authors estimated only the GHG emissions from the use of some
electricity to compensate for the energy loss in the operation phase without considering the other
life cycle stages. While those studies are helpful to understand the inventory for the material

production and operation phases, many important aspects are not covered.

First, there are no LCA studies that assess the environmental performances of composite rotor
FESSs. Research on composite rotor FESSs mainly evaluates cost performance. As composite
rotor flywheels have become popular for their low weight and low space requirement, it is worth
investigating the energy and GHG emission characteristics of the system and comparing them with

those of conventional steel rotor FESSs.

Second, most LCA studies on FESSs estimate the carbon footprints of the flywheel rotor, which
is the heart of the FESS. Other key components such as the bearings, vacuum system,
motor/generator, and power conversion system (PCS) are not fully studied. Leaving out the energy

required to produce these components may lead to a misleading conclusion.

Third, important LCA phases, such as charging/discharging and EOL, are usually omitted. These
stages, in some cases, could make significant contributions. For example, 48 kg-CO-eq are emitted
to generate 1| MWh of electricity (from solar) used for charging [442]. Neglecting the operation
(charging/discharging) and manufacturing phases could result in low estimates. Omitting these
aspects in the system boundary while conducting an LCA of a FESS can also produce misleading

information.

Fourth, none of the studies in the literature calculated the net energy ratio (NER) of FESSs. NER

is a ratio of energy generated to the non-renewable energy used over the life cycle of a system. A
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storage system with a higher NER is preferred because of its higher energy output per unit energy
consumption. It is a useful indicator to compare the effectiveness of different ESSs based on their

energy performances.

Finally, earlier studies did not include sensitivity and uncertainty analyses, an important part of
the assessment. LCA involves data collection and assumptions in building inventories (material
and energy inputs) for all the life cycle phases, and determining the environmental impacts
associated with each input. For the same input, different sources may have different values. It is
important to identify the variables that most impact the results. Furthermore, to understand the
probable range of results from the interactions of the input variables with a range, uncertainty
analysis is required. Sensitivity and uncertainty analyses can handle variations in assumptions and

data; however, they were not included in the existing LCA studies of FESSs.

This study aims to fill the above-mentioned gaps by developing a data-intensive model using a
bottom-up approach to assess the NER and the life cycle GHG emissions of steel rotor and
composite rotor FESSs. The components were sized, and material and energy inventories were
built using fundamental principles for utility-scale short-duration applications. The specific

objectives are to:

— Apply engineering principles to define and design the product system;

— Build inventories for material and energy requirements in the life cycle stages from
material production to end-of-life;

— Evaluate the environmental performances of steel rotor and composite rotor FESSs for

short-duration stationary applications;
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— Assess the life cycle NER and GHG emissions when FESSs use electricity from wind and
solar; and
— Perform sensitivity and uncertainty analyses to identify the variables that affect the results

most and to provide probable ranges of life cycle NER and GHG emissions.

6.2. Modeling method

Figure 6.1 shows the methodological framework of this study. The first stage is the goal and scope
definition, which involves stating the purpose of the study, developing a consistent system
boundary that includes all the life cycle stages for the selected systems, and defining the functional
unit for a base of comparison. In the system design phase, we used the rated power and discharge
duration to estimate the installed energy capacity of the storage plant and size all the components
of a FESS to characterize the energy and material requirements in each process unit and piece of
equipment. The inventory analysis involves compiling and calculating energy and material inputs
and outputs and the associated GHG emissions at each life cycle stage of the product system. The
NER was evaluated from the total energy produced and the total primary energy consumed during
the lifetime of the FESSs. Finally, sensitivity analysis was carried out followed by an uncertainty
analysis to understand the impacts of the design parameters, data variability, and assumptions used
in the model on the results. The following sections describe each component of the framework in

detail.
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Figure 6.1: Life cycle assessment framework for a flywheel energy storage system

6.2.1. Goal and scope

This research aims to conduct a comparative life cycle assessment of steel rotor and carbon fiber
composite rotor FESSs through the development of a scientific principles-based model. The NER
and life cycle GHG emissions were used as environmental performance indicators. As the function
of an ESS is to deliver electricity, the functional unit is defined as 1 MWh electricity delivered. A
20-year project lifetime, the lifetime of a FESS, was assumed. The replacement of some

components, such as mechanical bearings and vacuum pumps, was also considered in this study.
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Figure 6.2 shows the system boundary developed to reasonably compare the two FESSs, composite
and steel rotor. All the life cycle phases were considered, i.e., material production, manufacturing,
operation, transportation, and EOL. The material production phase includes the energy and
materials required to extract and process the resources used to build different FESS components,

and the manufacturing phase considers the production of the components.

The operation phase includes charging, discharging, and standby modes. In the standby mode, the
FESS rotates at a constant speed; this mode requires a small amount of energy for the flywheel to
maintain its speed. The amount of electricity required in changing and discharging depends on the
flywheel efficiency, power conversion system (PCS) efficiency, rated power of the plant, discharge
duration, and the number of cycles in a year. The energy input in this phase is the electricity
required for charging and standby modes, and the output is the amount of electricity delivered by
the system. Because the motivation behind this study is increased penetration of renewables in the

electricity mix, we assumed that electricity from solar and wind would be used for charging.

In the EOL phase, the components are dismantled and transported to a recycling facility and a
landfill. As the components are mostly built from metal, it was assumed that metal would be
recycled, and the residues disposed of at a landfill. Although the steel rotors are 100% recyclable
[443], recycling the composite rotor is not a common practice given the lack of established
methods for recycling it [444]. Therefore, the composite material was assumed to be disposed of

in a landfill.
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6.2.1.1. FES system description

The main components of a flywheel energy storage system are a rotor, an electrical
motor/generator, bearings, a PCS (bi-directional converter), a vacuum pump, and a vacuum
chamber [69]. During charging, the rotor is accelerated to a high speed using the electrical motor.
The energy is then stored in the FESS in the form of kinetic energy by keeping the rotor at a
constant speed. During discharge, the generator converts mechanical energy to electricity. The
amount of energy stored in the flywheel rotor is proportional to the moment of inertia and the
square of the angular velocity of the rotor. Equation 6.1, adapted from Olabi et al. [438] shows the

energy stored in the flywheel rotor:

E =102 1)
2

where E is the stored energy (J), / is the moment of inertial (kg.m?), which depends on the material

and shape of the rotor, and w is the angular velocity (rad/s).

Based on rotational speed, FESSs are categorized as low-speed and high-speed. Low-speed FESSs
typically have a speed up to 6000 RPM [28] and are usually made of steel [205]. High-speed FESSs
are characterized by higher speed (up to 100,000 RPM [379]) and are typically made of carbon
fiber and fiberglass [445]. Magnetic or mechanical bearings are used to support low-speed
flywheels [203]; high-speed flywheels require magnetic bearings [203]. The motor/generator is an
electrical machine that converts electricity to kinetic energy during the charging process and
converts mechanical energy to electricity during discharge [69]. A housing holds the FESS in a
vacuum environment using a vacuum pump to reduce drag. The housing is also used to contain
the rotor during system failure [203]. A PCS is used to convert AC-DC, DC-AC, or a combination

[203].
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6.2.2. System design

FESSs are a common choice for power applications and have a discharge duration of a few seconds
to less than an hour [446]. Frequency regulation is one of the most common stationary applications
for a FESS [331]. A 20 MW system for frequency regulation is the largest North American FESS
and is situated in Stephentown, New York, USA [447]. There is a grid-connected FESS in Ontario,
Canada with a capacity of 2 MW [448]. Both operate for 15 min at their rated capacities. In this
study, the systems were modeled for a rated capacity of 20 MW/5 MWh (0.25 h discharge duration)
for frequency regulation. The FESSs were assumed to operate for 4000 cycles per year based on
commercial-scale development [449]. However, we varied the number of cycles to determine the
impact on the NER and GHG emissions. A FESS of any MW capacity requires hundreds of
flywheels, depending on the capacity of each flywheel. The useful energy of a FESS was estimated
based on its operational parameters (presented in Table 6.1). Once the power and energy capacities
of each flywheel are known, the number of flywheels required for the 20 MW/5MWh plant was
quantified. The amount of kinetic energy stored in the flywheel was calculated based on the mass
of the rotor, maximum and minimum angular speeds, and radius of the rotors (see Equation E.1 of
Appendix E). The maximum surface speed is limited by the tensile strength [401]. The radius of
the flywheel rotor for a given rotational speed can be calculated using the tensile strength, the
density of the rotor material, and the safety factor. The detailed calculation of the rotor outer radius
and energy stored in the flywheel can be found in Appendix E in section E.1. In this study, the
shapes of the composite and steel rotors were assumed to be hollow and solid cylinders,
respectively, as these are the typical shapes used in the flywheel industry [450]. The outer radii of
the steel and carbon fiber rotor were calculated as 0.49 m and 0.46 m, respectively. The inner

radius of the composite rotor was calculated based on the outer radius and the ratio of the inner to
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the outer diameter (ID/OD) of 0.60. According to Kailasan, an ID/OD of 0.50 to 0.75 is a good
compromise typically used in the flywheel industry [451]. In this study, we assumed the length to
rotor outer diameter (L/OD) ratio to be 0.95. Usually, this ratio is taken as less than 1 for
rotodynamic reasons to avoid bending [452]. Using the above-mentioned geometric
characteristics, we found that the kinetic energy stored in a steel rotor FESS and a composite rotor
FESS is 28 kWh and 26 kWh, respectively. The corresponding values of electrical energy are 27
kWh and 25 kWh. The rated power capacities of a steel rotor FESS and a composite rotor FESS
are 108 kW and 100 kW, respectively, for 15 min discharge duration. Therefore, 186 steel rotor
flywheels and 200 composite rotor flywheels are needed for a 20 MW/5 MWh steel rotor FESS

and composite rotor FESS, respectively.

The FESS should operate in a vacuum chamber with a pressure of 100 to 0.10 Pa to reduce friction
and overcome the heating problem [453]. A 0.14 Pa vacuum chamber requirement is assumed in
this study. Similar assumptions were found in the studies in the literature for steel rotor FESSs
[454] and composite rotor FESSs [455]. A 0.55 kW vacuum pump can achieve this low pressure

[454].

Although a FESS can operate for more than 20 years, some components such as the vacuum pump
and mechanical bearing for a steel rotor FESS will need to be replaced sooner (see Table 6.1).

However, the magnetic bearing can last for 20-30 years with proper maintenance [456].

Table 6.1: Technical assumptions used for the FESSs

Parameter Steel rotor FESS Composite rotor FESS
Shape factor 0.5 [405] 0.5 [404]

Rotor material density (kg/m?) 7780 [454] 1700 [451]

Rotor material tensile strength (GPa) 1.24 [403] 4 [454]
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Parameter Steel rotor FESS Composite rotor FESS
Factor of safety 4 [406] 4 [406]
Poisson’s ratio for steel 0.3 [401] -

Maximum rotational speed (RPM) 6000 [407] 16,000 [198]
Minimum rotational speed (RPM) 3000 (assumed) 8000 [198]
Thickness of the housing (m) 0.05 [457] 0.05 [457]
Ratio of shaft diameter to rotor outer diameter 0.15 [458] 0.15 [458]
Flywheel efficiency (%) 90 [6] 90 [6]

PCS efficiency (%) 95 [169] 95 [169]
Generator efficiency (%) 95 [459] 95 [459]
Storage plant lifetime (years) 20 [460] 20 [460]
Vacuum pump lifetime (years) 10 [461] 10 [461]
Magnetic bearing lifetime (years) - 20 [456]
Mechanical bearing lifetime (years) 5[205] -

PCS lifetime (years) 20 [462] 20 [462]

6.2.3. Inventory analysis

In the inventory analysis, all the energy and material input requirements and the corresponding

outputs at each stage of the FESSs life cycle are calculated for the 20 MW/5 MWh FESS:s. A slight

adjustment to the inventory can be made to estimate the environmental footprints of FESSs with

any capacity. The following section discusses the detailed considerations in developing material

and energy inventories.

6.2.3.1. Material production

To quantify the energy required for material production, the construction materials for each

component of the FESS were identified, and then the total mass of each material was calculated.
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Once the material quantities are known, with the specific energy consumption (MJ/kg) and
emission factors (kg-CO»eq/kg) to produce these materials, the total energy consumption and
resulting GHG emissions in material production can be estimated. Table 6.2 shows the materials
estimates for the 20 MW/5 MWh FESSs. The replacement of mechanical bearings for the steel
rotor FESS and vacuum pumps for both the steel rotor and composite rotor FESSs was also

considered.
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Table 6.2: The material inventory for steel rotor and composite rotor FESSs

Component Material Steel rotor Composite Comment
FESS mass rotor FESS
(tonne) mass (tonne)

Rotor 4340 alloy steel [55] for 1047 124 The mass of the rotor was calculated from the material density and its
steel rotor and carbon radius and length, as mentioned in section 6.2.2. See Table E.l in
fiber composite for Appendix E for the composition of 4340 alloy steel.
composite rotor [439]

Rotor shaft 4340 alloy steel [463] 46 40 Similar to the rotor, the mass of the shaft was calculated from the density

of the shaft material and its radius and length.

Housing Steel [203] 636 590 The thickness of the housing was taken to be 0.05 m [457] and the

density of the steel was 7700 kg/m?> [464].

Motor/generator  Cast iron (70%) and 15 15 The mass of each motor/generator was calculated from its capacity (kW)

copper (30%) [256] and specific power (kW/kg). The capacities of the motors for the steel
rotor and composite rotor FESSs are 108 kW and 100 kW, respectively.
The specific power was assumed to be 1.30 kW/kg; it can range from
1.2 to 1.6 kW/kg [465].

Mechanical Chrome steel [466] 34 - The mass of each mechanical bearing is 23 kg [467]. See Table E.1 in

bearing Appendix E for the composition of chrome steel.
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Component

Material Steel rotor Composite

FESS mass rotor FESS

Comment

Magnetic

bearing

Vacuum pump

PCS

(tonne) mass (tonne)
Iron, neodymium iron - 16
boron (NdFeB) magnet,
and non-magnetic
material [468]
Cast iron (50%) and 9 10
stainless steel (50%)
[471,472]
Steel (60%), aluminium 273 272

(18%), copper (12%),
and plastics (polyamide
injection molded)

(10%) [475]

Due to data unavailability for the mass, the mass of each magnetic
bearing was extracted from a ratio of the rotor mass to the bearing mass
(21.82) based on the information provided by Werfel et al. [469]. The
estimated mass of a magnetic bearing is 41 kg. For the non-magnetic
material, copper was considered based on the information provided by
Tantau [470]. Because no information was found, we assumed that every

material has the same mass fraction.

A 0.55 kW vacuum pump is sufficient to maintain the vacuum
requirement, as mentioned in section 6.2.2. The mass of each 0.55 kW
vacuum pump is 25 kg [473]. The material composition for the pump is

based on the assumption by Nimana et al. [474].

The mass of the PCS was estimated assuming a linear relation between
the mass and capacity of the PCS. This approach is common practice in
LCA when there is little or no data [256]. The mass of the PCS for this
study was calculated from a 100 kW PCS with 1361 kg mass [476].
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6.2.3.2. Manufacturing

We estimated the manufacturing energy requirement for each component and identified the energy
sources. With appropriate emission factors for the energy sources and energy requirements, we
calculated the total GHG emissions in the manufacturing phases. Table 6.3 shows the energy
inventory for the manufacturing phase along with the sources of energy used for the 20 MW/5

MWh FESSs.

As shown in Table 6.3, electricity is one of the largest sources of energy supply and the emission
factor of electricity depends on the grid mix, which varies by jurisdiction. As the plant location is
in Alberta, a western province in Canada, we assumed that the FESSs are manufactured there. For
the base case, Alberta’s grid emission factor was used for electricity consumption. However, we
varied the emission factor in the model for other provinces in Canada to see the impact of changes
on GHG emissions. This framework can be used for other jurisdictions around the world by

adjusting some input parameters.
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Table 6.3: Developed energy inventory for the manufacturing phase

Component

Energy source Steel rotor Composite Comment
(unit) FESS rotor
FESS

Steel rotor

Composite rotor

Rotor shaft

Electricity (MWh) 11,232

Electricity (MWh) -

Electricity (MWh) 346

504

294

Energy consumption in steel rotor manufacturing was estimated from the
specific energy (MJ/kg) and the mass of the rotor. The specific
manufacturing energy for the steel rotor is 39 MJ/kg, which was estimated
from Yu et al.’s work [477].

The specific energy for composite rotor production was quantified using
information from various sources. First, the manufacturing steps were
identified followed by the estimation of energy requirements in each step.
The manufacturing steps for the composite rotor are filament winding,
curing at high temperatures, and machining [381]. The specific energy
requirements for filament winding and curing were considered to be 4
MlJ/kg [478] and 7.5 MJ/kg [479], respectively. A little machining may be
required to give the rotor a final shape. The specific energy consumption
in machining with a lathe was assumed to be 75,182 MJ/m* of material
removed [480].

The manufacturing energy consumption for the rotor shaft was estimated
from the specific energy (MJ/kg) and the mass of the shaft. The specific
manufacturing energy for 4340 steel alloy shaft is 27 MJ/kg, estimated
from Yu et al.’s work [477].
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Component

Energy source

Steel rotor

Composite Comment

(unit) FESS rotor
FESS
Motor/generator Electricity (MWh) 19 19 The energy requirements for the motor/generator were taken from the
Natural gas (GJ) 866 863 publicly available free version of the ecoinvent 3.6 database [481]. A linear
Diesel (GJ) 866 863 relation between energy requirements and the capacities of the
motor/generator was assumed. A 200 kW motor/generator requires 185
kWh electricity, 8626 MJ natural gas, and 8626 MJ diesel for its
manufacturing [481]. These values were linearly scaled for the
motor/generator of 108 kW and 100 kW for a steel rotor FESS and a
composite rotor FESS, respectively.
Mechanical Electricity (MWh) 249 - The specific energy requirements for mechanical bearing manufacturing
bearing Natural gas (GJ) 453 - were based on the study by Ekdahl [482]. The specific energy
LPG (Q)) 105 - requirements for mechanical bearing production can be found in Table E.2
Fuel o1l (GJ) 72 - of Appendix E.
Diesel (GJ) 0.28 -
Coal (GJ) 0.06 -
Magnetic Electricity MWh) - 8 There is no information on magnetic bearing manufacturing. According to
bearing Natural gas (GJ) - 7 Koehler et al., a magnetic bearing stator largely resembles an electric
Diesel (GJ) - 7 motor’s stator [483]. The authors mentioned that it is possible to use

identical manufacturing tools, standards, and processes. Therefore, we

assumed the same energy for magnetic bearing production as for the
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Component Energy source Steel rotor Composite Comment
(unit) FESS rotor
FESS
production of an electric motor, and this was taken from the ecoinvent 3.6
database [481]. The manufacturing energy requirements for a 53 kg
electric motor are 26.53 kWh electricity, 22.35 MJ natural gas, and 21.69
MJ diesel [481]. These values were then linearly scaled up for each
magnetic bearing of 41 kg.
Vacuum pump  Electricity MWh) 1 1 A linear relation between energy requirement and capacity of the vacuum
Natural gas (GJ) 12 13 pump was assumed. The manufacturing energy requirements for a 22 kW
pump are 140 kWh electricity and 1330 MJ natural gas [481]. The values
were then scaled down for the 0.55 kW vacuum pump used in this study.
PCS Electricity (MWh) 25 26 The specific energy requirements for the PCS were based on the study by
Fuel oil (GJ) 0.54 0.55 Tschiimperlin et al. [484]. The amount of energy in manufacturing a PCS
Natural gas (GJ) 9 9 per unit power decreases with increasing rated power [484]. Details of
Heat from MSW 22 23 energy requirements for PCS manufacturing can be found in section E.3
(G)) of Appendix E.
Transportation  Diesel (GJ) 490 254 See section 6.2.3.5 for details.
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6.2.3.3. Operation

We estimated the electricity requirement for a FESS to be 23.39 GWh/year and the average
electricity delivered from the system 18.75 GWh/year, with a 0.14% yearly degradation (from
Mongird et al. [189]). The electricity requirement for standby mode is different for the steel rotor
FESS and the composite rotor FESS. The standby power consumption was calculated from standby
losses. The standby losses range from 1 to 5% [205, 395] and 0.5-2% [485, 486] of the rated
capacity for mechanical and magnetic bearings, respectively. In this study, standby losses for the
steel rotor FESS and composite rotor FESS were assumed to be 2.5% [485] and 1% [56],
respectively. The steel rotor FESS experiences more loss than the composite rotor FESS because
of higher frictional losses in the mechanical bearings. The composite rotor FESS’s magnetic

bearings use magnetic force to support the rotor without friction.

6.2.3.4. End-of-life

We assumed that the flywheel components are dismantled mechanically, based on the assumptions
in a study by Weber et al. [44]. The diesel and electricity requirements for dismantling are 0.10
MlJ/kg and 0.01 kWh/kg, respectively [44]. The amount of recycled material was calculated from
the recovery rate of different metals. If the recovery rate is not 100%, virgin materials would be
used to fulfill material requirements. We used a recovery rate of 90% for the metals [44]. Table

6.4 shows the recovery rate along with the specific energy and emission factors for various metals.

The energy requirements in landfilling are based on diesel consumption in the compactors and soil
excavation and moving, and electricity requirements for the electric machines. The specific diesel

and electricity requirements are 2 L and 7 kWh, respectively, for 1 tonne of material landfilled
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[487]. With these values and emission factors for diesel and electricity, we estimated the GHG

emissions in landfilling.

Table 6.4: Recovery rate, specific energy, and emission factors for different metals

Metal Recovery rate (%)  Specific energy Emission factor (kg-
consumption (MJ/tonne) COzeq/tonne)

Steel 90 [44] 21,032 [488] 1407 [488]
Aluminium 90 [44] 30,703 [488] 1852 [488]
Copper 90 [44] 14,303 [489] 1071 [489]

6.2.3.5. Transportation

As we assumed that flywheels would be manufactured in Alberta, Canada, a distance of 200 km
was assumed from the manufacturing location to the storage plant. However, we varied this
distance to see the impact of changes on the overall results if the flywheels are transported from
other provinces in Canada. We also assumed an additional 200 km transportation for the EOL to
transport the dismantled parts to the recycling plant or landfill. The mode of transportation is
heavy-duty trucks. The specific energy consumption of diesel in trucks is 0.61 MJ/tonne-km,
calculated from the specific diesel consumption of 0.017 L/tonne-km [490] and lower heating
value of diesel of 35.94 MJ/L [491]. Once the energy requirements in transportation are quantified,
with diesel’s emission factors (Table E.4 of Appendix E), total GHG emissions were calculated.

The total energy requirement in the form of diesel for transportation can be found in Table 6.3.

The NER is the ratio of the electricity delivered to the total energy consumption in the life cycle
stages from material production to EOL. The amount of electrical energy required during the
charging process was not included in the total life cycle energy use because the electricity in this

study is assumed to be produced from renewables, either solar or wind. However, the energy
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required to produce different components of solar and wind farms is included. The total GHG
emissions were calculated by converting and aggregating CO», CHs, and N>O emissions from each
life cycle stage to CO; equivalents using global warming potential values of 1, 28, and 265,

respectively, for a 100-year time horizon [492].

6.2.4. Sensitivity and uncertainty analyses

Sensitivity and uncertainty analyses were carried out using the Regression, Uncertainty, and
Sensitivity Tool (RUST) developed by Di Lullo et al. [285]. Sensitivity analysis was conducted
using the Morris method to examine the effects of input parameters on the NER and life cycle
GHG emissions. The Morris method can capture the interactions among the input variables; hence

it was used in this analysis.

Uncertainty analysis was conducted to determine the possible ranges in the results from the
simultaneous change in multiple input factors. Monte Carlo simulations were carried out using the
RUST based on the minimum, most likely (the default values used in the model), and maximum
values of input parameters found in the literature. To get the final output distribution, a random
sample was selected from the input variables’ range and iterated 100,000 times. Table E.5 in

Appendix E lists the input parameters and values used for uncertainty analysis.

6.3. Results and discussion
This section presents and discusses the results of NER and life cycle GHG emissions based on the
default inputs used in the model. To capture the uncertainties in the data and assumptions in the

model, the results of sensitivity and uncertainty analyses are also presented and discussed.
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6.3.1. Net energy ratio

The rated power, number of cycles, and discharge duration determine the amount of electricity
delivered over the life cycle. The lifetime electricity delivered from the system was calculated to
be 375 GWh with 0.25 h discharge duration and 4000 cycles per year. The NERs of the steel rotor
FESSs are 2.5 and 3.5 for solar and wind, respectively. The corresponding values for composite
rotor FESSs are 2.7 and 3.8. The NERs of composite rotor FESSs are higher because they consume
less energy during their life cycle to deliver 1 MWh of electricity. Figure 6.3 presents the energy
consumption in the life cycle stages of the FESSs. For steel rotor FESSs, operation contributes the
most to life cycle energy use at 71-79%, followed by material production at 9-13%, manufacturing
at 8-12%, and EOL at 3-4%, depending on the electricity source. For composite rotor FESSs,
operation is again the most energy-intensive phase at 65-76%, followed by material production
and EOL at 20-29% and 3-5%, respectively. The contribution of manufacturing is about 1% for
composite rotor FESSs. Transportation makes an insignificant contribution of less than 0.1% in

both systems.

The energy consumption in the material production stage is much lower in a steel rotor FESS (see
Figure 6.3). The energy required to produce 4340 alloy steel for the steel rotor contributes 48% to
the total energy requirement in material production. For the composite rotor, on the other hand,
68% of the energy requirement in material production is from carbon fiber composite production.
Although the weight of the steel rotor is about 8 times the weight of the composite rotor, the
production energy of the composite material is much higher (735 MJ/kg) than the 4340 alloy steel’s
(38 MJ/kg). The energy requirement for material production for the PCSs contributes 21% and
13% to the total energy consumption in material production for the steel rotor FESS and the

composite rotor FESS, respectively. The difference in manufacturing energy requirement is mainly
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due to rotor production. The energy consumption in steel rotor manufacturing is about 39 MJ/kg,
while the manufacturing of a composite rotor requires only about 15 MJ/kg. Based on these figures,
the manufacturing of a steel rotor and a composite rotor contributes 90% and 37% to the total
manufacturing energy for the steel rotor FESS and the composite rotor FESS, respectively. Along
with its large weight, the steel rotor has another drawback, energy loss due to friction between the
rotor shaft and the bearings. The lifetime energy requirements in the standby mode are 20 GWh
(with 2.5% loss) and 8 GWh (with 1% loss) for the steel rotor FESS and the composite rotor FESS,
respectively. As shown in Figure 6.3, the difference in energy consumption in the operation phase
for the composite rotor FESS with solar and wind is due to the difference in embodied energy for
electricity from solar and wind. The energy demand to produce 1 MWh electricity from solar
photovoltaics is about 1.8 times the energy requirement for electricity from wind. The energy
consumption in transportation is comparable in both systems; the small difference is due to
differences in the total mass of the systems. The energy consumption in the steel rotor FESS EOL
phase is higher than for the composite rotor FESS mainly because of the large amount of steel to
be recycled from the steel rotor. EOL energy consumed in dismantling contributes 2.50% for a
steel rotor FESS and 0.88% for a composite rotor FESS. Landfilling has an insignificant

contribution.
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Figure 6.3: Life cycle energy requirements for FESSs

6.3.2. Life cycle GHG emissions

The comparative life cycle GHG emissions of the steel rotor FESS and the composite rotor FESS
are shown in Figure 6.4. The composite rotor FESS offers better environmental performance with
lower GHG emissions than the steel rotor FESS. The life cycle GHG emissions of the steel rotor
FESS and composite rotor FESS are 121.4 kg-CO.eqg/MWh and 95.0 kg-CO.eq/MWh,
respectively, when electricity from solar energy is used for charging. When the charging electricity
comes from wind energy, life cycle GHG emissions are 75.2 kg-CO.eq/MWh and 48.9 kg-
CO2eq/MWh for the steel rotor FESS and composite rotor FESS, respectively. The difference is
due to the upstream GHG emissions in solar and wind-based electricity, 48 kg-CO2eq/MWh for
solar and 11 kg-CO2eq/MWh for wind [442]. Although electricity from solar and wind was

considered for charging in the base case, additional results are provided for different electricity
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mixes used in four Canadian provinces. Figure E.1 in Appendix E shows the life cycle GHG

emissions when electricity for charging comes from the grid.

As Figure 6.4 shows, the operation phase is the largest contributor to GHG emissions: 60-75% for
the steel rotor FESS and 54-76% for the composite rotor FESS. This includes the upstream
emissions from charging and emissions due to the electricity use in standby mode. The standby
mode contributes 34-70% and 17-48%, respectively, to the total GHG emissions in the operation
phase of the steel rotor FESS and the composite rotor FESS. In standby mode, the GHG emissions
for the steel rotor FESS are about 19 kg-CO2eq/MWh higher than for the composite rotor FESS
due to higher electricity requirements to compensate for the loss. GHG emissions in the material
production phase are 7.7 kg-CO2eq/MWh and 17.9 kg-CO2eq/MWh for the steel rotor FESS and
the composite rotor FESS, respectively. The higher GHG emissions in the case of the composite
rotor FESS are due to the energy-intensive composite material production process. To produce one
kg of carbon fiber composite, about 36% more GHGs are emitted than for the 4340 steel alloy.
The GHG emissions in the manufacturing phase are 19.1 and 1.7 kg-CO2eq/MWh, respectively,
for the steel rotor FESS and the composite rotor FESS. The manufacturing phase of the steel rotor
FESS is more GHGe-intensive than that of the composite rotor FESS. About 92% of the
manufacturing GHG emissions are from the manufacturing of the steel rotor; the manufacturing
of the composite rotor makes up 47% of the manufacturing GHG emissions. The contribution of
transportation is negligible. The EOL includes dismantling, recycling, and landfilling. Most of the
GHG emissions in this phase are from energy use in the recycling of metals. The GHG emissions
in the EOL for the steel rotor FESS and the composite rotor FESS are 3.1 kg-CO2eq/MWh and 2.9
kg-CO2eq/MWh, respectively. The steel rotor FESS has slightly higher emissions because of the

heavy weight of the steel rotor. The EOL contributes 3-6% to the life cycle GHG emissions.
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Electricity is the main source of energy used in material production, manufacturing, and other life
cycle stages. The GHG emissions in electricity use contribute 82-89% to the total life cycle GHG
emissions for steel rotor FESSs, while this contribution for composite rotor FESSs is 52-75%.
Alberta grid mix electricity was considered in this study. Alberta’s electricity emission factor is
high (590 kg-CO2eq/MWh) because coal and natural gas are the main sources of energy [367].
The overall GHG emissions could be lower if high renewable shares are considered. For example,
when the provinces of British Columbia and Manitoba are considered, GHG emissions could be
reduced by 18.7 kg-CO2eq/MWh and 1.3 kg-CO2eq/MWh for the steel rotor FESS and the
composite rotor FESS, respectively. The reduction is much lower for the composite rotor FESS
because of its relatively lower energy consumption in the manufacturing phase. Slight adjustments
in the model are required to reflect the GHG emissions for other locations. The electricity emission

factors for Canadian provinces can be found in Table E.4 of Appendix E.
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Figure 6.4: Life cycle GHG emissions of FESSs

The GHG emissions of FESSs were compared with the emissions of other storage technologies for
similar applications. The GHG emissions in the operation phase depend on the source of
electricity, which differs depending on the location of the storage plant. Instead, we compared the
GHG emissions from cradle-to-gate (excluding operation) to provide insight into the performance
of different ESSs. Figure 6.5 shows a comparison of the cradle-gate GHG emissions of different
ESSs in frequency regulation. Most of the LCA studies assessed mature technologies, such as
pumped hydro, compressed air, and thermal energy storage systems. Few considered electro-
chemical ESSs. Among ESSs, electro-chemical ESSs are suitable for frequency regulation.
Although a few studies evaluated the life cycle GHG emissions of different electro-chemical ESSs,

only Hiremath et al. [258] provided cradle-to-grate separate results, which we used for comparison.
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FESSs have lower GHG emissions than electro-chemical ESSs in frequency regulation
applications with 15 min discharge. The main problem with electro-chemical ESSs is their short
lifetime. Hiremath et al. give a lifetime of 8.5-11.5 years. For the same application, a FESS has a
lifetime of 20 years. Another important reason for lower GHGs in FESSs is that they use mostly
metal and composite materials, though the batteries use several GHG-intensive chemicals, such as
cathode material (comprised of nickel, cobalt, and manganese) for lithium-ion (Li-ion), -alumina
for sodium-sulfur (Na-S), and V>0s for vanadium redox flow battery (VRFB). For example, the
GHG emissions in Li-ion cathode production are 5 times higher compared to the emissions in steel
production. It makes steel rotor FESSs less GHG-intensive than Li-ion [488]. Among the electro-
chemical ESSs, Li-ion and Na-S have lower GHGs than PbA because of their longer cycle lives.

The cycle lives of Na-S and Li-ion are 2.6 and 8.2 times longer than those of PbA batteries [258].

Although FESSs are cleaner than electro-chemical ESSs, they have some challenges including
energy loss due to friction and high composite material cost. The development and
commercialization of composite materials are crucial in reducing the overall system cost. Research
is being conducted to reduce friction loss and improve the discharge duration of flywheels. Amber
Kinetics developed a FESS that can discharge for 4 h which will allow it to be used for energy

applications [331].
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[Note: FESS: flywheel energy storage system, Li-ion: lithium-ion, Na-S: sodium-sulfur, PbA:

lead-acid, and VRFB: vanadium redox flow battery]

6.3.3. Sensitivity and uncertainty analyses

The results discussed in the previous sections were based on default inputs and assumptions. To
evaluate the uncertainties in the assumptions and data used, a range for each input was considered
in the sensitivity and uncertainty analyses. We identified the most influential input parameters in

the sensitivity analysis and used these parameters in the uncertainty analysis to obtain the probable
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ranges of NER and life cycle GHG emissions. The results of sensitivity and uncertainty analyses

are discussed in this section.

In the Morris sensitivity analysis, the parameters with high mean and standard deviation have the
largest impact on the results. The most influential parameters for the NER of a steel rotor FESS
are standby loss, the number of cycles, and energy demand for solar/wind plants. This is obvious,
as all of these parameters are related to the operation phase, which contributes greatly to the life
cycle energy use. The efficiency of the PCS, tensile strength of rotor material, and safety factor
have a moderate impact on the NER. Other parameters such as energy requirements in landfilling
and transportation distance are considered non-influential because of their low mean and standard
deviation in the Morris analysis. A similar trend was found for the composite rotor FESS’s NER.
For the GHG emissions of a FESS, the influential parameters are the electricity emission factors
(grid, solar, and wind), standby loss, number of cycles, flywheel and PCS efficiency, and safety
factor. An example of sensitivity analysis for life cycle GHG emissions is shown in Figure E.2 in

Appendix E.

The uncertainty analysis was performed using the minimum, most likely (defaults in the model),
and the maximum values of each input variable (see Table E.5 in Appendix E). Figures 6.6 and
6.7 show the uncertainty analysis results for the NER and life cycle GHG emissions, respectively.
The NERs of a steel rotor FESS range from 1.6 to 3.2 and 2.1-5.0, respectively, with solar and
wind electricity. The corresponding values for a composite rotor FESS are 1.7-3.5 and 2.3-6.0.
Because of the overlaps in the NERs of a steel rotor FESS and a composite rotor FESS, it is not
possible to say which one has better performance, however, the mean values indicate that a

composite rotor FESS has a slightly higher NER. Energy demand in solar and wind plants is the
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most influential parameter in the uncertainty analysis of the NER. The other influential parameters

are standby power loss, the number of cycles, the factor of safety, and efficiency of the PCS.

The GHGs of a steel rotor FESS range from 70.7 to 196.3 kg-CO2eq/MWh and 30.0-100.1 kg-
CO2eq/MWh, respectively, with solar and wind electricity (Figure 6.7). The corresponding values
for a composite rotor FESS are 69.2-181.1 kg-CO2eq/MWh and 31.5-75.5 kg-CO2eq/MWh. There
are overlaps in the GHG emissions of the FESSs, which makes the selection of a system difficult.
The overlaps are mainly from the upstream electricity emission factors in the operation phase. The
emission factors of solar and wind range from 26 to 183 kg-CO.eq/MWh and 3-45 kg-
CO2eq/MWh, respectively. The grid emission factor also influences the results. The third most
sensitive parameter is the standby energy consumption in a steel rotor FESS. This parameter alone
can change the emissions from 114.2 to 138.2 kg-CO2eq/MWh and 49.8-73.5 kg-CO2eq/MWh,
respectively, for a steel rotor FESS using solar and wind. For the composite rotor, however, along
with solar, wind, and grid emission factors, the safety factor, number of cycles, and flywheel and
PCS efficiencies can influence the results. If the mean values (yellow dots) are considered, a

composite rotor FESS has comparatively lower life cycle GHG emissions.
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6.4. Conclusion

Environmental and energy performance indicators are an important part of the investment
decisions prior to the deployment of utility-scale flywheel energy storage systems. There are no
published studies on the environmental footprints of FESSs that investigate all the life cycle stages
from cradle-to-grave. This study quantifies the net energy ratio and life cycle GHG emissions of
two configurations of FESS, steel rotor and composite rotor, for utility applications of 20 MW
capacity and 15 min discharge. A data-intensive model was developed to design the system
components and to develop material and energy inventories for the life cycle stages from material
production to end-of-life. Then, the material and energy inventories were translated to the NER
and life cycle GHG emissions using the appropriate energy and emission factors. Finally,

sensitivity and uncertainty analyses were conducted to handle the variability in the model.

Depending on the electricity source, the net energy ratios of steel rotor and composite rotor
flywheel energy storage systems are 2.5-3.5 and 2.7-3.8, respectively, and the life cycle GHG
emissions are 75.2-121.4 kg-CO2eq/MWh and 48.9-95.0 kg-CO2eq/MWh, respectively. The base
case results show that the composite rotor FESS has lower GHG emissions than the steel rotor
FESS. The use of composite material reduces the overall GHG emissions, however, the life cycle
cost of the composite rotor FESS is higher than steel rotor FESS, which results from the high cost

of composite material.

Operation is the most energy- and GHG-intensive stage. GHG emissions in this phase are higher
in a steel rotor FESS because of its comparatively higher standby loss. The second largest
contribution comes from manufacturing for a steel rotor FESS and material production for a
composite rotor FESS. The emission factors of solar, wind, and grid, the number of cycles, and

the factor of safety are among the few sensitive parameters that can impact GHG emissions. This
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study provides information to understand the environmental performances of FESSs that could be
useful for their integration into electricity networks. In addition, this study facilitates the

comparison of various short-duration energy storage technologies.
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Chapter 7: The development of a techno-economic model for assessment of

cost of energy storage for vehicle-to-grid applications in a cold climate!’

7.1. Introduction

Renewable energy systems are increasingly replacing fossil fuel-based power generators in an
effort to decarbonize the power sector [338]. Policy initiatives undertaken by many countries have
helped electric vehicles (EVs) replace conventional vehicles run by carbon-based fuels [493, 494].
In recent years, the number of EVs has increased substantially, from 1.2 million in 2016 to 6.8
million in 2020 [495]. It is projected that the EV market will reach about 120 million by 2030 [32].
This drastic increase will put a significant load on electricity grids, impacting their daily
operations, and, as a result, electricity costs will increase [33]. The combined effects of increased
renewable penetration and a large number of EVs in electricity networks will result in a power
imbalance between demand and supply [34]. Therefore, problems such as frequency variation and
voltage fluctuation will occur, which can harm an electricity network’s economic and stability
performances [35, 36]. One way to manage these problems is to use EVs as aggregated energy
storage systems (ESSs), transforming them from electric loads to energy resources. Robledo et al.
found that 95% of the time, EVs are in parking lots [496], and therefore they can be used to sell
their energy to the electricity network [497]. An EV can be used as energy storage to provide
several services to the electricity network including frequency regulation [17], energy arbitrage
[18], load-leveling [19], etc. The connection between the grid and EVs can be facilitated through

vehicle-to-grid (V2G) technology.

10 A version of this chapter has been submitted as Rahman MM, Gemechu E, Oni AO, Kumar A. The development of
a techno-economic model for assessment of cost of energy storage for vehicle-to-grid applications in a cold climate
to Energy.
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V2G allows bi-directional flows of energy from an EV to the grid and from the grid to an EV
[498]. An EV can receive energy from the grid to charge its batteries and can discharge electricity
back to the grid when required through a bi-directional power converter. In recent years, with the
development of the EV industry, V2G has become a prominent research area. Numerous studies
have been conducted on different aspects: V2G chargers with bi-directional power flow
capabilities [499, 500], power management and optimization [501, 502], and the influence of V2Gs
on the electricity network [503]. These studies are important to understand the technical
parameters and design of V2G systems and their operations. However, techno-economic feasibility
studies are necessary from the EV owner’s and utility company’s perspectives to make informed

decisions regarding the use of V2G systems.

To understand the techno-economic feasibility of V2G technology, three key research questions
should be addressed: What is the minimum selling price of electricity considering all the incurred
costs? What are the important parameters that affect the economic performance of the V2G system
and to what extent? How does the V2G system compare with different stationary battery storage
systems? A few studies attempted to answer these questions. Noori et al. [37] assessed the
emissions reduction potential and net revenue of a V2G system for five independent system
operators in the United States. Zhao et al. [38] considered the same system operators and evaluated
the V2G’s net present revenue and greenhouse gas (GHG) emissions savings. Both studies
evaluated revenues for regulation services and found that EVs can be profitable. Huda et al. [504]
performed techno-economic and GHG emissions assessments of V2G integration in an Indonesian
grid for a load-leveling service and found such the integration to be profitable. A V2G feasibility
assessment was conducted by Gough et al. [33]. The authors estimated the return on investment

and net present worth of the V2G system for several grid applications. Rodriguez-Molina et al.
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[39] developed a cost-benefit model for a V2G system and found that EVs can generate revenue
by selling electricity to the grid. The economic impact of applying a V2G system in a microgrid
setting was studied by Koubaa et al. [505]. The authors considered only the costs associated with
battery degradation and found that microgrid operation costs could be reduced by implementing a
V2G system. Rios et al. [506] built a net cash flow model to assess the net cost of a fleet of trucks
connected to the grid using a V2G system. Although current research provides some information
on various cost items, including battery degradation cost, V2G infrastructure cost, and overall

profit/loss, there are several limitations.

First, most studies conducted regional assessments by calculating the revenue generated from
selling electricity to specific locations/grids. The results of these studies are limited in application
because each location has a different electricity rate structure. Therefore, even if V2G generates a
profit by selling electricity in a specific location, it does not necessarily mean a similar system in
another location would also generate profit. In addition, there is no common indicator that can be
used to compare the economic performances of V2G applications with stationary battery storage
systems. The levelized cost of storage (LCOS), an economic performance indicator, needs to be
developed for V2G technology. The advantage of this indicator is that it does not use any location-
specific profit/loss function but indicates a price that should be applied to cover all the expenses
over the lifetime of a system and can be used as a location-independent performance indicator [11,

331]. It also facilitates the comparison of V2G with other widely used battery storage systems.

Second, the impact of extremely cold weather on the V2G system’s economic performance has
not been evaluated in these earlier studies. According to Donkers et al. [40] and Yuksel and
Michalek [41], extremely cold weather can adversely influence an EV’s performance. This is

mainly because cold temperatures reduce battery capacity significantly, thus reducing battery
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efficiency and increasing energy consumption (to heat the vehicle cabin). To the best of the
author’s knowledge, no study considers extreme cold weather conditions to evaluate the LCOS for

V2G applications.

Finally, the impacts of various design and economic parameters on the results have not been fully
studied even though existing studies used a wide range of data and assumptions. For example, due
to market competition and reduction in raw material cost, the lithium-ion (Li-ion) battery price is
expected to decline rapidly, therefore this aspect should be considered as the battery replacement
cost is an important factor that influences the overall system cost. Similarly, battery life and
efficiency can vary widely by manufacturer and type [435], and this can influence the findings.
Therefore, instead of point estimates, a probable distribution of outputs needs to be presented

considering the uncertainties in input parameters.

To address these concerns, we developed a spreadsheet-based model to evaluate the techno-
economic feasibility of V2G technology. A case study for Canada, which has a colder climate, was
conducted. A performance indicator, LCOS, was calculated for cold weather conditions in four
Canadian provinces, Alberta, Ontario, British Columbia, and Quebec. Two grid applications,
energy arbitrage and frequency regulation, were assessed given their importance in electricity
grids. Although Canada’s cold climate conditions are considered as a base case, the model used a
wide range of ambient temperatures to study the impact of the LCOS. The specific objectives of

this research are to:

e Evaluate the amount of electricity available for vehicle-to-grid applications;
e Develop a data-intensive techno-economic model to estimate the levelized cost of storage
in energy arbitrage and frequency regulation;

e Study the impact of ambient temperature on the performance of vehicle-to-grid technology;
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e Compare the levelized cost of storage of vehicle-to-grid technology with that of other
electro-chemical energy storage systems; and
e Conduct sensitivity and uncertainty analyses to understand the impacts of various input

parameters on the levelized cost of storage.

7.2. Methods

Figure 7.1 shows the four-stage methodological framework developed in this study. Vehicle-to-
grid technical analysis requires first defining the V2G technology and its applications in the
electricity network. The energy available in the EV batteries for the V2G applications was
calculated in this stage using the battery capacity and energy required for a daily commute. All
cost items, such as capital, charging, and battery degradation costs, were estimated using the
technical and cost parameters presented in Figure 7.1. All of these cost items were used in a
discounted cash flow (DCF) analysis to calculate the levelized cost of storage. The techno-
economic model developed in this study handles a large amount of data from various sources. To
increase the reliability of the model, we conducted sensitivity and uncertainty analyses to identify
the most influential input parameters and provide a probable distribution of the LCOS. The

following section discusses each stage of the framework in detail.
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Figure 7.1: Vehicle-to-grid (V2G) techno-economic assessment framework




7.2.1. Vehicle-to-grid technical analysis

V2G systems are becoming increasingly popular with the increased use of EVs. As shown in
Figure 7.2, V2G technology allows for bi-directional energy flow between the EV and the grid.
The amount of energy remaining in the EV battery after a daily commute can be sold to the
electricity grid during periods of high demand. In this way, an EV can be transformed into an
energy resource for a grid operator. When electricity demand is low (i.e., during the night), an EV
can be charged to its available battery capacity. There are three components required for V2G
integration: a metering system to trace the flow of electricity, a power connection to the electricity
grid, and a control unit that allows communications between the vehicle and the grid [507]. A bi-
directional power converter alters alternating current to direct current to charge the batteries and

direct current to alternating current to supply electricity to the grid.

Similar to stationary electro-chemical battery storage systems, an EV can be used for long- and
short-duration applications as a mobile ESS [507, 508]. Usually, short-duration applications have
a discharge duration of less than 15 minutes, while long-duration applications can have 4 or more
hours of discharge [28]. Because energy arbitrage and frequency regulation are among the most
popular long- and short-duration grid applications, respectively, we considered those applications
to assess the techno-economic feasibility for the V2G system. Energy arbitrage involves charging
the batteries when electricity demand is low and discharging them during high demand. The short-
duration application, frequency regulation, is used to maintain the frequency of the grid by

matching load and electricity production for a short period.
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Figure 7.2: Schematic of a vehicle-to-grid system

The energy available for V2G applications depends on the remaining energy in the EV batteries
after a daily commute. In Canada, drivers travel on average about 50 km/day [509]. Another
important factor in determining the available energy is the depth of discharge (DOD). The DOD
is a measure of how deep a battery can be discharged. To limit degradation, batteries are usually
discharged at less than 100% of their capacity. The amount of energy available in EV batteries for

V2G applications can be calculated using Equation 7.1, adapted from Gough et al. [33]:

Ey,c = Eg — Eg(1—DOD)—(EpD) (7.1)

where Eyoc 1s the energy available for V2G applications (kWh), Ep is the EV battery capacity
(kWh), DOD is the depth of discharge (%), Ep is the EV energy consumption (kWh/km), and D is

the average distance driven (km).

An EV’s energy consumption depends on weather conditions. The energy consumption data were

taken from a study by Yuksel and Michalek [41] that considered actual vehicle performance under
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different driving conditions. The ambient temperature plays an important role in determining the
EV energy consumption because of its impact on both battery capacity and heating/cooling
requirements inside the vehicle. Road and driving conditions also depend on the ambient

temperature.

Table 7.1 presents the EV battery capacity, ambient temperature, and other technical parameters
used for the techno-economic modeling. There is a wide variation in temperature throughout the
year in Canadian provinces. Figure 7.3 shows the average temperature ranges in four Canadian
provinces from 2010-2019. Although the average temperatures in each province were used for the
base case, the minimum and maximum temperatures were also considered in the sensitivity and

uncertainty analyses to study the impact of temperature on system performance.

Table 7.1: Technical parameters used for the techno-economic assessment

Parameter Value  Source/comment

EV battery capacity (kWh) 24 Nissan Leaf’s battery capacity [510]. This
vehicle has V2G capability.

Average distance travelled (km/day) 50 Canadians drive 50 km/day on an average
[509].

DC-to-AC conversion efficiency 93% Battery-to-grid efficiency [511].

AC-to-DC conversion efficiency 90% Grid-to-battery efficiency [37].

Depth of discharge 80% This can limit the degradation of the battery
to an acceptable level [512, 513].

Total number of days of operation in 365 It was considered that the wvehicle will

a year discharge electricity every day [514].

Charging level Level 2 Level 2 charging stations are commonly used

in public parking and residential settings

[515].
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Parameter Value  Source/comment

Discharge duration for energy 4 A reasonable assumption based on Alberta’s

arbitrage (h) on-peak and off-peak hours, and the
availability of the vehicle.

Power capacity of V2G for energy 2.2 Calculated from the energy available for

arbitrage (kW) V2G and the discharge duration.

Dispatch-to-contract ratio for 0.1 A ratio of energy dispatched to the

frequency regulation multiplication of the contracted capacity and
duration [507, 514].

Duration of the vehicle plugged in 6.3 Calculated from the energy available for

for frequency regulation (h) V2G, the power delivered from V2G, and the
dispatch-to-contract ratio.

Power capacity of V2G for 14.4 This is the contracted power, which is limited

frequency regulation (kW)

by the power of the connection line in the
charging station, calculated from the current
and voltage in the line. The voltage and
current are 240 V and 60 A, respectively
[516].
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Figure 7.3: Temperature ranges in four Canadian provinces throughout the year. Values

were estimated using information from a database [517]

7.2.2. Cost estimation

The main cost components of V2G storage are battery degradation, charging, and additional
equipment capital costs. The parameters used to calculate these costs are given in Table 7.2. When
an EV is used for V2G operations, the batteries degrade quickly because of this extra use in
addition to transportation. Hence, batteries need to be replaced, and the frequency depends on the
number of cycles the batteries go through for driving and V2G use. The degradation cost can be

calculated using Equation 7.2, adapted from Tomi¢ and Kempton [507]:

o Gt WD (7.2)
D™ Lo * Eg +DOD
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where Cp is the battery degradation cost ($/kWh), Csis the battery capital cost ($), W average
hourly wage for battery replacement ($), ¢ is the installation time (h), Lc is the number of cycles a
battery can operate in its lifetime (calculated using Equation 7.3 [518]), E3 is the battery capacity
(kWh), and DOD is the depth of discharge (%) used to calculate the Lc.

L. = —5440.35 « In(DOD) + 1191.54 (7.3)

An additional capital cost is incurred for the V2G equipment upgrade. This includes onboard
power electronics, metering, and communication system upgrades [507]. The V2G capital cost for
energy arbitrage was taken as $571 (adjusted for 2021) for additional equipment [S11]. For energy
arbitrage, the revenue depends solely on the amount of electricity sold to the grid. The revenue
generated from the frequency regulation service has two components: payments from selling
energy and power (capacity). Therefore, maximizing power supply generates more revenue. In
addition to onboard system upgrades, wiring upgrades are required for frequency regulation to
deliver electricity at higher power. The total capital cost for the V2G equipment upgrade in the
case of frequency regulation is $2714 [511] (see Table 7.2 for details). Another cost component
is the charging cost. We assumed that the batteries will be charged during the night using low-cost
electricity. The charging cost was estimated from the electricity retail price and the charging
efficiency. The average electricity prices from 2016-2020 in Alberta, Ontario, British Columbia,
and Quebec were considered $100, $103, $89, and $57 per MWh, respectively'' [519]. The
charging cost can be calculated using Equation 7.4, adapted from our earlier study [331]:

E
C, = Ep (7.4)
Ne

' Edmonton, Ottawa, Vancouver, and Montreal are the cities considered for electricity prices in Alberta, Ontario,
British Columbia, and Quebec, respectively.
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where Cc is the charging cost ($/kWh), Ep is the electricity price ($/kWh), and 7c is the charging

efficiency (%).

Table 7.2: Parameters used to calculate various cost items

Parameter Value  Source/comment

Base year 2021 All the cost numbers were adjusted to
2021 USD.

Analysis period (years) 10 A typical lifetime of an electric vehicle
[33, 520].

Discount rate 10% Based on values reported for energy
storage projects [31, 338].

Inflation rate 2% Average inflation rate in Canada [338,
436].

Li-ion battery cost ($/kWh) 139.74  Inflation adjusted value. The average
price in 2020 was $137/kWh. This price
includes the battery cell and packs [521].

Installation time for battery replacement (h) 8 The installation time ranges from 8 to 10
h[514, 522]. The range was considered in
the sensitivity and uncertainty analyses.

Average wage ($/h) 31.76 The average hourly wage of an electrician
in Alberta [523].

Capital cost for additional V2G equipment 571.30  Onboard additional cost due to power

for energy arbitrage ($) electronics, connections, communication
system, and metering upgrades [514].

Capital cost for V2G additional equipment ~ 2713.67 Onboard additional costs and cost of

for frequency regulation ($)

wiring upgrade for a plug capacity of 15
kW [514]. This study used a line power of
14.4 kW (see Table 7.1).
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7.2.3. Techno-economic model development

Once degradation, charging, and capital costs are estimated, a discounted cash flow analysis is
performed to calculate the LCOS. The LCOS is the minimum electricity selling price to cover all
the costs incurred throughout the analysis period [31]. The discount rate, inflation rate, and project
lifetime used in the analysis are given in Table 7.2. The cost items used in the analysis include
V2G equipment capital cost, which is a one-time fixed cost, and battery degradation and charging
costs. We calculated annual degradation and charging costs, which can be expressed in $/year.
These two cost items were summed to calculate the total annual cost. The total annual cost for

energy arbitrage and frequency regulation can be calculated using Equations 7.5 and 7.6,

respectively:
For energy arbitrage: Tye = (Cp + C¢) * Py + tg (7.5)
For frequency regulation: Tac = (Cp + C¢) * Rp * Prg * tp (7.6)

where T4c is the total annual cost ($/year), Py is the power delivered from the EV for energy
arbitrage (kW), £ is the total time of electricity delivery for energy arbitrage (h/year), Rp is the
dispatch-to-contract ratio for the frequency regulation, Prr=Pijine 1s the power capacity of V2G for

frequency regulation (kW), and #ris the total time the vehicle is plugged in (h/year).

A general expression for the LCOS was developed using the cost items discussed above and is

shown in Equation 7.7:

ECCx i(1+i)il +T ac (77)
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. . . d . . . . . .
where i is the real discount rate (i =1+Tf — 1), d is the nominal discount rate, fis the inflation

rate, n is the project lifetime (year), ECC is the additional V2G equipment capital cost, and Eous 18

the amount of electricity delivered to the grid (kWh/year).

7.2.4. Sensitivity and uncertainty analyses

The techno-economic model developed in the study handles a range of input data. Some published
studies show a wide range of data. Assumptions are made during model development; these differ
from project to project and also on the location. To handle these variations, and to make a model
reliable, sensitivity and uncertainty analyses are required. Sensitivity analysis can identify the
parameters that most affect the results. The Morris method is a useful way to identify the key
parameters that affect the results. The advantage of this method is that it accounts for interactions
among the input parameters and considers their non-linear effects. Therefore, in this study, we
used the Morris method to identify the most influential inputs. When the inputs have a range, it is
necessary to predict a probable range for the outputs. To do that, a Monte Carlo simulation was
conducted to present a probable distribution of the LCOS. Random samples were selected within
the distribution of the input parameters and iterated 100,000 times to get the output distribution of
the LCOS. The Morris sensitivity and Monte Carlo uncertainty analyses were carried out using a
methodology developed in an earlier study [285]. Table 7.3 shows the inputs and their ranges used

in the sensitivity and uncertainty analyses.
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Table 7.3: The maximum and minimum values of the input parameters used in the sensitivity

and uncertainty analyses

Input parameter Unit Minimum value Maximum value
Average distance traveled km/day 46 [524] 60 [524]

Battery round-trip efficiency (%) 85 [106] 98 [106]

Depth of discharge (%) 50 [522] 100 [507]
Ambient temperature °C -9 [517] 22 [517]
DC-to-AC conversion efficiency % 90 [525] 95 [526]

Battery cycle life Cycles 1500 [522] 4500 [513]
Electricity price $/MWh 55.7[519] 127.3 [519]
Dispatch-to-contract ratio for Dimensionless 0.08 [514] 0.1[514]

frequency regulation

Nominal discount rate (%) 8 [338] 12 [338]
Inflation rate (%) 0.94 [338] 2.91 [338]
Li-ion battery cost ($/kWh) 58%[521] 150 [527]
Installation time for battery (h) 8 [514] 10 [514]
replacement

Average hourly wage for battery ($/h) 30.82 [523] 3491 [523]
installation

2 Predicted value for 2030 [521].

7.3. Results and discussion
This section presents and discusses the results of the techno-economic analysis of a V2G system.
The effect of ambient temperature on the overall performance of V2G applications followed by

the results of sensitivity and uncertainty analyses are also discussed.
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7.3.1. Economic analysis

The annual life cycle costs, in $/year, for energy arbitrage and frequency regulation are presented
in Figure 7.4. The values range from $594.02 (Québec) to $782.35 (Ontario) and from $911.04
(Québec) to $1099.37 (Ontario) for energy arbitrage and frequency regulation, respectively. The
annualized V2G equipment capital costs for energy arbitrage and frequency regulation are
$84.54/year and $401.56/year, respectively. While both applications need power electronics,
communication systems, and metering upgrades, an additional cost is incurred for frequency
regulation because of wiring upgrades to supply electricity at comparatively higher power. For
frequency regulation, it is desirable to achieve the highest possible power in the line because the
revenue not only depends on the amount of electricity sold but also on the power the EV will
supply. The battery degradation and charging costs depend on how much electricity is available in
the EV batteries for the V2G applications, which ultimately depends on the weather conditions
and the distance traveled by the vehicle. Considering a daily average travel of 50 km, the energy
available in the EV batteries for the V2G applications is from 9.43-10.31 kWh, depending on the
province where the vehicle is used. Moreover, when an EV is used for a V2G application, the
batteries degrade faster because of this extra use in addition to transportation. The life of a battery
depends on how deeply it is discharged. For an 80% depth of discharge, the number of cycles an
EV battery can operate was calculated to be 2406 (see Equation 7.3). Usually, EV batteries are
good for about 10 years [33]; however, because of the extra use for V2G applications, the lifetime
is reduced to 6 years. Therefore, batteries need to be replaced more frequently. Battery degradation
thus leads to battery capital and labor costs. Considering battery capital and installation costs, the
replacement cost is $3353.76. The battery degradation cost was estimated to be 8.4 cents/kWh

with a lifetime electricity throughput of 42.95 MWh. The charging cost has a significant influence
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on the overall economic performance of the V2G system. Although the EV batteries are used for
transportation and V2G, we only considered charging the portion of batteries used for the V2G
application. This is because transportation is not within the scope of this study, and including the
transportation portion of the charging would lead to a higher charging cost. The charging cost
varies widely depending on the electricity retail price, which depends on the electricity mix. In
Canada, each province has its own electricity mix, and prices vary. Of the four major Canadian
provinces considered in this study, Ontario has the highest electricity price at $103.70/MWh and
Quebec the lowest at $56.74/MWh [519]. The base case total annual life cycle cost in Figure 7.4
is for Alberta with an electricity price of $100.83/MWh [519]. The positive error bar represents
the total annual life cycle cost considering the charging cost in Ontario. The negative error bar

represents the total annual life cycle cost considering the charging cost in Quebec.
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Figure 7.4: Annual life cycle costs for V2G applications
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A common performance metric is necessary to compare a V2G system’s economic performance
with other energy storage technologies. The levelized cost of storage is a widely used indicator
against which energy storage systems’ performances are measured. It can be calculated from the
annual life cycle cost and the amount of electricity delivered per year. Figure 7.5 shows the LCOS
values for the two V2G applications in four Canadian provinces. The LCOS values range from
$176.97/MWh in Quebec to $233.08/MWh in Ontario when the V2G system is used for energy
arbitrage. When the V2G system is used for frequency regulation, the LCOS values range from
$271.42/MWh in Quebec to $329.93/MWh in Ontario. The LCOS for frequency regulation is
higher than energy arbitrage because of the higher V2G equipment capital cost. The LCOS varies
by province mainly because of differences in electricity price and average ambient temperature

(see Figure 7.3).
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Figure 7.5: Levelized cost of storage in four provinces in Canada
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The results obtained in this study were validated against the numbers presented in earlier studies.
To the best of the author’s knowledge, none of the earlier studies evaluated the LCOS for V2G
applications. However, a few estimated the costs of V2G systems, which were used for
comparison. The degradation cost estimated in this study is 8.4 cents/kWh, which is in the range
reported by Shang and Sun [508] of 6.45-26.25 cents/kWh, depending on the cycles a battery
operates in its lifetime. The battery degradation costs reported by Gough et al. [33] are 14-25
cents/kWh. This range is higher than ours mainly because of the difference in battery capital cost.
Gough et al. considered £160/kWh (equivalent to $219/kWh), which is much higher than the value
we considered (see Table 7.2). The Li-ion battery price has dropped significantly recently, to
$150/kWh in 2019 [527] and $137/kWh in 2020 [521]. The annual V2G equipment cost for energy
arbitrage in this study was estimated to be $84.54/year, which is close to the value reported by
White and Zhang [522] of $90/year. The charging cost solely depends on the electricity retail price,
which is set by electricity operators and can vary widely by jurisdiction. In this study, we estimated
the LCOS of Li-ion-based V2G applications’ energy arbitrage and frequency regulation. In a
recent study, we assessed similar applications for five stationary electro-chemical energy storage
systems [338]. Figure 7.6 shows a comparison of the LCOS for V2G and stationary battery storage
systems. The V2G system in this study uses a Li-ion-based vehicle [338]; therefore, the battery
capital cost is based on the Li-ion battery price. As shown in Figure 7.6, there is not much
difference in the LCOS values for V2G, Li-ion, and sodium-sulfur (Na-S) ESSs. Na-S and Li-ion
have similar capital costs and cycle lives [338, 435]. V2G is economically more attractive than
valve-regulated lead-acid, nickel-cadmium, and vanadium redox flow ESSs. These battery

technologies have comparatively higher battery capital costs [338].
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Figure 7.6: Levelized cost of storage for several battery energy storage technologies

(Note: V2G: vehicle-to-grid, Na-S: sodium-sulfur, Li-ion: lithium-ion, VRLA: valve-regulated

lead-acid, Ni-Cd: nickel-cadmium, and VRF: vanadium redox flow)

7.3.2. Effect of ambient temperature on available energy

The effect of ambient temperature was studied for a wide range, from -30°C to 30°C. Although
we considered cold weather conditions in four Canadian provinces, the framework developed in
this study is valid for other jurisdictions. Ambient temperature has an impact on the battery
capacity and electricity required for daily driving. The energy consumption per km depends on
road conditions, cabin heating/cooling requirements, and battery efficiency. Extreme cold weather
reduces battery efficiency significantly and increases energy consumption in the electric heater,

which reduces the range of an EV. For example, at -30°C, 0.34 kWh electricity is required to travel
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1 km, while only 0.17 kWh is required at 20°C. After 20°C, electricity consumption increases
because of the cooling requirement in the vehicle cabin that is supplied by the vehicle air
conditioner. Figure 7.7 shows the variation in available energy for V2G applications at ambient
temperature. Although the base case results in this study represent a temperature range of 5°C to
11°C (the average temperature range in the selected Canadian provinces), we developed an
equation to predict the available energy for V2G applications in various climate conditions.
Equation 7.8 was developed to predict the electricity available for the V2G applications based on
the ambient temperature. The equation has an R? value of 0.9963. When the temperature is
extremely low, the LCOS decreases significantly because of a drastic reduction in energy delivered
to the grid. For example, in the energy arbitrage scenario, the LCOS increases from $227.35/MWh

to $311.61/MWh when the ambient temperature decreases from 20°C to -30°C in Alberta.
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Figure 7.7: Effect of ambient temperature on electricity available for the V2G applications

Eype (T) = =6+ 107°T* + 8% 107°T3 + 0.0028T% + 0.1083T + 8.6761 (7.8)
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Here, Ey2c is the amount of energy available after the daily commute (kWh) and 7 is the ambient

temperature (°C).

7.3.3. Sensitivity and uncertainty analyses’ results

Figure 7.8 shows the results of the Morris sensitivity analysis. The location of a parameter in the
figure indicates how sensitive it is to the LCOS. The higher the Morris mean, the higher the
sensitivity of the parameter to the LCOS. The Morris mean shows the change in the LCOS due to
the change in the input from its minimum to its maximum value. The Morris standard deviation,
on the other hand, indicates the interaction of an input with other inputs and its non-linear effects.
The parameters with high Morris mean and Morris standard deviations, such as ambient
temperature, battery cycle life, electricity price, distance traveled, and depth of discharge, have
significant influence on the LCOS. Decreasing the ambient temperature and increasing the distance
traveled both reduce the amount of energy available, and, hence, the LCOS increases. Although
increasing the depth of discharge increases the energy available for V2G, the degradation cost
increases because with a deeper discharge the lifetime of a battery decreases. Battery capital cost
and cycle life, as well as electricity price, have a large influence on the LCOS. The parameters
with lower mean and standard deviation, such as discount rate, inflation rate, and battery
installation time, have an insignificant effect on the LCOS. Therefore, the effects of these
parameters can be ignored. Figure 7.8 shows the sensitivity results for energy arbitrage; the

frequency regulation sensitivity analysis shows similar trends.

The impact of the most influential parameters can be estimated through uncertainty analysis. A
Monte Carlo simulation was performed using the input parameter values in Table 7.3 to provide a
probable LCOS range. Figure 7.9 shows the results of uncertainty analysis. The LCOSs are from

$145.96/MWh to $279.13/MWh for energy arbitrage and from $250.06/MWh to $434.17/MWh
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for frequency regulation. Among the input parameters, depth of discharge and electricity price
influence the distribution of the LCOS the most. For example, if the electricity price changes from
$55.70/MWh to $127.30/MWh, the LCOS increases to $248.20/MWh from $166.0/MWh for
energy arbitrage. This increase in LCOS is obvious because an increase in electricity price
increases the overall annual life cycle cost, and, hence, the LCOS increases. Battery capital cost
has also an influence on the LCOS. In recent years, the Li-ion battery price has decreased
substantially. If the capital cost of Li-ion battery becomes $58/kWh (projected value for 2030),

keeping the other parameters the same, the LCOS can be reduced to $182.10/MWh for energy

arbitrage.
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7.4. Conclusion

With increased renewable penetration in electricity grids, it seems obvious to use energy storage
systems to handle the problems associated with high renewable fractions. Modern electricity
networks use different types of stationary ESSs for a wide number of applications, such as energy
arbitrage and ancillary services. Additional investment and maintenance are required for these
storage systems. Because EVs are increasing significantly in the transportation sector, they can be
used to provide services similar to what stationary energy storage provides to electricity networks.
V2G is a system through which an EV can supply electricity to the grid when there is a need. A
V2G system’s economic performance needs to be measured against the commercial energy storage
systems’ performance to make informed decisions regarding its implementation. The LCOS and

annual life cycle cost are critical performance indicators used to measure the economic
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performance of energy storage systems. There is limited research on these indicators for a V2G
system. In addition, the impact of ambient temperature and other critical parameters, i.¢e., battery
depth of discharge on the overall system performance, has not been extensively studied. Therefore,
to fill the gaps in the current research, we developed a techno-economic assessment model to
calculate the LCOS for two important energy storage applications, energy arbitrage and frequency
regulation. The amount of electricity available for the V2G applications was determined and then
several costs, i.e., battery degradation cost, V2G equipment capital cost, and charging cost, were
determined. The developed techno-economic model was used to calculate the annual life cycle
cost and the LCOS. Detailed sensitivity and uncertainty analyses were performed to understand

the impact of each input parameter on the LCOS and to estimate a probable distribution of LCOS.

The LCOS values are $230.88/MWh for energy arbitrage and $329.93/MWh for frequency
regulation based on the most likely inputs. The LCOS for frequency regulation is comparatively
higher because of its higher capital cost due to V2G system upgrades. Ambient temperature has a
significant impact on the amount of energy available for V2G applications. In extremely cold
weather conditions, the available energy drops drastically because of the effect of low temperature
on battery efficiency and cabin heating requirement. When the ambient temperature falls to -20°C
from 10°C, the amount of energy available for V2G applications drops from 10.17 kWh to 6.60
kWh. The Morris sensitivity analysis shows that in addition to ambient temperature, battery cycle
life, distance traveled per day, depth of discharge, battery capital cost, and electricity price are the
parameters that most affect the LCOS. Reducing the price of Li-ion batteries will reduce the LCOS
further in the near future. When we considered the uncertainty in the input parameters, we found
the probable distribution of the LCOS to be $146-$279/MWh for energy arbitrage and $250-

$434/MWh for frequency regulation. We found that the V2G storage system is economically
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competitive with lithium-ion and sodium-sulfur energy storage systems. The results of this
research will help to understand the techno-economic feasibility of the V2G system and to make a
reasonable comparison of the economic performance of various energy storage systems for grid

applications.
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Chapter 8: Conclusions and recommendations for future research

8.1. Conclusions

Which energy storage system to use for a stationary application depends largely on its techno-
economic and environmental performance. There are few evaluations of the techno-economic and
environmental feasibility of electro-chemical and flywheel energy storage systems for utility-scale
stationary applications. A systematic literature review of techno-economic assessments and LCAs
of stationary energy storage systems was conducted to determine the economic and environmental
feasibility of energy storage systems and identify research gaps, limitations, and areas for further
investigation. Inconsistencies were found in defining the system boundary for cost and emissions
assessment in the literature, which makes it difficult to make a reasonable comparison among
energy storage technologies. There is very limited information on scale factors for electro-
chemical and flywheel energy storage systems. In addition, generic databases were used for LCAs;
no product-specific inventories were developed. The development of comprehensive scientific-
principles-based techno-economic and LCA models was suggested to make a reasonable
comparison of costs and environmental footprints of various ESSs. Bottom-up techno-economic
and LCA models were developed for seven energy storage technologies: sodium-sulfur, lithium-
ion, valve-regulated lead-acid, nickel-cadmium, vanadium redox flow, steel rotor flywheel, and
composite rotor flywheel. The stationary application scenarios assessed in this study are bulk
energy storage, transmission and distribution investment deferral, frequency regulation, and
support of voltage regulation. A special case of an electro-chemical energy storage system,
vehicle-to-grid, was also investigated to evaluate its techno-economic feasibility in Canadian cold
weather conditions. The system components were designed, then cost functions were developed.

This was followed by a discounted cash flow analysis to calculate the levelized cost of storage
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(LCOS) in the techno-economic assessment. The LCA involves designing the system, building
material and energy inventory, and translating material and energy to environmental impacts. The
environmental impacts quantified in this study are the net energy ratio (NER) and life cycle GHG
emissions. To improve the reliability of the models and results, detailed sensitivity and uncertainty
analyses were performed to identify the most influential parameters and provide a probable range
of results. Techno-economic and LCA models were developed such that they satisty deficits in the
literature or address the limitations associated with current research. Each chapter makes novel
contributions in its research context. The key outcomes of this thesis are discussed in the following

sections.

8.1.1. Techno-economic and life cycle assessment of electro-chemical energy storage systems
Bottom-up techno-economic and life cycle assessment models were developed to assess the
economic and environmental feasibility of five electro-chemical ESSs in four stationary
application scenarios. The life cycle costs and environmental footprints were calculated for the
base case capacities of 50 MW for bulk energy storage (Scenario 1), 10 MW for transmission and
distribution investment deferral (Scenario 2), 50 MW for frequency regulation (Scenario 3), and
15 MW for support of voltage regulation (Scenario 4). The scenarios were developed based on the
operational characteristics of batteries, such as rated power, duration of discharge, and number of
cycles. After that, systems components were sized using engineering principles. Once the system
components were sized, the technical model was integrated with the economic model. The
economic model consists of the cost metrics, e.g., capital cost, operation and maintenance cost,
charging cost, etc. The developed techno-economic models estimate the levelized cost of storage.
The LCOS ranges from $179.69/MWh for the Li-ion to $801.61/MWh for the Ni-Cd in S1,

$242.79/MWHh for the Li-ion to $907.41/MWHh for the Ni-Cd in S2, $365.83/MWh for the Na-S to
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$1494.83/MWh for the VRF in S3, and $941.42/MWh for the Na-S to $3793.91/MWh for the VRF
in S4. In addition, scale factors were developed for the ESSs with discharge durations of 1 to 8
hours. The developed scale factors are 0.77, 0.74, 0.82, 0.91, and 0.46 for the sodium-sulfur,
lithium-ion, valve-regulated lead-acid, nickel-cadmium, and vanadium redox flow, respectively.
The cycle life and battery capital cost mainly determine the relative ranking of storage
technologies. Having a longer cycle life and lower capital cost, lithium-ion and sodium-sulfur

energy storage systems outperform other battery storage technologies.

After developing the application scenarios and sizing the components, the next step in the life cycle
assessment is goal and scope definition (setting the system boundary and functional unit),
inventory analysis, and translation of the inventory data to NER and GHG emissions. The
functional unit is 1 MWh electricity delivered. The life cycle system boundary includes material
production, manufacturing, operation, dismantling. The material and energy inputs and outputs at
all the life cycle stages in the system boundary were calculated in the inventory analysis. Then, the
inventory is translated into NER and GHG emissions. The NERs range from 0.50 for the Ni-Cd to
0.69 for the Li-ion for S1, 0.47 for the VRF to 0.65 for the Li-ion for S2, 0.50 for the VRLA to
0.70 for the Li-ion for S3, and 0.38 for the VRF to 0.63 for the Li-ion for S4. The life cycle GHG
emissions range from 624.96 kg-CO2eq/MWh for the Li-ion to 800.19 kg-CO2eq/MWh for the
VREF in S1, from 646.23 kg-CO2eq/MWh for the Li-ion to 849.42 kg-CO2eq/MWh for the VRF in
S2, from 624.43 kg-CO2eq/MWh for the Li-ion to 802.81 kg-CO2eq/MWh for the VRLA in S3,
and from 658.77 kg-CO2eq/MWh for the Li-ion to 963.37 kg-CO2eq/MWh for the VRF in S4. The
total GHG emissions are highly dominated by the operation phase. The contributions of material
production and manufacturing are 3-25% and 1-10%, respectively, depending on the technology

and application. ESSs with high efficiency, long cycle life, and high energy density are preferable,

278



as they need less electricity for charging and less energy in material production. Thus, the Li-ion

and Na-S ESSs are superior to other technologies based on life cycle GHG emissions.
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Figure 8.1: Comparative reassessment of five electro-chemical energy storage systems’ (a)

levelized cost of storage and (b) life cycle GHG emissions

8.1.2. Techno-economic and life cycle assessment of flywheel energy storage systems

Bottom-up techno-economic and life cycle assessment models were developed to design system
components and evaluate the levelized cost of storage and life cycle GHG emissions of flywheel
energy storage systems for a capacity of 20 MW/5 MWh for frequency regulation. Two rotor
configurations were considered: composite rotor and steel rotor flywheel. In the system design, the
storage plant capacity was determined, and flywheel components were sized. The number of
flywheels required was calculated from the plant capacity and the capacity of each flywheel. After
determining the size and capacities of different components, the cost functions were developed for
individual pieces of equipment to determine techno-economic performance using the levelized

cost of storage. The LCOS for the composite rotor and steel rotor flywheel storage systems are
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$189.94/MWh and $146.41/MWh, respectively. The total investment cost (TIC) makes the largest
contribution to the LCOS, followed by the charging cost and the O&M cost. The rotor cost is a
key contributor to the TIC. The composite rotor costs more because of the higher material and
manufacturing costs; the material and manufacturing costs of a composite rotor are $36,786 and
$19,392 for a steel rotor. Composite materials are still in the research and development stage and
therefore cost more than steel. The manufacturing cost is also higher for the composite rotor
because of the complex composite fiber manufacturing process. A scale factor was developed in
this study using the total investment costs at different capacities. The value of the scale factor was
calculated to be 0.93. This means that the rate at which the TIC increases is lower than the rate of
increase in the rated power of the storage plant. The sensitivity and uncertainty results show that
factor of safety, tensile strength of the rotor material, number of cycles per year, discount rate, and

rotor material cost are the critical parameters and have significant impacts on the LCOS.

The first stage in the LCA is the goal and scope definition, which involves stating the purpose of
the study, developing a consistent system boundary that includes all the life cycle stages for the
selected systems, and defining the functional unit for a base of comparison. A consistent system
boundary was considered with the life cycle stages of material production, operation,
transportation, and end-of-life. The emissions were translated into GHG emissions (CO:
equivalents) per functional unit. The NER was evaluated from the total energy produced and the
total primary energy consumed during the lifetime of the systems. Electricity from solar and wind
was considered separately in the operation phase. The NERs of the composite rotor FESSs are 2.7
and 3.8 for solar and wind, respectively. The corresponding values for steel rotor FESSs are 2.5
and 3.5. The life cycle greenhouse gas emissions of the composite rotor and steel rotor flywheel

energy storage systems are 48.9-95.0 kg-COreq/MWh and 75.2-121.4 kg-CO2eq/MWh,
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respectively, depending on the electricity source. The operation phase is the largest contributor to
GHG emissions: 54-76% for the composite rotor FESS and 60-75% for the steel rotor FESS. This
includes the upstream emissions from charging and emissions due to the electricity use in standby
mode. GHG emissions in this phase are higher in a steel rotor FESS because of its comparatively
higher standby loss. While emissions from material production are higher for the composite rotor
FESS, the steel rotor FESS has higher manufacturing emissions. The most influential parameters
for the life cycle GHG emissions are the electricity emission factors (grid, solar, and wind), standby

loss, number of cycles, flywheel and PCS efficiency, and factor of safety.
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Figure 8.2: Comparative assessment of flywheel energy storage systems’ (a) levelized cost

of storage and (b) life cycle GHG emissions

8.1.3. Assessment of vehicle-to-grid systems

With the rapidly growing number of electric vehicles, vehicle-to-grid technology can play an
important role in stabilizing electricity grids. An electric vehicle could be used as a tiny energy
storage system that provides economically viable services to the grid. An engineering principles-
based techno-economic model was developed to estimate the levelized cost of storage of vehicle-
to-grid technology for energy arbitrage and frequency regulation for Canadian weather conditions.
The energy available in the EV batteries for the V2G applications was calculated using the battery

capacity and energy required for a daily commute. All cost items, i.e., capital cost, charging cost,
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and battery degradation cost, were estimated using various technical and cost parameters. A
discounted cash flow analysis was carried out to calculate the LCOS. The LCOS values vary from
$176.97/MWh for Quebec to $233.08/MWh for Ontario when the V2G system is used for energy
arbitrage. When the V2G system is used for frequency regulation, the LCOS values vary from
$271.42/MWh for Quebec to $329.93/MWh for Ontario (see Figure 8.3). The LCOS for frequency
regulation is higher than for energy arbitrage because of the higher V2G equipment capital cost.
The LCOS varies by province mainly because of differences in electricity prices and average
ambient temperatures. The sensitivity analysis result shows that the most influential parameters
are ambient temperature, battery cycle life, distance traveled per day, battery depth of discharge,
battery capital cost, and electricity price. Ambient temperature has a significant impact on the
amount of energy available for V2G applications. With extremely cold weather conditions, the
available energy drops drastically because of the impacts of low temperature on the battery

efficiency and the cabin heating requirement. When the ambient temperature falls to -20°C from

10°C, the amount of energy available for V2G applications drops from 10.17 kWh to 6.60 kWh.
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Figure 8.3: Levelized cost of storage in four provinces in Canada

8.2. Recommendations for future work

The following recommendations could be considered to advance the research.

8.2.1. Assessment of alternative and emerging energy storage systems

Although this thesis covers a wide range of energy storage systems, future research should include
liquid air, supercapacitor, lithium-sulfur, and solid-state batteries. These technologies are predicted
to dominate the future energy storage market with the rapidly increased renewable share in
electricity production. Limited availability of the technical and energy use data is one of the main
challenges in carrying out techno-economic assessments and LCA. Understanding the economic

and environmental performances of these emerging technologies in their early stages of
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development would offer opportunities to make design adjustments to minimize cost and

environmental burdens.

8.2.2. Life cycle assessment model enhancement

Because of the worldwide effects of global warming, this thesis focuses on net energy ratio and
GHG emissions. Other environmental impacts such as acidification, eutrophication, human
toxicity, and resource depletion could be included in the assessment to provide a broader
representation of the overall environmental impact of energy storage systems. To understand the
end-of-life impact of an energy storage system, in-depth research should be conducted on material
recycling. Recycling can reduce the overall burden by displacing virgin materials. This topic is not
sufficiently addressed because of limited data availability. Additional work should be done to

estimate the increase or decrease in the overall emissions due to material recycling.

8.2.3. Life cycle sustainability assessment

The techno-economic and life cycle assessments carried out for different energy storage systems
addressed in this research could be complemented with a life cycle sustainability assessment
(LCSA). LCSA integrates life cycle cost, environmental footprints, and social impacts to address
sustainability-related questions. There are few life cycle sustainability assessments of large-scale
energy storage systems. This is an opportunity to understand the social perception of energy

storage systems and evaluate their overall sustainability.

8.2.4. Assessment of second-life batteries

Electric vehicle (EV) batteries discarded after use can be used for stationary energy storage
systems because they have around 80% of their initial capacity [528]. It is expected that large
quantities of EV batteries with different capacities will be available in the market because of the

increased number of EVs around the globe. It is important to understand the techno-economic and
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environmental feasibility of second-life batteries before their deployment in the electricity network

for short- or long-term applications.

8.2.5. Techno-economic model enhancement

With the growing number of battery applications, we could see supply shortages of raw materials
in the future. The production of raw materials is environmentally harmful because of the excessive
use of energy. Because of limited data availability and lack of reliability, we did not include
recycling and decommissioning costs in our current models. However, with the rapid development
of battery recycling, it is expected that more data will be available in the future. The cost of
recovering and recycling battery materials should be included to understand the role of battery
recycling in the circular economy. Material recycling can reduce the overall cost by displacing

virgin materials, which are more costly.
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Appendix A

A.1. Basics of energy storage technologies

A.1.1. Pumped hydro storage

A pumped hydro storage (PHS) system stores energy in the form of hydraulic power when there
is a surplus of electricity, for instance during off-peak hours. The system pumps water from the
lower to the upper reservoir, converting electricity into hydraulic potential energy. During peak
hours when the electricity demand is high, water is released from the upper reservoir to run the
hydraulic turbine that converts the potential energy of water into electricity using an electrical
generator. The power output (P) from the PHS system is proportional to the head available (H)
between the reservoirs and the volume flow rate (Q) of water flowing through the turbine, as

indicated by Equation A.1 [31]:

P=1n.0Q.vy.H (A.1)

where 1 and y are the efficiency of the plant and the specific weight of water, respectively.

The important components of the PHS system are the hydraulic turbine, pump, reservoirs,

penstock, valves, and surge chamber.

A.1.2. Compressed air energy storage

A compressed air energy storage system (CAES) stores electricity in the form of the potential
elastic energy of air. CAES plants can be classified into two types: adiabatic compressed air storage
and conventional compressed air storage. When electricity demand is low, the air is compressed
to high pressure (usually 4-8 MPa) using multi-stage compressors and stored in large volume air
storage systems [10]. When electricity demand is high, the stored air is released from the storage

medium and used in a gas-fired turbine to produce mechanical power, which is subsequently
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converted to electricity using an electrical generator. Underground rock caverns, natural salt
caverns, and depleted oil or gas fields are low-cost options for compressed air storage [166]. To
increase the efficiency of a conventional compressed air storage plant, heat exchangers are used to
preheat the air before it enters the combustor using the energy from the exhaust gas stream that
comes from the turbine. An adiabatic compressed air storage system, on the other hand, uses a heat
storage fluid (usually oil, water, or a molten salt solution) to capture the heat generated during the
air compression process, and this heat is used to heat the compressed air that is released through

the turbine to generate electricity without combustion [182, 529].

A.1.3. Flywheel energy storage

Flywheel energy storage (FES) is a rapidly growing technology that stores energy in the form of
rotational kinetic energy. The main components of a FES system are the flywheel rotor, bi-
directional converter, mechanical/magnetic bearings, motor/generator, and vacuum enclosure
[203, 530]. Energy is taken from an electrical energy source and converted to mechanical energy
using a rotating mass. This mechanical energy is converted back to electrical energy using a motor-
generator during the discharge [121]. The amount of kinetic energy (Ex) stored in the flywheel
depends on the moment of inertia (/) of the rotating mass and its angular speed (®), as indicated
by Equation A.2 [531, 532]:

1

2
The moment of inertia is a function of the mass and shape of the rotating mass. The flywheels can
be of different shapes, e.g., cylindrical (solid or hollow), drum type, disk type, etc. [533, 534]. The

moment of inertia can be calculated using Equation A.3:
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I = frzdm (A.3)

where 7 represents the distance of each differential mass dm from the axis around which the mass

rotates.

A.1.4. Electro-chemical energy storage

Electro-chemical batteries are one of the oldest electrical storage devices used to store electricity
in the form of electro-chemical energy [81, 535]. Several battery cells are connected in parallel, in
a series, or in parallel and series combination; the connection determines the output voltage,
current, and capacity of the system [6]. The main components of a battery cell are an anode, a
cathode, and an electrolyte that could be solid, liquid, or paste [536]. When the electric loads are
applied to the battery cell’s terminal, because of the chemical reactions inside the cell, electrons
flow through the external circuit between the anode and the cathode. During charging, reversible
reactions occur when an electromotive force is applied across the positive and negative electrodes

[10, 537, 538].

A.1.4.1. Lead-acid battery

Among the rechargeable electro-chemical storage devices, lead-acid (Pb-A) batteries are the oldest
[10]. The anode and cathode of lead-acid batteries are made of lead metal (Pb) and lead oxide
(Pb0Oy), respectively. In these batteries, 37% sulfuric acid (H2SOs) is used as the electrolyte [10,
99, 144]. According to the reactions shown in Equations A.4 and A.5, both electrodes are
transformed into a white crystalline solid lead sulfate (PbSO4) during discharge. Charging allows
the electrodes to come back to the initial state. Equations A.4 and A.5, found in a paper by Bullock
[539], represent the chemical reactions that occur at the cathode and the anode, respectively.

PbO,+4H™+S04*+2¢” «—» PbSO4+2H,0 (A.4)
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Pb+S04> «—> 2¢+PbSOy4 (A.5)

A.1.4.2. Lithium-ion battery

Lithium metal oxides, such as LiCoO;, LiNiO,, LiMOa, etc., are used as the cathode, and graphite
carbon (C) is used as the anode in lithium-ion (Li-ion) batteries [540]. The electrolytes are made
up of lithium salts (e.g., LiPFs), organic solvents, and different additives [540, 541]. During
charging, the lithium ions transfer to the anode from the cathode through the electrolyte solution
[542, 543]. The reverse reactions occur during discharge. Equations A.6 and A.7, adapted from
Dhameja [544], represent the reactions at the anode and cathode of the lithium-ion cell,
respectively. Manganese, cobalt, and phosphate are the main types of lithium-ion batteries used in
commercial applications [545, 546].

LixCet+xLi™+xe- «—» LiCs (A.6)

LiCoO; «—» xLi"+xe+Li(1-x)CoO> (A.7)

A.1.4.3. Sodium-based battery

The sodium-sulfur (Na-S) battery is a promising high-temperature battery technology used in
large-scale energy storage systems. The battery cell consists of sodium (Na) and sulfur (S) as
electrodes and solid ceramic beta alumina (Al,O3) as the electrolyte [157]. The batteries need to
be kept at a high temperature, around 350°C, for the reactions to initiate [547]. When the batteries
are discharged, sodium ions are released from sodium metal and move toward the sulfur electrode
through the AlO3 electrolyte. Sodium ions are combined with sulfur ions to produce sodium
polysulfide (NaSx). While charging, reverse reactions occur to produce sodium and sulfur from
NaSx [91]. The overall reaction is shown by Equation A.8. These low-cost batteries are mainly

manufactured by NGK Insulators, a Japanese company [548].
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2Na+4S — Na S, (A.8)

Another sodium-based battery, sodium nickel chloride, also known as ZEBRA (Zeolite Battery
Research Africa), was invented by Johan Coetzer at the Council for Scientific and Industrial
Research in South Africa [549]. Like sodium-sulfur batteries, ZEBRA batteries use liquid sodium
as a negative electrode, but the positive electrode is made up of nickel chloride (NiCl>). A second
electrolyte, sodium chloroaluminate, is used in the batteries for the rapid transportation of sodium
ions [550]. Equation A.9, from Sudworth’s work, describes the overall chemical reaction [550]:

2Na+NiCl, —» 2NaCl+Ni (A.9)

A.1.4.4. Nickel-based battery

The nickel-cadmium (Ni-Cd) battery is the most mature and popular nickel-based battery
technology [10]. The positive and negative electrodes of Ni-Cd batteries are made of nickel
oxyhydroxide and metallic cadmium, respectively [551]. Alkaline electrolyte, such as potassium
hydroxide (KOH), is used as a transport medium for ions [552]. During the discharge process,
hydroxide ions and nickel hydroxide are produced at the positive electrode. The negative electrode
produces cadmium hydroxide [543]. The process is reversed when the battery is charged. Equation
A.10, from Chen et al., shows the overall reaction of the process [10]. There are two types of Ni-
Cd batteries, sealed and vented. The only difference between them is that the vented type releases

the gases through the valves when the battery is overcharged or rapidly discharged [543].

INIO(OH)+Cd+2H,0 «—» 2Ni(OH)+Cd(OH), (A.10)

Another nickel-based battery technology is the nickel-iron battery, which uses nickel

oxyhydroxide and iron at the positive and negative electrodes, respectively, with potassium
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hydroxide as the electrolyte [553, 554]. The governing equation for the overall reaction, adapted

from Shukla et al., is shown by Equation A.11 [553]:

ONiOOH+Fe+2H,0 —» 2Ni(OH),+Fe(OH), (A.11)

A.1.4.5. Flow battery

Although flow battery technology is relatively new, the batteries are commercially available for
utility-scale energy storage systems [9]. A flow battery consists of two separate reservoirs for
storing two different solutions of electrolytes; pumps for circulating the electrolytic solutions; and
electrodes, membrane, and cells [296]. The electricity is converted to chemical energy in the
electro-chemical cells and stored in the electrolytic fluids in the external reservoirs [160, 555].
Vanadium redox and zinc-bromine are the most used large-scale flow battery technologies. The
energy rating of these battery technologies depends on the volume of the electrolytes in the tanks;

however, the number of cells and size of the electrodes determine the power rating [10].

The vanadium redox flow battery (VRFB) is the most widely used flow battery. These batteries
use V2*/V3* electrolytes in the anolytic tank and V**/V>" electrolytes in the catholytic tank in
sulfuric acid solutions [146, 556]. During the charging or discharging processes, hydrogen ions
(H") are switched through the polymer membrane between the two reservoirs. The reactions at the

positive and negative electrodes are shown by Equations A.12 and A.13, respectively:

V> Ve (A.12)

Vite «——» VH (A.13)

The membrane of zinc-bromine batteries (Zn-Br) is made of microporous polyolefin, which
separates the carbon-plastic electrodes [556]. The reservoirs contain two different electrolytic

solutions based on zinc (Zn) and bromine (Br) [91]. When the battery is being charged, zinc
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bromide is formed and, as a result, the densities of both Zn?" and Br-ion are increased in the
reservoirs. During the charging process, metallic Zn is stored on one side of the electrode.
Equations A.14 and A.15, from Chen et al., describe the reactions at the positive and negative

electrodes, respectively [10].

2Br «—» Bn (aq)t2e (A.14)

Zn*+2¢° «—>7n (A.15)

A.1.5. Hydrogen storage

Hydrogen can be produced from the gasification of coal [557-559] and biomass [560, 561], as well
as the electrolysis of renewable energy sources, i.e., solar, wind, and hydro [562, 563]. When there
is excess solar or wind energy during periods of low demand, electricity from wind can be used in
electrolyzers (e.g., alkaline electrolyzers and polymer electrolytic membrane electrolyzers) to
produce hydrogen and oxygen from water [564]. The produced hydrogen can be stored in tanks
made of metals or composite materials, such as polymer and carbon fiber [565, 566]. A fuel cell
is used to produce electricity and water from hydrogen and oxygen during high electricity demand

[567, 568].

A.1.6. Thermal storage

In a sensible heat thermal energy storage (TES) system, the heat transfer fluid does not change its
phase during heating or cooling processes. The heat is stored in the molten salt during low-demand
periods. When demand is high, the heat transfer fluid extracts heat from the molten salt to produce

superheated steam, which is then used to produce electricity using the steam turbines.

In latent heat TES systems, the heat transfer medium changes phases. When heat is absorbed by

the heat transfer material, it is converted to liquid, and when heat is released, it is converted back
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to a solid from a liquid. This heat is used in steam turbines to produce steam for electricity

generation.

Thermo-chemical storage is designed based on the exothermic and endothermic reactions resulting
from the forming and breaking of chemical bonds in a reversible reaction [569, 570]. The working
fluid (for instance, ammonia) is heated through solar insolation and then dissociated in a
dissociation reactor. Then the hydrogen (H») and nitrogen (N2) mixture is cooled and stored in a
two-phase tank [571]. A synthesis reactor is used to produce ammonia again from preheated H»
and N in the presence of a catalyst. This reaction is exothermic and releases a large quantity of
heat to produce steam to be used in steam turbines to generate electricity [572]. The chemical

formulas, from Thaker et al. [131], are represented by Equations A.16 and A.17:

2NH3;+AH «<—> N>+3H> (A.16)
N>+3H,<«—» 2NH3;+AH (A.17)

where AH is the reaction heat.

A.2. Cost components of an energy storage system

The costs of various components of an ESS, such as power conversion system (PCS), storage unit
(SU), and balance of plant (BOP), should be considered in a techno-economic analysis of a storage
system as total capital cost (TCC) and life cycle cost (LCC). The TCC is the sum of the PCS, SU,

and BOP costs, as shown in Equation A.18:

TCC (8§) = Cpcs +Csu +Cgop (A.18)

The unit cost of a PCS is expressed per unit of power capacity as $/kW, while the cost per unit of
energy delivered ($/kWh) is used for the SU. The BOP is usually expressed as $/kW, but $/kWh

is also applicable, as the BOP capital cost varies with the energy stored or delivered. Sometimes,
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BOP costs are considered fixed costs based on the storage technology used [573]. It is difficult to

estimate the BOP costs due to a lack of data.

The PCS, SU, and BOP capital costs can be expressed using Equations A.19, A.20, and A.21,

respectively:
Crcs (8) = Cpcsu*P (A.19)
Csu ($) = Csuu*P*h/m (A.20)
Cgop(8$) = Croru*P*h (A.21)

where Cpcsu is the PCS unit cost ($/kW), P is the power capacity of the system (kW), Csuu is the
SU unit cost ($/kWh), h is the length of each discharge cycle (hour), Cgopu is the BOP unit cost

($/kWh), and 7 is the round-trip efficiency of the system.

The LCC is defined as the annual payment to cover the upfront expenditures including the
investment cost, annual operation and maintenance (O&M) costs, replacement costs if any, and
fuel costs (e.g., electricity, natural gas, etc.) [28]. From a decision-making perspective, the LCC is
a more powerful indicator than TCC when comparing ESSs as it includes cost components such
as operation and maintenance (O&M) costs, replacement costs, and decommissioning and
recycling costs. The LCC calculations include the amortization of the TCC over the lifetime of a
project using the capital recovery factor (CRF) based on the discount rate, as shown by Equation
A.22, found in Kapila et al. [31]:

i*(1+ )" (A.22)

CRF = ———
A+ —1

where i is the discount rate and 7 is the project lifetime.

The annual LCC can be calculated using Equation A.23, found in Kapila et al. [31]:
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LCCannua] ($/yr) = (TCC * CRF+O&Mcost+Fuel/ElectrlCltyCost*N* Fuelconsumed) (A. 23 )

where N is the number of cycles in a year.

The levelized cost of electricity (LCOE), expressed in $/kWh, can be defined as the electricity
price set by the ESS operator to cover all the costs over the lifetime of a system. Kapila et al.

estimated the LCOE using the following equation [31]:

LCOE = TCC+CRF+0&M+Fuel/Electricityprice*N* Fuel/Electricity consumed (A'24)

N*Eproduced
where Eproduced 15 the amount of electricity generated in one cycle. In addition to the LCOE,
sometimes the term levelized cost of storage (LCOS) is used when the cost of charging electricity
is not included in the analysis. The LCOS can be calculated by subtracting the fuel cost (i.e.,

charging cost) from the LCOE and is shown through the following equation [31]:

Price of charging fuel (A.25)
U]

LCOS = LCOE —

where # is the overall efficiency of the system.
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Appendix B

B.1. Definitions of the stationary applications considered
Bulk energy storage: Energy time-shift is considered a bulk energy service [119]. It involves
charging an energy storage system (ESS) when demand is low and discharging when demand is

high [24, 574]. The discharge duration for this application is usually 2-8 hours [293].

Transmission and distribution investment deferral: An ESS can be used for 3-6 hours to defer

and/or avoid investing in transmission and distribution infrastructure including lines and

substations [105, 293, 574].

Frequency regulation maintains the frequency of the grid within permissible limits by balancing
differences in energy generation and consumption for a short duration, usually 0.25-1 hour [24,

105, 207].

Support of voltage regulation: In this application, an ESS injects or absorbs power to support the
control of reactance in the transmission and distribution (T&D) grid to maintain the voltage within

the specific limits [105]. The discharge duration for this application is typically 0.25-1 hour [207].

B.2. Components of an energy storage system

An electro-chemical storage system consists of a power conversion system (PCS), a storage section
(battery and enclosure), and the balance of plant (BOP). The PCS converts an alternating current
(AC) to a direct current (DC) before electricity is stored in the battery and converts DC back to
AC before the electricity is injected into the electrical grid network. In some cases, a separate PCS
is used to convert AC to DC and DC to AC [28]. A battery is an electro-chemical device that can
store electricity in the form of chemical energy [10]. An electro-chemical battery consists of one
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or more cells connected in different configurations to supply the desired voltage and capacity.
Each battery cell is comprised of an anode, a cathode, an electrolyte, and separators [6]. Any item
not included in the PCS or storage section such as heating, ventilation, and air conditioning
(HVAC), grid connection, monitoring and control systems, installation, etc., can be considered

BOP items [28].

B.3. Cycle life

For electro-chemical batteries, cycle life depends on the depth of discharge (DOD). The deeper
the battery is discharged during an operational cycle, the more its cycle life reduces. Data for cycle
life corresponding to the DOD were obtained from the Discover Battery brochure [318] and
Eckroad and Gyuk [169] for valve-regulated lead-acid (VRLA) and nickel-cadmium (Ni-Cd)
batteries, respectively. From the plot of cycle life vs. DOD, best-fit curves were drawn, and
equations were obtained that were used in the techno-economic models. Figures B.1 and B.2 show

the relationship between cycle life and DOD for VRLA and Ni-Cd batteries, respectively.
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Figure B.2: The plot of cycle life vs. DOD for a Ni-Cd battery
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B.4. Pump and heat exchanger design for the vanadium redox system

Pumps and heat exchangers (HXs) are the accessories, along with some piping and fittings (for
electrolyte circulation), required for vanadium redox flow (VRF) battery systems. Each tank is
connected to a pump to circulate the electrolyte to the stacks. The volume flow rate for pumps was
calculated from the molar flow of vanadium (see Equation 3.3 in Chapter 3) and the vanadium

concentration in the electrolyte using Equation B.1, adapted from Minke et al. [296]:

where Qy is the flow rate of vanadium (mol/s) and Cy is the vanadium concentration (mol/L).

HXs are required to dissipate the heat generated during the system operation. Each MW subsystem
needs two heat exchangers. We calculated the heat of reaction from the rated power, average

voltage, and open circuit voltage (OCV) using Equation B.2, found in Minke et al. [296]:

H = pxl0—") (B.2)
%4

where H is the heat of reaction (kW), OCV is open circuit voltage (V), and V' is average voltage
(V). Each electrolyte circuit has an HX that dissipates half the reaction heat. Therefore, the heat
flow in the apparatus is Qux = 0.5H. With the thermal resistance (TR) and the mean of the
logarithmic temperature difference (ATiog-mean), We estimated the area of heat exchanger tubes
according to Equation B.3:

— x___ IR B.3
A QHX ATlog—mean ( )

where TR is total thermal resistance (m?K/W) and ATiog.mean is the mean of the logarithmic

temperature difference (K).

354



A 35 m length of the pipeline for the electrolyte circulation from the tank to the stacks for each

electrolyte circuit in the system was assumed [296].

B.5. Capital cost of batteries

The capital cost of a sodium-sulfur (Na-S) battery is based on the price of a G50 module [575].
The nominal voltage of a G50 module is 64 V or 128 V depending on the arrangement of the cells.
The configuration of cells could be either (8s*5p)*8s or (8s*10p)*4s [575]. Once we estimated
the installed capacity of a Na-S storage system, we calculated the number of G50 modules
required. In this study, $84,913.45 (inflation-adjusted for 2019 US dollars) per module was

assumed to calculate the total capital cost of a Na-S battery [169].

For a VRLA battery, the cost function was developed with battery prices for several capacity

ranges [576]. Figure B.3 shows the cost curve developed in this study.
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Figure B.3: Capital cost curve for a VRLA battery
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B.6. Life cycle costs
Scenario 1 (S1), Scenario 2 (S2), Scenario 3 (S3), and Scenario 4 (S4) represent bulk energy
storage, T&D investment deferral, frequency regulation, and support of voltage regulation,

respectively.

In this section, additional results for different power capacities for S1-S4 are shown. The discharge
duration was considered to be 5 hours for S1 and S2 and 15 minutes for S3 and S4. Table B.1
shows total investment costs (TICs) and replacement costs (RCs). The levelized costs of storage
(LCOSs) and levelized costs added by storage (LCASs) can be found in Table B.2. The LCOS and

LCAS can be calculated using Equations B.4 and B.5, respectively.

TIC RC i(1+)"
W""O&M"'Ein*l‘?price*l\’*'[m*(lﬂ-)n_l] (B4)
_ ia+D
LCOS Y
LCAS = LCOS — Sroma ot (B.5)
Noverall

1+d

In these equations, i is real discount rate (i = [1+f

] — 1), d is the nominal discount rate, f'is the

inflation rate, » is the lifetime of the project (year), Ei, is charging electricity in one cycle (MWh),
Eprice 1s the electricity cost for charging ($/MWh), N is number of cycles in a year, RC is
replacement cost, #,RC is the replacement period (year), Eou 1s electricity discharged in one cycle

(MWh), and #overan 1s overall efficiency of the system (%).

As shown in Table B.1, the TIC and RC increase with the increase in rated power. This is obvious,
because with the increase in capacity more battery cells and PCS are required to satisfy the power
and energy requirements. The LCOS decreases with an increase in rated power because of
economies of scale. The LCOS is lower at higher capacities because of the decrease in unit capital

cost with an increase in ESS rated capacity.
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Table B.1: Total investment cost and replacement cost (million $) for ESSs of several rated capacities

Na-S Li-ion VRLA Ni-Cd VRF
TIC RC TIC RC TIC RC TIC RC TIC RC
S1
5 MW 11.11 8.73 10.17 7.51 15.60 35.23 36.44 61.61 17.71 5.34
25 MW 55.21 43.63 50.47 37.55 77.64 176.13  181.81  308.06 88.20 26.68
75 MW 164.64  130.88 150.37 112.64 231.90 52839 54440  924.19 263.61 80.03
100 MW 219.17 174.51  200.11 150.18 308.83 704.52  725.50 1232.26  351.11 106.71
S2
5SMW 11.11 8.73 10.17 7.51 15.60 23.48 36.44 30.81 17.71 5.34
15 MW 33.20 26.18 30.36 22.52 46.67 70.45  109.17 92.42 53.00 16.01
20 MW 44.21 34.90 40.41 30.03 62.16 93.94 145,50  123.23 70.61 21.34
25 MW 55.21 43.63 50.47 37.55 77.64 117.42  181.81 154.03 88.20 26.68
S3
5 MW 2.07 0.44 2.14 0.74 2.40 5.28 3.59 3.08 7.84 5.34
25 MW 10.00 2.18 10.35 3.75 11.63 26.42 17.56 15.40 38.82 26.68
75 MW 29.03 6.54 30.03 11.26 33.89 79.26 51.67 46.21 115.43 80.03
100 MW 38.35 8.73 39.67 15.02 44 .81 105.68  68.52 61.61 153.55 106.70
S4
SMW 2.26 0.44 2.34 0.37 2.60 1.17 3.79 1.54 8.03 5.34
10 MW 4.47 0.87 4.63 0.75 5.14 2.35 7.51 3.08 16.00 10.67
20 MW 8.77 1.75 9.09 1.51 10.12 4.70 14.86 6.16 31.84 21.34
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Na-S

Li-ion

VRLA

Ni-Cd

VRF

30 MW

13.00

2.62

13.46

2.25

15.01

7.05

22.12

9.24

47.60

32.01

Table B.2: Levelized cost of storage and levelized cost added by storage ($/MWh) for ESSs of several rated capacities

Na-S Li-ion VRLA Ni-Cd VRF
LCOS LCAS LCOS LCAS LCOS LCAS LCOS LCAS LCOS LCAS
S1
5SMW 200.79 178.30  181.08 161.61 411.71 390.34 803.02 781.12 268.15 244.79
25 MW 199.92 177.43 180.21 160.74 410.06 389.43 802.11 780.21 267.26 243.90
75 MW 199.16 176.66  179.39 159.93 409.99 388.62 801.31 779.40 266.48 243.12
100 MW 198.95 176.45 179.17 159.70 409.77 388.40 801.09 779.18 266.26 242.90
S2
5 MW 267.79 24530  243.29 223.82 468.03 446.66 907.91 886.01 383.09 359.73
I5SMW 26698 24449  242.44 222.97 467.18 445.81 907.06 885.16 382.26 358.90
20MW - 266.72 24423 24217 222.70 466.91 445.54 906.79 884.89 382.00 358.64
25MW  266.51  244.02  242.01 222.54 466.69 445.31 906.57 884.66 381.78 358.42
S3
SMW 381.69  359.20  433.88 414.42 764.81 743.44 874.54 852.64 1511.56  1488.20
25MW 37144 34895 42448 405.01 754.08 732.71 863.81 841.90 1501.12  1477.76
7SMW 36240 33991  415.01 395.54 744.61 723.24 854.33 832.43 1491.53  1468.16
100 MW 35993 33744  412.42 392.95 742.02 720.65 851.75 829.85 1489.11  1465.74
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Na-S Li-ion VRLA Ni-Cd VRF

S4
SMW 96375 94126 105036 1030.89 120436  1182.99 2011.21 1989.30 3813.32  3789.96
I0MW  952.60  930.10 1041.61 1022.14  1192.68 1171.30 1999.52 1977.61  3801.95  3778.59
20MW 93859  916.09 102693 1007.46  1178.00 1156.62 1984.84 1962.94 3787.68 3764.32
30MW 92939  906.89 101632  996.85  1168.36  1146.99 197520 1953.30  3778.30  3754.94
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B.7. Sensitivity and uncertainty analyses

The sampling error for the Monte Carlo simulation can be calculated using Equation B.6 [577]:

Z*0

Sampling error = iz

(B.6)

where the standard deviation of the mean and the number of samples are ¢ and n, respectively. The

value of z was taken to be 1.96 for a 95% confidence interval.

To perform the Monte Carlo simulations, the statistical distributions of the inputs are required.

When there is limited data, triangular distributions were generated; they give conservative results

for predictable values with lower standard deviations. When it is hard to predict a reliable value,

uniform distribution was used to treat all the inputs equally. Finally, a PERT distribution was used

when the inputs did not differ widely to emphasize the most likely value instead of the minimum

and maximum values. The minimum and maximum values of input parameters for each ESS for

which sensitivity and uncertainty analyses were performed are listed in Table B.3.

Table B.3: The minimum and maximum values of the input parameters for sensitivity and

uncertainty analyses

ESS Parameter Minimum  Maximum
value value

Na-S Round-trip efficiency (%) 70 [288] 90 [10]
Depth of discharge (%) 70 [157] 90 [578]
PCS efficiency (%) 90 [425] 97 [302]
Nominal discount rate (%) 8% 12 [579]
Inflation rate (%) 0.94°[324] 2.91°[324]
Battery cost ($/kWh) 212 [24] 465 [11]
Cost of enclosure and foundation ($/m?) 198.07¢ 367.854
Yearly fixed O&M cost for the battery ($/kW-year)  2.61 [28] 22.55 [28]
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ESS Parameter Minimum  Maximum
value value

Yearly variable O&M cost for the battery ($/MWh)  0.39 [28] 7.30 [28]
Fixed O&M cost for the PCS ($/kW-year) 1.84¢ 3.42¢
BOP cost ($/kW) 71.49 [105] 116.62[181]
Unit price of electricity (3/MWh) 11.47°[323] 21.117[323]
Contingency cost as a percent of capital cost (%) 1 [207] 5[207]

Li-ion Round-trip efficiency (%) 85 [288] 98 [288]
Depth of discharge (%) 758 908
PCS efficiency (%) 90 [425] 97 [302]
Nominal discount rate (%) 8 12 [579]
Inflation rate (%) 0.94°[324] 2.91°[324]
Battery cost ($/kWh) 189 [11] 555 [213]
Cost of enclosure and foundation ($/m?) 198.07¢ 367.85¢
Yearly fixed O&M cost for the battery ($/kW-year)  6.21 [326] 14.49 [326]
Yearly variable O&M cost for the battery ($/MWh)  0.52 [28] 7.31 [28]
Fixed O&M cost for the PCS ($/kW-year) 1.84¢ 3.42¢
BOP cost ($/kW) 97.45[329] 116.62[181]
Unit price of electricity ($/MWh) 11.47°[323] 21.117[323]
Contingency cost as a percent of capital cost (%) 5[207] 10 [207]

VRLA Round-trip efficiency (%) 80 [288] 90 [288]
Depth of discharge (%) 50N 70N
PCS efficiency (%) 90 [425] 97 [302]
Nominal discount rate (%) 8 12 [579]
Inflation rate (%) 0.94°[324]  2.91°[324]
Battery cost ($/kWh) 126 [213] 376 [51]
Cost of enclosure and foundation ($/m?) 198.07¢ 367.85¢
Yearly fixed O&M cost for the battery ($/kW-year)  4.17'[28] 16.941 [28]
Yearly variable O&M cost for the battery ($/MWh)  0.20 [28] 0.68 [28]
Fixed O&M cost for the PCS ($/kW-year) 1.844 3.42¢
BOP cost ($/kW) 94.42 [105] 113.40[28]
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ESS Parameter Minimum  Maximum
value value
Unit price of electricity ($/MWh) 11.47°[323] 21.117[323]
Contingency cost as a percent of capital cost (%) 5[207] 10 [207]

Ni-Cd Round-trip efficiency (%) 70 [314] 90 [314]
Depth of discharge (%) 708 858
PCS efficiency (%) 90 [425] 97 [302]
Nominal discount rate (%) 8 12 [579]
Inflation rate (%) 0.94°[324] 2.91°[324]
Battery cost ($/kWh) 609 [11] 1210 [11]
Cost of enclosure and foundation ($/m?) 198.07¢ 367.85¢
Yearly fixed O&M cost for the battery ($/kW-year)  5.21 [28] 31.28 [28]
Yearly variable O&M cost for the battery ($/kW- 6.164 11.454
year)

Fixed O&M cost for the PCS ($/kW-year) 1.844 3.42¢

BOP cost ($/kW) 75 [215] 1250

Unit price of electricity ($/MWh) 11.47°[323] 21.117[323]
Contingency cost as a percent of capital cost (%) 5 10/

VRF Round-trip efficiency (%) 70 [105] 80 [105]
PCS efficiency (%) 90 [425] 97 [302]
Nominal discount rate (%) 8 12 [579]
Inflation rate (%) 0.94°[324] 2.91°[324]
Number of cycles in lifetime 10,000 [28] 13,000 [28]
Pump cost ($/m*h!) 13 [296] 82 [296]
Heat exchanger cost ($/m?) 219 [296] 487 [296]
V205 cost ($/kg) 17.43 [327] 26.14 [327]
H2SO4 cost ($/kg) 0.05[327]  0.09[327]
Cost of enclosure and foundation ($/m?) 198.07¢ 367.854
Yearly fixed O&M cost for the battery ($/kW-year)  4.59 [28] 23.38 [28]
Yearly variable O&M cost for the battery ($/MWh)  0.27 [28] 3.65 [28]
Fixed O&M cost for the PCS ($/kW-year) 1.844 3.42¢
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ESS Parameter Minimum  Maximum
value value
BOP cost ($/kW) 32.59 28]  99.10[105]
Unit price of electricity ($/MWh) 11.47°[323] 21.117[323]
Contingency cost as a percent of capital cost (%) 5[119] 7[119]

220% less than the default value was assumed.

b Lowest yearly average inflation rate in Canada from 2010-18.

¢ Highest yearly average inflation rate in Canada from 2010-18.

dVaried by 30% from the default value due to the unavailability of data.

¢ Lowest yearly average off-peak pool price of electricity in Alberta from 2013-17.
f Highest yearly average off-peak pool price of electricity in Alberta from 2013-17.
¢ Assumed as a realistic range because most studies considered 80%.

h Assumed as a realistic range because most studies considered 60%.

iThe O&M for a VRLA was assumed to be the same as for a Pb-A.

I Assumed value.

B.7.1. Sensitivity analysis for the VRF system

The sensitivity results for the VRF system for bulk energy storage are presented in Figures B.4

and B.5 for the TIC and LCOS, respectively.
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B.7.2. Uncertainty in TIC
The bottom and top of the rectangular boxes in Figures B.6-B.9 represent the 25" and 75"
percentiles, respectively, and the bottom and top of the error bars represent the 5™ and 95

percentiles, respectively. The dots in the rectangular boxes represent the means.

The uncertainties in LCOS were discussed in Chapter 3. The uncertainty results in TIC are

presented in Figures B.6-B.9.
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Appendix C

C.1. The sizing of components of a vanadium redox flow storage system

For the vanadium redox flow (VRF) battery, the electrolyte can operate for 13,000 cycles [258]
without degradation [307]. However, the stacks need to be replaced after 10 years [320] as various
components are subject to corrosion [44]. The power and energy capacities of the VRF battery are
designed independently. While the power comes from the stacks that contain the cells, the energy
comes from the electrolyte. The number of stacks required was calculated from the rated power of
each stationary application and the power of each stack. The energy is stored in the electrolyte in
the VRF battery. The electrolyte volume determines the energy capacity. The amount of electrolyte
required and the volume of positive and negative electrolyte tanks were calculated based on the
power and duration of discharge (listed in Table 4.1 of Chapter 4). The amount of vanadium
pentoxide (V20s) needed for the positive (Npg) and negative (Nng) electrolytes can be estimated

using Equation C.1, adapted from Minke et al. [296]:

Pr*H*3600 (Cl)

Npp = Nyg =N =
PE NE Np*DOD*V+F

where N is the amount of vanadium (mols), Pz is the rated power (W), H is the duration of
discharge (h), 7 is the battery efficiency (%), DOD is the depth of discharge (%), V'is the average

voltage of each cell (V), and F'is the Faraday constant.

The volume of positive (Vpg) and negative (Vng) electrolytes was calculated using Equation C.2:
Vpg = Vng = Cl (C.2)
|4

where Cy is the V205 concentration in mol/L.
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To avoid spillage, some void space is kept in the tanks. It was assumed that the volume of each
tank is 1.5 times the electrolyte volume [296]. The electrolyte is a mixture of V2Os, sulfuric acid
(H2S04), and water. The volume of H>SO4 was calculated using the volume of electrolyte, the
molecular mass of H>SOs, and the concentration of HoSO4 (see Table C.1). We calculated the

amount of water assuming an electrolyte density of 1200 kg/m?[316].

The system was considered to be modular, each module having a 1 MW capacity [44]. The
advantage of a 1 MW module is that it can be fitted into a standard container (40-foot) [319]. Each
1 MW power subsystem is connected to one positive and one negative electrolyte tank. The volume
of each tank was calculated using the rated power of each module and the duration of discharge
(see Table 4.1 in Chapter 4). The number of tanks was calculated from the amount of electrolyte
required for the rated power of the energy storage system (ESS) and the amount of electrolyte for

a 1 MW module for the specified duration of discharge.

Table C.1: Technical inputs used to design the VRF energy storage system

Parameter Value Unit
Depth of discharge 90 [316] %
Battery efficiency 75 [105] %
Cycle life 13,000 [258] cycles
Current density 3000 [316] A/m?
Active cell area 1[316] m?
Capacity of each stack 250 [296] kW
Vanadium concentration 1.6 [44] mol/L
Sulfuric acid concentration 5[316] mol/L
Electrolyte density 1200 [316] kg/m?
Molecular mass of vanadium 181.90 [316] g/mol
Average cell voltage 1.19 [316] A%
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C.2. Inventory analysis

Table C.2 shows the mass fraction of different materials for the batteries. For a VRF battery, the

mass of the pumps, heat exchangers (HXs), pipes, and cables were assumed to be 69.88 kg/MWh,

123.25 kg/MWh, 332 kg/MW, and 177 kg/MW, respectively [44]. The pumps need to be replaced

after 10 years [474]. We assumed that the HXSs, pipes, and cables are made of stainless steel, steel,

and copper, respectively [44], and the pumps of 50% stainless steel and 50% cast iron [474]. Table

C.3 shows the material inventory for the five electro-chemical ESSs.

Table C.2: Material composition of different electro-chemical batteries

Na-S [349] VRLA [341]
Material Wt (%) Material Wt (%)
Sulfur 12.5 Lead 71
Sodium 8 Calcium 0.03
- alumina 10.2 Aluminium 0.01
a- alumina 2.3 Tin 0.4
Steel 12.8 Silver 0.01
Aluminium 20.6 Negative electrode additives 0.2
Graphite 2 Fiberglass separator 2.5
Copper 3.4 Copper terminals 0.5
Glass 4.3 H>SO4 6.3
Sand 15.2 Water 10.8
Miscellaneous® 8.7 Polypropylene 7.5
Control electronics 0.8
Li-ion [350]
Chemistry LMO NMC LFP
Material Wt (%)
Active material (cathode) 30.75 25.17 23.75
Graphite 12.67 15.75 13.84
Binder (PVDF) 2.28 2.15 1.98
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Copper 11.57 11.73 10.41
Wrought aluminum 22.67 23.85 23.08
Electrolyte: LiPFs 1.65 1.61 2.45
Electrolyte: Ethylene carbonate 4.61 4.5 6.84
Electrolyte: Dimethyl carbonate 4.61 4.5 6.84
Plastic: Polypropylene 1.11 1.1 0.97
Plastic: Polyethylene 0.35 0.36 0.31
Plastic: Polyethylene terephthalate 0.2 0.21 0.22
Steel 0.61 0.62 0.71
Thermal insulation 0.43 0.49 0.46
Coolant: Glycol 341 4.3 5.1
Electronic parts 3.07 3.66 3.03
Ni-Cd [351] VRF (1 MW power subsystem) [44]
Material Wt (%) Material Wt (%)
Steel 39.2 Membrane (Nafion) 1.5
Ni 20.5 Electrode (PAN carbon felt) 4.2
Cd 16.4 Bipolar plate® (PPG86 composite)  54.8
Ni(OH) 8.1 Current collector (copper) 19.7
H>O 8.0 Cell frame (PVC) 3.1
KOH 3.5 Gaskets (EPDM) 4.3
Polyamide 2.6 Stack frame (steel) 12.5
PVC 1.1
Co 0.5
Rubber (polypropylene) 0.3

For the VRF, the materials for different components are presented in parentheses.

2Due to the lack of data, polypropylene was assumed to be 8.7% for the miscellaneous items [349].

b The material requirements/kg of bipolar plates: 0.88 kg of synthetic graphite and 0.14 kg of polypropylene [44].
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Table C.3: The amounts of different materials (tonnes) for 250, 50, 12.5, and 3.75 MWh ESSs

for S1, S2, S3, and S4, respectively

ESS Material Bulk energy T&D Frequency Support of
storage (S1) investment regulation voltage
deferral (S2) (S3) regulation
(S4)
Battery and foundation

Na-S  Sulfur 864 173 44 13
Sodium 553 111 27 8
B-alumina 706 142 35 11
a-alumina 159 32 8 3
Steel 885 177 44 14
Aluminium 1425 285 72 22
Graphite 138 27 7 2
Copper 234 47 12 4
Glass 298 60 15 5
Sand 1051 210 53 15
Polypropylene 601 121 30 9
Concrete 3646 729 182 54
(foundation)

Li- Active material 1295, 1941, 259,388,322 97,145,121 19, 29, 24

ion? (cathode) 1609
Graphite 810, 800, 938 162, 160, 188 61, 60, 71 12,12, 15
Binder (PVDF) 111, 144, 134 22,29,27 811,10 2,2,2
Copper 603, 730, 705 121, 146, 141 45, 54, 53 9,11, 11
Wrought aluminum 1227, 1431, 245,286,313 92,107,117 18, 22,24

1564

Electrolyte: LiPF6 83, 104, 166 16, 21, 34 6,8, 13 1,2,3
Electrolyte: Ethylene 231, 291, 464 46, 58, 93 17,22, 34 4,5,7

carbonate
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ESS Material Bulk energy T&D Frequency Support of
storage (S1) investment regulation voltage
deferral (S2) (S3) regulation
(S4)
Electrolyte: 231,291, 464 46, 58, 93 17,22, 34 4,5,7
Dimethyl carbonate
Plastic: 57,70, 65 12,14, 13 55,5 I, 1,1
Polypropylene
18,22, 21 4,5,5 2,2,2 0.3,0.4,
Plastic: Polyethylene 0.3
Plastic: Polyethylene 11, 13,15 2,3,3 1,1,1 0.2,0.2,
terephthalate 0.3
32,39, 48 6,8, 10 3,3,4 0.5, 0.6,
Steel 0.8
25,27, 32 5,5,6 2,2,3 0.4,0.5,
Thermal insulation 0.5
Coolant: Glycol 221,269, 318 44,43, 69 16, 16, 26 4,4,5
Concrete 1804 361 90 27
(foundation)

VRLA Lead 41,231 6184 5154 464
Calcium 17 3 2 0.2
Aluminium 5 1 1 0.1
Tin 232 34 29 3
Silver 5 1 1 0.1
Fiberglass 1452 218 181 16
Copper 290 44 36 4
H>SO4 3659 549 457 41
Polypropylene 4355 653 544 49
Concrete 9592 1919 480 144

(foundation)




ESS Material Bulk energy T&D Frequency Support of
storage (S1) investment regulation voltage
deferral (S2) (S3) regulation
(S4)

Ni-Cd  Steel 8353 1114 417 83
Ni 4368 582 219 44
Cd 3495 466 175 35
Ni(OH) 1725 230 86 17
H>O 1705 228 85 17
KOH 746 98 37 7
Polyamide 554 73 28 5
PVC 234 31 12 3
Co 106 15 5 1
Rubber 64 8 4 1
(polypropylene)
Concrete 6764 1358 338 102
(foundation)

VRF  Glass fibre 802 161 112 34
Vanadium 4225 845 211 64
Sulfuric acid 7119 1423 356 107
Nafion 15 3 15 5
Carbon fiber (CF) 42 8 42 13
Synthetic graphite 484 97 484 145
Polypropylene 77 15 77 23
Copper 206 41 206 62
Steel 142 28 142 43
Stainless steel 48 10 3 1
PVC 31 6 31 9
EPDM 43 8 43 13
Cast iron 17 4 1 0.3
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ESS Material Bulk energy T&D Frequency Support of

storage (S1) investment regulation voltage
deferral (S2) (S3) regulation

(S4)

Concrete 18,555 3711 828 279

(foundation)

PCS and container

Steel 151 30 151 45

Aluminium 12 3 12 4

Copper 24 5 24 7

Plastics 6 1 6 2

Transformer oil 32 6 32 9

Pressboard 3 1 4 1

Paper 1 0.3 1 0.4

2 For a Li-ion battery, the first, second, and third values represent NMC, LMO, and LFP chemistry, respectively.

Table C.4: Parameters used to calculate the inventory for the PCS, PCS container, concrete

foundation, and vanadium electrolyte tank

Parameter Value Unit
Efficiency of the PCS 95[169] %
Lifetime of the PCS 20 [299] year
Wall thickness of the electrolyte tank 0.016 [580] m
Thickness in the bottom of the electrolyte tank 0.029 [580] m
Concrete floor thickness (for heavy loads) 0.127 [581] m
Density of concrete 2400 [582] kg/m?
Mass of the PCS container (40-foot long made of steel) 3740 [583] kg
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The mass of various capacity inverters was found in Indrivetec’s brochure [353]. The data for the
transformers was taken from Meksan Transformer’s webpage [354]. From the plots of mass vs.
capacity, best-fit curves were drawn. Figures C.1 and C.2 show the plots for the inverter and the
transformer, respectively. The material composition of the inverter and the transformer is given in
Table C.5. The mass of various materials was calculated from the total mass of the inverter and

the transformer and their material composition.

For the inverter, electricity, fuel oil, natural gas, and heat from municipal waste incineration are
the assumed energy sources [365]. The energy required from these sources was plotted against the
rated power (2.5-20 kW). From the plots of energy required vs. rated power, best-fit curves were
drawn, and the equations obtained were used to calculate the amount of energy used for a 5 MW
inverter. Equations C.3-C.6 show the energy requirements from electricity, fuel oil, natural gas,
and heat from waste incineration, respectively. In these equations, y is the energy required from
various sources and x is the rated power (kW). To see the impact of the change in the fuel mix,
natural gas instead of fuel oil and municipal waste was considered in sensitivity and uncertainty
analyses. The sources of energy to manufacture transformers are electricity and heat from natural
gas [366]. The amounts of electricity and natural gas were estimated based on the data provided
by Burger Mansilha et al. [366] for a 75 kVA transformer. Table C.6 shows the manufacturing

energy requirements for the PCS for the four stationary applications.

Electricity (kWh) y = 5.6856x"-62 (C.3)
Fuel oil (MJ) y=0.1211x%68 (C.4)
Natural gas (MJ) y=1.9131x%68 (C.5)
Heat from waste incineration plant (MJ) y =4.9277x%68 (C.6)
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Table C.5: Material composition of the inverter and the transformer for the PCS

Inverter [584] Transformer [585]
Material Wt (%) Material Wt (%)
Steel 60.24 Transformer oil® 24
Aluminium 17.74 Steel 56
Copper 12.40 Copper 12
Plastics® 9.62 Pressboard 3
Paper 1
Other 4

2 Polyamide, injection molding plastic was assumed [586].

b Mineral oil was assumed for transformer oil [587].

Table C.6: Energy requirements for the manufacturing of inverters and transformers for

the PCS
Source Bulk energy T&D Frequency Support of
storage (S1) investment regulation  voltage
deferral (S2) (S3) regulation (S4)
Inverter Electricity (kWh) 18,341 3668 18,341 5502
Fuel oil (MJ) 395 79 395 118
Natural gas (MJ) 6299 1260 6299 1890
Heat from waste
(M) 16,224 3245 16,224 4867
Transfor Electricity (kWh) 29,186 5837 29,186 8756
mer Natural gas (MJ) 56,397 11,279 56,397 16,919
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Table C.7: Recovery rate and specific energy consumption for various materials

Battery Materials recycled Recovery rate Specific energy Emission
type (%) consumption factor (kg-
(MJ/tonne) CO2eq/tonne)
Na-S Steel 50 [588] 21,028 [589] 1399 [589]
Copper 50 [588] 14,300 [590] 1070 [590]
Aluminium 50 [588] 30,697 [589] 1840 [589]
Li-ion  Li manganese oxide 50 (assumed) 34,863 [589] 3144 [589]
Li nickel cobalt 50 (assumed) 202,981 [589] 13,830 [589]
manganese oxide
Wrought aluminium 50 [588] 26,767 [589] 1608 [589]
Copper 50 [588] 14,300 [590] 1070 [590]
VRLA Lead 98.30[110] 4923 [589] 482 [589]
Sulfuric acid 90 [110] 160 [44] 36°
Ni-Cd  Steel 50 [588] 21,028 [589] 1399 [589]
Cadmium 90 [363] 1260 [349] 102 [349]
Nickel 50 (assumed) 22,441 [589] 1519 [589]
VRF Electrolyte 95 [44] 160 [44] 367

2 Calculated from the electricity requirement and Alberta’s electricity EFs.

C.3. Sensitivity and uncertainty analyses

A sensitivity analysis was conducted to find the influential input parameters used in the models.
An uncertainty analysis was performed to report ranges for the net energy ratio and life cycle GHG
emissions. Only the most impactful parameters identified in the sensitivity analysis were used in
the uncertainty analysis. Table C.8 shows the ranges of input parameters used for the uncertainty

analysis.
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Table C.8: Input parameters for the uncertainty analysis

ESS/application Parameter

Minimum value

Maximum value

Na-S Round-trip efficiency (%) 70 [288] 90 [10]
Depth of discharge (%) 70 [157] 90 [578]
PCS efficiency (%) 90 [425] 97 [302]
Energy density (Wh/kg) 100 [343] 206 [344]
Manufacturing energy (MJ/Wh)  0.42% 0.78?
Concrete floor thickness (m) 0.10 [581] 0.15[581]
Truck diesel consumption 0.017 [591] 0.044 [591]
(L/tonne-km)

Li-ion Round-trip efficiency (%) 85 [288] 98 [288]
Depth of discharge (%) 75° 90°
PCS efficiency (%) 90 [425] 97 [302]
Energy density (Wh/kg) 90 [342] 170 [342]
Manufacturing energy (MJ/Wh) 0.84% 1.56%
Concrete floor thickness (m) 0.10 [581] 0.15 [581]
Truck diesel consumption 0.017 [591] 0.044 [591]
(L/tonne-km)

VRLA Round-trip efficiency (%) 80 [288] 90 [288]
Depth of discharge (%) 50°¢ 70¢
PCS efficiency (%) 90 [425] 97 [302]
Energy density (Wh/kg) 30 [346] 40 [346]
Manufacturing energy (MJ/Wh) 0.29? 0.55?
Concrete floor thickness (m) 0.10 [581] 0.15 [581]
Truck diesel consumption 0.017 [591] 0.044 [591]
(L/tonne-km)

Ni-Cd Round-trip efficiency (%) 70 [314] 90 [314]
Depth of discharge (%) 70° 85P
PCS efficiency (%) 90 [425] 97 [302]
Energy density (Wh/kg) 50 [347] 75 [348]
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ESS/application Parameter Minimum value Maximum value
Manufacturing energy (MJ/Wh) 1.5? 2.7°
Concrete floor thickness (m) 0.10 [581] 0.15[581]
Truck diesel consumption 0.017 [591] 0.044 [591]
(L/tonne-km)

VRF Round-trip efficiency (%) 70 [105] 90 [105]
PCS efficiency (%) 90 [425] 97 [302]
Number of cycles in lifetime 10,000 [28] 13,000 [28]
Manufacturing energy (MJ/Wh)  0.52% 0.96?
Concrete floor thickness (m) 0.10 [581] 0.15 [581]
Truck diesel consumption 0.017 [591] 0.044 [591]
(L/tonne-km)
Tank wall thickness (m) 0.013 [580] 0.019 [580]
Cell voltage (V) 0.8 [316] 1.55[316]
Vanadium concentration 1.5 [320] 2 [320]
(mol/L)

Bulk energy Rated power (MW) 5[338] 100 [338]

storage (S1) Discharge duration (h) 4 [28] 8 [28]
Number of cycles per year 350 [31] 365 [213]
Alberta electricity emission 2524 [367] 559°[367]
factor (kg-CO2eq/MWh)

T&D investment Rated power (MW) 5[338] 25 [338]

deferral (S2) Discharge duration (h) 2[119] 5[119]
Number of cycles per year 248 [105] 250 [213]

Frequency Rated power (MW) 5[338] 100 [338]

regulation (S3)  Discharge duration (h) 0.25[119] 1[119]
Number of cycles per year 9928f 14,892f

Support of Rated power (MW) 5[338] 30 [338]

voltage Discharge duration (h) 0.25 [207] 1[51]

regulation (S4)  Number of cycles per year 248 [105] 250 [340]

230% variation from the default value was assumed.

381



b Assumed to be a realistic range as most studies considered 80%.
¢ Assumed to be a realistic range as most studies considered 60%.
4Projected value for 2041.

©2021 emission factor including upstream emissions.

f20% variation from the default value was assumed due to the lack of data.

C.4. Impact of recycling on life cycle GHG emissions

A mix of virgin and recycled materials was assumed for material requirements for each battery
technology to assess the impact of recycling. The GHG emissions from material recycling were
estimated using the material recovery percentage, specific energy, and emission factors (see Table
C.7). Figure C.3 shows the change in GHG emissions when recycling is included in the analysis.
The GHG emissions are lower than in the base case without recycling for the ESSs considered.
Although recycling adds energy to the life cycle energy use, it reduces the dependence on virgin
materials, which are more energy-intensive than the recycled materials. For the Na-S ESS, the
most energy-intensive material is f-alumina, and there is no developed process to recycle it.
Recycling steel, copper, and aluminium reduces life cycle GHG emissions by only 2-5 kg-
CO2eq/MWh. The reductions in GHG emissions from the recycling of Li-ion and Ni-Cd ESSs are
about 3-5 and 11-18 kg-CO2eq/MWh, respectively, depending on the application. VRLA and VRF
ESSs achieve the biggest advantage from recycling. Pb-A batteries are highly recyclable with a
high recovery rate of more than 90% for lead and sulfuric acid [110]. With recycling, the life cycle
GHG emissions of a VRLA ESS were reduced by 7-9%, depending on the application. For the
VREF, V,0s electrolyte production is the main source of energy use and resulting GHG emissions.
According to Weber et al. [44], the electrolyte needs only 0.045 kWh/kg electricity for electrolyte
re-balancing and recycling. If the electrolyte is recycled, the total GHG emissions can be reduced

by 10% and 13% for S1 and S2, respectively, and 6% and 12% for S3 and S4, respectively.
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Figure C.3: Reduction of total GHG emissions from the recycling of battery materials

C.5. Additional results
The GHG emissions in the operation stage for the Canadian provinces are presented in Figure C.4,
and Figure C.5 shows the sensitivity analysis for the life cycle GHG emissions of the VRF ESS

for bulk energy storage.
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Figure C.4: GHG emissions in the operation stage

[Note: Na-S: sodium-sulfur, Li-ion: lithium-ion, VRLA: valve-regulated lead-acid, Ni-Cd: nickel-cadmium, and VRF: vanadium redox flow].
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Appendix D

D.1. Calculation of outer radius
The outer radius of a hollow composite rotor for the composite rotor flywheel energy storage

system (FESS) was calculated using Equation D.1, adapted from Kailasan [201]:

o= a (D.1)
max \| P-N

where 7, is the rotor outer radius (m), o is the tensile strength of the rotor material (Pa), wmax is the

maximum angular speed (rad/s), p is the density of the rotor material (kg/m?), and N is the safety

factor.

The radius of a solid rotor for the steel rotor FESS was calculated using Equation D.2, adapted

from Moore and Kraft [592]:

1 8.0 (D.2)
"= Wmax «|P-N.(3+V)

where 7 is the rotor radius (m), o is the tensile strength of the rotor material (Pa), wmax is the

maximum angular speed (rad/s), p is the density of the rotor material (kg/m?), N is the safety factor,

and v is Poisson’s ratio of the rotor material.
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D.2. Additional results

Table D.1: The output cost results for flywheel energy storage systems with rated capacities

from 1-40 MW
Storage system Capacity TIC (million §) RC (million$) LCOS LCAS
($/MWh) ($/MWh)

Composite rotor 1 MW $1.55 $0.04 $217.76 $183.39

FESS 5 MW $7.08 $0.18 $203.12 $168.75
10 MW  $13.60 $0.36 $197.03 $162.67
20MW  §$25.88 $0.72 $189.94 $155.58
40 MW §49.21 $1.45 $183.11 $148.74

Steel rotor FESS 1 MW $1.18 $0.10 $175.07 $140.70
5 MW $5.06 $0.49 $156.92 $122.56
10 MW $9.61 $0.97 $151.42 $117.05
20MW  $18.28 $1.95 $146.41 $112.05
40 MW §34.76 $3.89 $141.55 $107.18
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Appendix E

E.1. Flywheel energy storage design
The useful energy stored in the flywheel was calculated using Equation E.1, adapted from Amiryar

and Pullen [203]:

E.1
E = Eknph(wmaxz - wminz)(r24 -n") E1)

where E is the useful energy of the flywheel (J), k is the shape factor, p is the density of the rotor
material (kg/m?), & is the height of the rotor (m), w is the angular velocity (rad/s), 7; is the inner

radius (m), and 7 is the outer radius (m).

For a given speed, the outer radius of a hollow cylindrical composite rotor can be calculated using

Equation E.2, adapted from Kailasan [451]:

1 [o (E.2)

Wmax | P-N

TZZ

where r; i1s the outer radius (m), wma 1s the maximum angular velocity (rad/s), ¢ is the tensile
strength of the material (Pa), p is the density of the rotor material (kg/m?), and N is the factor of

safety.

The radius of a solid cylindrical steel rotor can be calculated using Equation E.3, adapted from

Moore and Kraft [593]:

1 8.0 (E.3)
"= Wmax | P-N.(3+V)

where 7 is the radius (m), wmax is the maximum angular velocity (rad/s), ¢ is the tensile strength of

the material (Pa), p is the density of the rotor material (kg/m?), v is Poisson’s ratio for the rotor
material, and N is the factor of safety.
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E.2. Material composition of 4340 alloy steel and chrome steel
Table E.1 shows the material composition of 4340 alloy steel for the steel rotor and chrome steel

for the mechanical bearing.

Table E.1: Composition of 4340 alloy steel and chrome steel

4340 alloy steel [55] Chrome steel [594]
Composition Wt (%) Composition? Wt (%)
Iron 95.50 Iron 96.91
Nickel 1.83 Chromium 1.45
Chromium 0.80 Carbon 1.04
Manganese 0.70 Manganese 0.35
Carbon 0.40 Silicon 0.45
Molybdenum 0.25
Silicon 0.20

2 Given their insignificant contribution, sulfur and phosphorous were not included [594].

E.3. Manufacturing of flywheel components

Table E.2 shows the specific energy requirements for the manufacturing of mechanical bearings.
The values were calculated by summing the reported numbers from Ekdahl [482] for each
manufacturing process. We assumed that the heat requirement is fulfilled by burning natural gas,
as natural gas is widely used for industrial energy consumption. The standard conversion

efficiency for heat production from natural gas was taken to be 85% [595].

Table E.2: The specific energy requirements for mechanical bearing manufacturing

Source of energy Value (MJ/kg)
Electricity 26.12

Heat 8.51

Natural gas 3.18
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Source of energy Value (MJ/kg)
Liquefied petroleum gas 3.05

Fuel oil 2.10

Diesel 0.01

Coal 0.002

Table E.3 shows the energy requirements for the manufacturing of the power conversion system

(PCS). The energy requirements for 2.5-20 kW PCSs, from Tschiimperlin et al. [484], were used

to construct Equations E.4-E.7. These equations were then used to quantify the energy

requirements for the PCS systems (108 kW for the steel rotor flywheel and 100 kW for the

composite rotor flywheel) used in this study.

Table E.3: The specific energy requirements for power conversion system manufacturing at

various capacities

Capacity (kW) Electricity (kWh)

Fuel oil (MJ) NG (MJ)

Heat from municipal

waste (MJ)
2.5 10.6 0.226 3.57 9.21
5 16.9 0.361 5.72 14.7
10 27.1 0.579 9.17 23.6
20 43.4 0.928 14.7 37.9
108 (calculated) 136.10 2.92 46.31 119.29
100 (calculated) 129.17 2.77 43.95 113.20

m = 5.6856x"%8
n=0.1211x%68
y = 1.9131x048

7z =4.9277x"68
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m, n, y, and z are the amount of energy from electricity (kWh), fuel oil (MJ), natural gas (MJ), and

heat from municipal waste (MJ), respectively, and x is the capacity of the PCS (kW).

E.4. Emission factors

Table E.4: Emission factors used in the model for various energy sources

Energy source Emission factor Unit Reference
Alberta electricity mix 0.59 kg-CO2eq/kWh [367]
British Columbia electricity mix 0 kg-CO2eq/kWh [367]
Saskatchewan electricity mix 0.50 kg-CO2eq/kWh [367]
Manitoba electricity mix 0 kg-CO2eq/kWh [367]
Ontario electricity mix 0.01 kg-CO2eq/kWh [367]
Quebec electricity mix 0.01 kg-CO2eq/kWh [367]
Canada average electricity mix 0.14 kg-CO2eq/kWh [367]
Municipal solid waste 1017 kg-COzeq/tonne [596]
Natural gas 0.07 kg-COzeq/MJ [597]
Fuel oil 0.09 kg-COzeq/MJ [597]
Diesel for heating 0.08 kg-CO2eq/MJ [597]
Bunker fuel 0.08 kg-COz2eq/MJ [597]
Coal 0.10 kg-COz2eq/MJ [597]
Diesel for transportation 0.09 kg-COz2eq/MJ [597]
Liquefied petroleum gas 0.07 kg-COz2eq/MJ [597]
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E.S. Sensitivity and uncertainty analyses

Table E.S5: The input parameters and values for uncertainty analysis

Parameter Minimum value Maximum value
Number of cycles per year 3000 [598] 5000 [119, 598]
Flywheel efficiency (%) 85 [43] 95 [460]
Efficiency of the PCS (%) 90 [425] 98 [426]
Factor of safety 3 [451] 5[451]
Tensile strength of steel (GPa) 0.80 [599] 1.4 [454]
Tensile strength of composite (GPa) 2 [427, 451] 6 [427]
Composite rotor inside-to-outside diameter ratio 0.50 [451] 0.75 [451]
Specific power of the motor/generator (kW/kg) 1.2 [465] 1.6 [465]
Steam generator efficiency (%) 80 [595] 95 [595]
Standby loss for the steel rotor flywheel (%) 1 [205] 5[395]
Standby loss for the composite rotor flywheel (%) 0.5 [485] 2 [486]
Metal recycling rate (%) 90 [600] 98 [600]
Specific diesel requirement in landfilling (L/tonne) 1 [487] 3 [487]
Specific electricity requirement in landfilling 2 [487] 12 [487]
(kWh/tonne)

Specific diesel consumption in transportation 0.017 [490] 0.044 [490]
(L/tonne-km)

Electricity grid emission factor (kg-CO,eq/MWh) 0[367] 590 [367]
Specific energy for composite material production 632 [601] 840 [601]
(MJ/kg)

Specific emission factor for composite material 42.5[601] 54.2 [601]

production (kg-COzeq/kg)

Specific energy consumption in curing of composite 4 [479] 11 [479]
rotor (MJ/kg)

Energy demand for solar PV plant (MJ/MWh) 360 [602] 1800 [602]
Energy demand for wind power plant (MJ/MWh) 10 [602] 1200 [602]
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Parameter Minimum value Maximum value

Emission factor of electricity from solar (kg- 26 [603] 183 [603]
CO2eq/MWh)

Emission factor of electricity from wind (kg- 3 [283] 45 [283]
CO2eq/MWh)

Transportation distance (km) 50388 48007

E.6. Additional results

Although electricity from solar and wind was considered for charging in the base case, additional
results are provided for different electricity mixes used in four Canadian provinces. Figure E.1
shows the life cycle GHG emissions when electricity for charging comes from the grid. Figure E.2
shows the Morris sensitivity analysis for life cycle GHG emissions of a steel rotor flywheel energy
storage system. In this case, electricity is supplied from a solar photovoltaic source. The points in
the figure represent the input parameters used in the model. The parameters in zone 1, such as
transportation distance, recycling rate of metals, and diesel and electricity requirements in
landfilling, are insignificant, with a lower Morris mean and standard deviation. Zone 3 includes
the critical input parameters that influence the results significantly. The most influential parameters
are standby loss, efficiency of the PCS, Alberta’s electricity emission factor, and the electricity
emission factor for solar. The parameters in zone 2 are moderately sensitive; these parameters are

flywheel efficiency, factor of safety, tensile strength of steel, and the number of cycles.

8% Assumed distance within Alberta
“** Distance from Nova Scotia to Alberta calculated using Google Maps
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