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Abstract

Power systems operate at a specific frequency and constantly require a balance between
production and consumption of electricity in order to maintain the frequency within a
certain interval. Larger frequency deviations can cause blackouts or damage equipment
connected to the grid. Balancing functions that stabilise the grid are referred to as an-
cillary services, which in Sweden include the fast active disturbance reserve (FADR) that
currently consists of a fleet of gas turbines. Svenska Kraftnät Gasturbiner (SvkGT) is
a subsidiary company to the Swedish Transmission System Operator (TSO), responsi-
ble for the operation of a number of these turbines devoted for FADR use. With an
increasing amount of non-continuous, intermittent energy sources in the energy mix, the
demand for ancillary services keep increasing. To achieve the Swedish national goal of
zero net emissions by 2045, it is of utmost importance to evaluate potential technologies
that could provide FADR services in a more environmentally sustainable way or consider
using intermittent production for balancing means.

Utility scale battery energy storage systems (BESS) have lately been introduced in dif-
ferent parts of the world as an enabler to store intermittent energy which can be used
when needed. The deployment of BESS has been drastic over the last few years, but
the technology has yet to be introduced in Sweden. This report aims to evaluate BESS
and the technology’s potential as a complement or substitution to current gas turbines
devoted for FADR use.

This report compares BESS to gas turbines through a cost-benefit analysis focused on
FADR use. Initially, a requirement specification for the FADR is established based on
regulations and operational data of current turbines. Three different battery technologies
are evaluated through a literature study and combined with a case study of the 100 largest
BESS facilities in the world. Additional interviews with a variety of battery suppliers have
also been conducted.

The results indicate that the Li-ion technology currently dominates the BESS market and
that the most common area of application is for primary reserves such as fast frequency
regulation (FFR). FFR is considered the optimal application for batteries, mainly due to
their unique ability to supply power quickly. The results also establish that all battery
technologies are technically capable of meeting most of the criteria for FADR use, but
practically fail to achieve the criteria of “Electricity readiness”, stating that a 100-hour
duration of power supply is essential for the FADR. However, the results from the opera-
tional statistics for the current FADR conclude that a battery could stay competitive to
a gas turbine from a cost perspective while covering up to 97% of the FADR demand.
Finally it is concluded that the Vanadium Redox Flow battery is the technology that
show greatest potential for FADR use, mainly due to its low price, high robustness, low
degradation rate and the fact that its poor round-trip efficiency is of smaller concern when
the asset is intended for FADR operation. Additionally, projections of performance im-
provements for batteries, combined with a continuation of declining prices, indicate that
batteries will be real game changers for ancillary services in the future.

Keywords: BESS, Energy Storage, Batteries, mFFR, Fast Active Disturbance Reserve,
Gas Turbines
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Abbreviations

BESS Battery Energy Storage System

C-rate Power output / Capacity ([MW]/[MWh])

DOE Department of Energy, United States Government
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ESA Energy Storage Association
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EERA European Energy Research Alliance
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EV Electric Vehicle
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IRENA International Renewable Energy Agency

IVA The Royal Swedish Academy of Engineering Sciences

LCOE Levelized cost of energy

LCOES Levelized cost of energy storage

mFRR manual Frequency Restoration Reserve

MW MegaWatt (Effect)

MWh MegaWatthours (Energy)

RES Renewable Energy Source

SOA Nordic System Operation Agreement
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TSO Transmission system operator
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1 Introduction

1.1 Background

In order for a power grid to function properly there is a need for balance between produc-
tion and consumption of electricity. If the supply does not equal the demand, the frequency
rises or falls due to the imbalance between production and consumption. Frequency varies
among different power grids but in most European countries including Sweden, it is kept
at 50 Hz. Larger frequency deviations can damage equipment connected to the grid and
cause blackouts. Therefore it is important to maintain stability in the grid and the fre-
quency within a certain interval. Functions in power systems that are to maintain balance
in the system are referred to as ancillary services.

There are several different types of ancillary services provided to maintain a constant
voltage and a stable frequency. Historically power grids have been stabilised using pro-
duction facilities, meaning production has been adjusted to match consumer demand. The
Swedish power grid is built on this principle and over the years, large investments have
been made in production reserves to cover consumption peaks. With the aim of moving
towards a sustainable energy supply, more non-continuous, or so called intermittent en-
ergy sources such as wind and solar power is introduced to the market. This changes the
traditional relationship between production and consumption. Factors such as economies
of scale, technological improvements, greater competition in supply chains combined with
the right policy conditions are driving up the performance and down the cost of renewable
energy production, enhancing its competitiveness with traditional techniques. According
to the International Renewable Energy Agency (IRENA), more than 80% of the world’s
electricity supply could derive from renewable energy sources by 2050. Solar and wind
power could at that point represent 52% of the entire electricity generation (IRENA 2015).

The introduction of non-dispatchable energy production changes the dynamics of the
power supply. Historically the consumption side has been the volatile part of the equation
but with increasing amounts of intermittent energy sources, variations in the production
are increasing rapidly. Fluctuations on the production side enhance the challenge of
covering peaks of high consumption during periods of low production. There are however
different ways of using intermittent energy production for ancillary services. In Denmark
for example, frequency stability enhancement is achieved using synthetic inertia from wind
turbines (Nguyen et al. 2017). Another option is to store power from intermittent energy
sources using different types of energy storage techniques. In Table 1, the five main types
of energy storage are demonstrated and further subcategorised into different technologies
(Bortolotti 2017).
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Table 1: Energy storage families

Pumped hydro storage is the clear dominating type of energy storage today. However,
electrochemical storage, also known as batteries is the fastest growing storage technique
today and has undergone vast development lately with falling costs and improving per-
formance. By 2030, the cost of storage to support ancillary services could fall by 50-66%.
Large scale battery energy storage systems, often referred to as BESS are built and fre-
quently announced in different parts of the world and the storage capacity of BESS in
stationary applications is estimated to increase vastly in both short and long term (IRENA
2017).

1.2 Problematization

In the Swedish power system today, there are a number of market solutions, reserves and
system securities to ensure balance and reliability in the grid. Ancillary services in Swe-
den is handled through a cooperation between the Nordic countries where Sweden has
a specific responsibility for the region. Swedish ancillary services are divided into three
main categories; primary, secondary and tertiary reserves. The main difference between
the categories is the activation time. Primary reserves are activated close to immediately
in case of imbalance in the grid, secondary reserves are activated in the case of larger
imbalances and tertiary reserves are activated when disturbances reach such levels that
the first two reserves are unable to manage them. This section mainly covers parts of
the tertiary reserve while all reserves are further explained in the theoretical part of the
report (Svk 2017).
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The tertiary reserve consists of three primary functions; the Nordic Regulatory Power
Market, the power reserve and the fast active disturbance reserve. This section focuses on
the fast active disturbance reserve while all functions are further explained later in the re-
port. The fast active disturbance reserve is frequently discussed throughout the report and
is further on referred to as the FADR. FADR mainly consists of a number of gas turbines
that are available for activation in the case of larger deficiencies in electricity production
to ensure restoration of balance and reliability in the grid. The FADR is to fulfil a number
of specific goals according to the Nordic System Operation Agreement(SOA). One of the
main goals is the so called N-1 criteria stating that the power system must withstand
the loss of a single main component(production unit, wire, transformer etc.) which today
equals one of the nuclear reactors at Oskarshamnsverket with a power output of 1450 MW.

Svenska Kraftnät Gastubiner AB is a wholly owned subsidiary company of Svenska Kraft-
nät and is responsible for part of the FADR, meaning the company owns and operates a
number of gas turbines at the command of Svenska Kraftnät. Most of these turbines were
commissioned in the 1970s and all have a limited lifespan. The internal report Störn-
ingsreservens långsiktiga hantering (2014) is a review of today’s fast active disturbance
reserve where needs, requirements and opportunities for future design of the FADR are
identified and discussed. The report concludes that today’s solution of gas turbines, in
the long run, could be complemented or replaced by other technologies that could provide
similar functions. Reinvestment in new gas turbines is extensively evaluated while other
technologies such as part-regulation of wind power, energy storage and consumption re-
duction are discussed more briefly. The report estimates that the existing gas turbines
have a lifespan that extends to approximately 2030 and it is therefore of great importance
to further investigate and evaluate the alternative solutions to be able to decide on a
future strategy for the fast active disturbance reserve (Moberg 2012).

Large scale battery storage systems is a fast growing technology. Facilities are frequently
built or announced in different parts of the world but the technology is yet to be introduced
in Sweden. These facilities are meant to recharge during periods of low consumption and
discharge during periods of higher demand, thereby reducing the dependence of gas-fired
power plants like the ones owned by SvkGT today. SvkGT has limited knowledge of
battery storage technologies that could possibly complement or partially replace their
current fleet of gas turbines. Therefore it is of great importance to analyse and evaluate
alternative options, especially considering the limited lifespan of current turbines.

1.3 Purpose

The purpose of this report is to examine and to gain an understanding for Battery Energy
Storage Systems (BESS) and the technology’s potential for fast active disturbance reserve
use. The thesis focuses on evaluating BESS against current gas turbines owned by Svenska
Kraftnät Gasturbiner AB and their function today by comparing key figure information for
current gas turbine technology with BESS. Further will aspects regarding environmental
implications be examined to a limited extent. The purpose is limited to answering the
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following questions:

• What functions are existing or announced BESS facilities intended to handle?

• Can BESS fill the fast active disturbance reserves future needs for grid disturbance,
balancing, voltage support, black start and island mode operation?

• How does BESS compare to gas turbines economically in terms of investment/MW,
investment/MWh, operational and maintenance costs as well as the Levelized cost
of energy?

1.4 Goals

The goal of this project is for the authors to be able to provide knowledge and under-
standing for BESS as well as ancillary services and the possible functions BESS could
have regarding balancing of power grids in Sweden. Specifically the report aims to eval-
uate BESS against current gas turbine technology on an investment basis by comparing
specific key figures for the different technologies. The report also aims at providing the
sponsor, Svenska Kraftnät Gasturbiner AB with necessary material for further evaluations
regarding the future of the fast active disturbance reserve. The goals are summarised in
the following main areas:

• Map out different battery technologies suitable for grid application.

• Understand different application areas for BESS facilities.

• Understand key drivers for today’s BESS market.

• Compare BESS technology with the current gas turbine technology used for tertiary
balancing services in Sweden.

1.5 Delimitations

This thesis is the first step of an initiative to investigate BESS technology for the Swedish
power system and particularly for FADR use. The report is conducted on behalf of Sven-
ska Kraftnät Gasturbiner AB. The company today has great insight into gas turbine
technology and operation which is why detailed focus is paid to battery storage facilities
rather than on gas turbines. The main purpose of this prestudy is to get a first under-
standing of a new technology. Therefore aspects such as the market structure is only
vaguely considered and discussed but not taken into consideration when evaluating one
technology against the other. The limitations of the thesis are summarised in the following
areas:

• The case study of BESS facilities around the world is conducted in a limited amount
of time and therefore likely to miss out on some suitable facilities for evaluation.

• The Swedish energy market structure is described briefly but not taken into con-
sideration when evaluating different technologies, meaning technologies are mainly
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evaluated from a cost perspective and possible revenue streams are not considered
in great detail.

• Due to confidentiality reasons some information regarding pricing is not included in
the report.

• The report covers a limited number of battery technologies.
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2 Method

This part of the report aims to describe how the research, gathering of information and
analysis are conducted throughout the project and more specifically why. The process
of choosing topic and sequential approach for the thesis is presented shortly after which
the main part of different applicable methodologies are explained and specific choice of
methods is motivated. At the end of the chapter the credibility of different material is
discussed briefly.

2.1 Choosing of Topic

The main task assigned from SvkGT is to investigate if battery storage could replace
the gas turbines in the fast active disturbance reserve. The task is well suited within
the M. Sc programme in Mechanical Engineering at The Faculty Of Engineering - Lund
University where the thesis is conducted and the subject is highly relevant, well discussed
at the moment and by many considered as a possible game changer for power supply and
power markets.

2.2 Approach

Through this report the technical and economic potential of introducing large scale battery
energy storage systems (BESS) to the Swedish market is compared to the alternative of
replacing or renovating the current fleet of gas turbines to maintain desirable functions in
the fast active disturbance reserve. The approach to the project is roughly carried out in
four main steps stated below and represented in Figure 1.

• Subject Orientation Phase

• Mapping of gas turbines devoted for mFRR (FADR)

• Mapping of BESS

• GTs vs. BESS

Figure 1: Approach
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2.2.1 Subject Orientation Phase

The authors as well as the sponsor SvkGT are well acquainted with gas turbine technology
and have a fundamental understanding of power systems and markets. However, the level
of detail in which ancillary services as well as battery technology is to be examined is
unfamiliar territory. Therefore the initiation phase of the thesis is conducted through
a literature study focusing on ancillary services and BESS technology but with a wide
perspective. The idea of this study is to encounter as many areas as possible on a basic
level through the chain of information which leads to new information. This method is
referred to as snowballing (Olhager, 2018) and can be a time-consuming concept due to its
unstructured character, but at the same time an effective way to encounter a vast variety
of information easing the process of determining the scope and focus of the study.

2.2.2 Mapping of FADR

Understanding ancillary services and the fast active disturbance reserve (FADR) is essen-
tial for achieving the goal of this project. This part of the work is among the most straight-
forward ones. The collaboration with SvkGT through the project allows for easy access
to all necessary information regarding the fast active disturbance reserve. Mapping of the
reserve is mainly conducted through internal information gathering from within SvkGT
and Svk along with a series of interviews with representatives from the two companies.
The primary purpose of evaluating the FADR is to conduct a requirement specification
for the reserve. This specification is mainly based on the two reports Störningsreser-
vens långsiktiga hantering and Svenska Kraftnät - System development plan 2018-2027
along with operational data on assets devoted for the FADR and interviews with people
responsible for the operation of the FADR.

2.2.3 Mapping of BESS

The primary focus of the project is to understand and explain BESS. Initially a literature
study focusing on what existing research there is regarding BESS for grid application is
performed. As mentioned earlier though, there is limited information on the subject due
to the recent introduction of the technology. SvkGT is also greatly interested in facilities
constructed recently and therefore, a case study of different facilities around the world is
conducted throughout the project.

2.2.4 GTs vs. BESS

Finally BESS technology is evaluated against gas turbine technology on a functional and
economical basis. The two technologies are compared to one another through a cost-
benefit analysis and roughly follows a framework from Cost-Benefit Analysis: Concepts
and Practice that mainly divides the analysis into the following eight steps (Boardman
et al. 2014)

• Specify the set of alternatives
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• Decide what benefits are to be evaluated

• Identify the impact areas

• Predict the impact over the life of the project

• Discount benefits to obtain present values

• Compute the net present value of each alternative

• Perform sensitivity analysis

• Make recommendation

A difficult part of this process is to determine corresponding functional and economic
factors of the two different technologies. Batteries and gas turbines are like apples and
oranges in some aspects. Therefore, the two technologies are compared to one another to
a limited extent and non-common functions are discussed for each technology separately.

2.3 Research methodology

This section aims at discussing the considered methodological approaches to the study.
There are many methods and strategies to choose from and this study uses a combination
of several methods. The main purpose of deciding on a suitable combination of methods
for the problem is to conduct the research efficiently, always working goal oriented towards
the aim of the project. Choosing of method is thus about using time and other resources
in an efficient manner in order to create as much value, knowledge and experience as
possible throughout the study (Björklund and Paulsson 2014).

2.3.1 Explorative, descriptive, explanatory and normative studies

An important aspect to consider when choosing in what manner a study is carried out is
the current existing amount of information there is within the field of the study. Accord-
ing to Academic papers and theses(2014) by Björklund and Paulsson, scientific approaches
can be divided into four categories. Explorative, or so called investigatory studies that
are usually carried out when there is little information within the area of the study and
the authors are trying to attain and deliver a fundamental understanding of the subject.
Descriptive studies are commonly used when there is a fundamental understanding of the
subject and the aim is to describe but not explain the phenomenon. Explanatory studies
are used when searching for more profound knowledge in a field with the ambition to
both describe and explain. Ultimately, normative studies are used when there already is
existing knowledge and understanding of the area of research and the authors ambition is
to provide guidance and suggest measures for the phenomenon (Björklund and Paulsson,
p.64).

This project is a first initiative to investigate BESS suitability for FADR use. Battery
technology is an old science and there are lots of studies of different kinds of battery
technologies. However, using batteries for grid application and ancillary services is quite
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a new area and yet to be introduced to many power systems including the Swedish one.
Different types of facilities have been implemented lately but the documentation of both
application areas and economic aspects is limited. This project aims to examine batteries
suitability for grid application and more particularly tertiary ancillary services in Sweden.
In order to investigate this, a fundamental understanding of different types of battery
technologies is necessary. Therefore battery technologies are examined through a descrip-
tive study in order to give the authors and readers a fundamental understanding of the
technology providing the ancillary services in focus for this project. Application areas are
more thoroughly investigated through an explanatory study mainly based on a case study
of a variety of facilities around the world due to the partial lack of existing documentation.
The last goal, comparing BESS to current gas turbine technology is carried out through a
normative study with the aim to provide SvkGT with guidance and measures to go forth
with their strategy regarding the FADR.

2.3.2 Qualitative and Quantitative analysis

The primary aim of this thesis is to examine and compare functional and economic aspects
of BESS technology as well as gas turbine technology. Economic aspects are in general
well suited for quantitative analysis and in this particular case, most functional aspects
are as well thus they can be described numerically (Björklund and Paulsson, 2014 p.69).
Economic aspects are therefore evaluated, and most functional aspects are quantified to
an extent as great as possible.

2.3.3 Data collection

Data collection for this study is conducted through a combination of primary and sec-
ondary data divided into four categories but mainly focusing on the first three stated
below (Björklund and Paulsson 2014).

• Literature studies

• Interviews

• Observations

• Presentations at lectures, conferences etc.

Literature studies lay the foundation for the frame of reference for the thesis. The em-
pirical part of the study is mainly based on interviews and internal data from within
Svk. A great deal of information regarding operation of the FADR is attained through
internal data provided by Svk and SvkGT, considered as primary data from observations.
Part of the thesis also includes the author’s participation and attendance at a variety of
conferences focusing on energy storage. The main aim of attending the conferences is to
conduct interviews and take advantage of the gathering of knowledgeable people at the
same place.
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Litterature studies

As stated earlier the initial part of the literature study is basically conducted without any
limitations according to a method previously referred to as snowballing. After achieving
a fundamental understanding of the problem it was discovered that a great part of the
acquired information was highly irrelevant due to many different reasons, the major one
being the publication time of the data. As aforementioned, BESS-technology has gone
through vast changes lately resulting in outdating of older findings and documentation.
Therefore strict requirements for data collection were set, especially in regards to time-
liness. All information regarding BESS was set to be published no earlier than 2015
initially. This is further discussed and motivated later in the report. Being a rather new
subject always comes with lots of publicity of greatly varying reliability. Therefore the
literature study mainly focuses on publications from larger, more recognised and trusted
organisations. When only considering literature studies findings in this thesis is mainly
based on three reports; Störningsreservens långsiktiga hantering, Svenska Kraftnät - Sys-
tem Development report both of which are published by Svk and finally Electricity Storage
and Renewables: Costs and Markets to 2030 published by The International Renewable
Energy Agency(IRENA). Limiting the number of information sources also increases con-
sistency of the results of the study.

Interviews

The series of interviews conducted with associates at Svk can be considered as unstruc-
tured interviews as many of them are conducted with the purpose to get acquainted with
the subject where the structure of the interview was better controlled by the more expe-
rienced and knowledgeable interviewee. However, most interviews conducted later in the
project with BESS-suppliers, people responsible for the FADR etc. can be considered as
structured interviews where the agenda was set to attain quite specific information as well
as attain similar information on different BESS facilities (Björklund and Paulsson 2014).

Observations

There are some regulations as to what capabilities the FADR should provide, but the in-
formation is limited. A great part of this thesis therefore includes analysing of the current
operation pattern of the FADR which is intended as an indicator of what characteristics
the FADR should have. Data from 2010 and fourth for all assets devoted for FADR use is
analysed in order to get an understanding for how the FADR is operated today and how
that corresponds with the specifications of operation according to national regulations.

2.4 Credibility

Credibility is considered through three main areas in this report and divided into; validity,
objectivity and reliability (Björklund and Paulsson 2014).
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2.4.1 Validity and Objectivity

Being a highly quantitative study eases the challenge of achieving high validity and ob-
jectivity. Validity, defined as to what extent results and conclusions in a study truly
measure what is intended to measure is quite a straightforward challenge in this report
due to the very concrete problem (Björklund and Paulsson 2014). In order to ensure high
validity, a thorough requirement specification for the FADR is conducted in collaboration
with SvkGT as well as Svk. This requirement specification is controlled, verified and ap-
proved by several people with different responsibilities within the two companies in order
to confirm that the specification is accurate and correct. This approach also increases
the objectivity of the specifications to be measured. The second major focus area of the
report aside from the functional aspects to be measured for the two technologies is the
economic perspective where validity and objectivity are considered as a lesser concern.
Still, the report aims at using a limited number of sources for the economic comparison
to attain consistency in the results, while these figures are also controlled and compared
with other studies and interviews with the industry. This is further described below in
the section discussing reliability.

2.4.2 Reliability

Reliability is defined as to what degree one can measure the result or conclusion repeatedly
with a consistent outcome, meaning that repeated measurements would give the same
result qualifies for good reliability (Björklund and Paulsson 2014). A common way of
achieving high reliability is to use Multiple Sources of Evidence. This can be done in
several ways as explained below.

Multiple Sources of Evidence - Triangulation

A commonly used strategy when researching a subject is the use of multiple sources of evi-
dence to increase the spread of supporting information. Conclusions supported by several
different sources of information is likely to be more convincing and accurate than those
from a single one. Triangulation is a common and valuable example of using multiple
sources of evidence that is applied throughout this study and simply demonstrated in
figure 2.
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Figure 2: Triangulation

According to Patton(2002, cited in Yin 2009) there are four types of triangulation:

• Data triangulation - the use of several data collection methods(such as literature,
interviews, observations etc.).

• Investigator triangulation - the use of several investigators or observers.

• Theory triangulation - using multiple theories or perspectives to analyse the same
subject.

• Methodological triangulation - using a combination of different methods or ap-
proaches to the same problem.

Triangulation is used in this project in order to increase accuracy and validation to results
and conclusions but also to ensure validation of specific sources of information not to let
subjectivity or other factors be of to great of an impact on the final combined results.
Data triangulation is applied through a collection of information from interviews and
existing literature. Investigator triangulation is conducted by interviewing both suppliers
and purchasers of different technologies. Triangulation is also achieved through the vast
variety of cases studied throughout the project.
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3 Frame of reference and theory

This chapter aims to provide a fundamental understanding of concepts and technologies
discussed throughout the report as well as theory used for analysing attained informa-
tion. Initially the Swedish power grid is described with the aim of giving a technical
understanding of different requirements and services within power systems. The second
part presents a range of different battery types suitable for grid applications. It is im-
portant to understand technical differences between battery types in order to understand
why different facilities use different technologies. The third part of the chapter aims to
present and describe different functions that BESS technology can provide and be applied
for. Finally economic models used to evaluate the different technologies throughout the
report are presented and described in more detail.

3.1 The Swedish Electrical Power grid

A power grid is the infrastructure constructed to handle the challenging and comprehen-
sive task of electricity transmission and distribution. The concept of supplying electricity
is unlike any other service due to the fact that supply has to correspond with consumption
at all times. It can be considered as the ultimate "just in time" supply chain. The trans-
mission needs to be flexible and durable to encounter the daily and seasonal changes,
such as peaks and periods of low consumption as well as disruptions and faults in the
power grid. Depending on the system and market structure, the actor responsible for
development, maintenance and balancing of the power grid vary. In Sweden the gov-
ernmental owned Transmission System Operator (TSO), Svenska Kraftnät is responsible
for the power grid. The foundation of a power grid is the transmission lines connecting
countries and regions. Figure 3 shows a map of the Scandinavian transmission lines form-
ing highways for electricity to flow long distances. In Sweden, most electricity originates
from hydropower situated in the north while the majority of the consumption occurs in
the more densely populated south. The transmission line network merges on a smaller
regional level with distribution lines and local power lines distributing the power locally.
A potential problem when transporting electricity over long distances is bottlenecks that
for example in Sweden occurs when demand in the south exceeds the capacity of the
transmission lines supplying electricity from the north. The bottlenecks in Sweden are
often concentrated to three main areas thus dividing the country into four main electrical
regions as shown in Figure 4. In 2011 Sweden was divided into these so called bidding
zones, between which electricity prices occasionally deviate from one another due to the
limitations in the transmission system (Svk 2017). The three borders between the four
bidding zones displayed in Figure 4 are called cuts and are named as follows:

• Cut 1, the border between SE1 and SE2

• Cut 2, the border between SE2 and SE3

• Cut 4, the border between SE3 and SE4
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Svenska Kraftnät divides grid stability into three main components; frequency stability,
voltage stability and rotor angle stability (Svk 2017). Frequency stability is the capability
of keeping the grid frequency, also referred to as synchronous speed at a certain level which
in the EU is set to 50 Hz. Electrical components are designed to operate at this frequency
and larger deviations in frequency can cause failure of different components. Variations
in frequency are caused by unbalance between production and consumption. If power
production is higher than consumption, the frequency rises and if consumption exceeds
productions the frequency drops. The Balance Service is a unit at Svenska Kraftnät
controlling a range of reserves in order to balance production and consumption at all
times (Svk 2017). Figure 5 shows the instantaneous frequency at a given moment and the
accepted interval in which it is to be kept at all times (Svk 2018).

Figure 5: The instantaneous frequency at a given moment
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The power grid’s different levels of voltage need to be in balance in order for the grid to
maintain a proper voltage stability. This is a complex task thus voltage stability is af-
fected by all components in different parts of the grid and requirements of reactive power.
Due to difficulties in transmitting reactive power over long distances, reactance must be
produced and consumed at specified places in the grid. Losing voltage stability may cause
voltage collapses, leading to massive power failures (Svk 2017).

Synchronous generators that are connected to the power grid have individual specific rotor
angle velocities when transmitting power. Correlation among these rotor angle velocities
is essential to maintain rotor angle stability. Generators operating with deviating rotor
angle velocities risks being disconnected from the grid. The term Rotor angle stability
thus refers to the ability to dampen the mutual movement that exists between generator
rotors (Svk 2017).

3.1.1 Ancillary services

The collective term Ancillary services is used to describe a range of services used to
maintain balance and stability in power grids. According to Svenska Kraftnät these
can be divided into four main categories, Balancing services, Frequency control, Voltage
Regulation and Inertia (Svk 2017). These categories can be further divided into individual
functions according to Table 2 (Svk 2017). mFRR is as aforementioned the ancillary
service which is of special interest in this report as the FADR is part of it.

Table 2: The ancillary services of today and the future

Inertia

Energy production that involves rotating machinery such as turbines and generators sup-
ports power systems with inertia. Inertia is the rotating machinery’s difficulty to change
velocity and thereby acts as an instantaneous response to load variations. It is a vital
capability which supports the power system in keeping the frequency close to 50 Hz. Re-
newable energy sources such as wind and solar power lack inertia and the integration of
these into the grid decrease the proportion of inertia in the power system making it more
fragile (Karlsson and Nordling 2016).
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Frequency controlling

FFR, Fast Frequency Reserves are ancillary services yet to be introduced in Sweden and
on the Nordic market. With a declining amount of inertia in the power system there is an
increasing interest in Fast Frequency Reserves. FCR, Frequency Containment Reserves
are the fastest reserves (excluding inertia) currently used in Sweden and it is most often
supplied from hydropower. FCR is divided into two reserves based on when the reserves
are activated; FCR-N and FCR-D. FCR-N (Frequency Containment Reserve - Normal) is
activated at frequency deviations within 50 ± 0.1 Hz and FCR-D (Frequency Containment
Reserve - Disturbance is activated in case of larger deviations of frequencies below 49.9
Hz and above 50.1 Hz (Svk 2017).

Balancing Services

FRR, Frequency Restoration Reserves are used to restore the frequency to its nominal
value in case of a larger disturbance and thus unload FCR-D enabling FCR-D to recover
and handle new disturbances. FRR is divided into two parts based on how they are
activated, where aFRR is activated automatically and mFRR is activated manually from
the control room at Svk. aFRR is categorised under secondary reserves and mFRR under
tertiary reserves. RR, Restoration Reserves is yet to be introduced in Sweden. RR fills
the same function for FRR as FRR does for FCR. It acts as a reserve to back up and
unload FRR, enabling FRR to manage new disturbances. (Svk 2017). Apart from the
reserves described so far there are several others that are demonstrated according to when
they are used in Figure 6 (Karlsson and Nordling 2016). Most of these reserves are not
described in this report considering the focus on batteries in comparison to gas turbines
intended for FADR use.

16



Figure 6: Reserves that are activated according to frequency level

3.2 Electrochemical Storage

Electrochemical storage, more often referred to as batteries are technologies enabling the
transformation from electrical energy to chemical energy. Once transformed into chemical
energy, power can be stored for later use when needed, the chemical energy is transformed
back into electrical energy. The first ever battery was constructed by Alessandro Volta
in the year 1800. Volta called his creation the Voltaic Pile which basically was a stack
of copper and zinc plates separated by brine-soaked paper in between. The Voltaic Pile
could produce a steady current for a considerable period of time. Since then batteries have
gone through a dramatic development especially in regards to technical aspects. Today
there are hundreds of types of batteries all better or worse suited for different applications.
Economies of scale have reduced battery costs significantly and the development of ma-
terials and technology have greatly improved both capability and reliability (Science 2016).

Figure 7 shows an electrochemical cell in its most basic form. There are three funda-
mental components that are essential for all types of batteries. The anode, cathode and
electrolyte. The anode and cathode are electrodes between which electrons can flow
through an external circuit. The electrodes are usually made out of metals or chemical
compounds of different sort. When electrons flow through the outer circuit chemical re-
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actions occur at the anode and cathode. The dispatching of electrons creates positive
and negative ions that flow through the electrolyte. The electrolyte can be of liquid, gel
or solid substance and separates the electrodes from one another. Some batteries have
an additional semi-permeable barrier in the electrolyte to prevent ions from coating the
electrodes, stopping the electrochemical process (Science 2016).

Figure 7: Battery components

For many batteries the process described above process is reversible, enabling recharging
of the battery. However when reversing the process the electrons and ions end up in a
less structured way compared to the initial state. Each charging cycle will slowly worsen
the structure causing the battery to degrade over time of use. A battery also degrades
naturally during off-use periods due to minor chemical reactions. This phenomenon is
referred to as self-discharging. All these factors make it difficult to determine a battery’s
lifespan (Science 2016). The lifespan of a battery is of great importance, especially for grid
scale batteries that are usually intended to operate continuously over a long period of time.

Aside from a battery’s lifespan, different technologies can be evaluated in terms of a var-
ious of performance factors, six of them being efficiency, specific energy, energy density,
depth of discharge, cycle life and calendar life. The efficiency of a battery is defined as the
round trip efficiency, meaning the percentage of energy that is conserved after the transfor-
mation process from electrical energy to chemical energy and back again. Specific energy
and energy density is a measure of how much capacity a battery can hold in comparison
to its physical weight and size respectively. Energy density can be of utmost importance
when it comes to mobile devices such as EVs and phones, where weight and space is a key
concern. When designing batteries for grid application weight and space usually is not of
the same importance but still worth considering. Depth of discharge is the rate to which a
battery can be discharged without additional significant degradation. Li-ions for example
suffers from great degradation when discharged fully and recommendations usually imply
a maximum rate of discharge of approximately 80% to the full capacity. Cycle life is
the number of cycles a battery withstands before the end of its lifespan and is usually
expressed in equivalent full cycles which is the ratio of discharge capability according to
the recommended depth of discharge. Calendar life is the lifespan of a battery operating
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according to recommendations in regards to depth of discharge (Science 2016).

Batteries are usually categorised by their working principle, classic batteries, flow bat-
teries and hybrid capacitors as earlier demonstrated in Figure 1. Hybrid capacitors are
mainly used for micro discharge operation, not suitable for comparison with gas turbines
and therefore not considered in this project. The working principles of classical and flow
batteries are further explained and subcategorised in the following sections.

3.2.1 Classical Batteries

Classical batteries are essentially the kind of batteries described above and shown in Figure
7, consisting of the three main parts; anode and cathode separated by the electrolyte which
can be in liquid or solid form. Electrical charge travels through the external circuit and
ions pass through the electrolyte. There are several classical battery types used for grid
application. Lithium-ion, Lead-Acid, Nickel-Cadmium and Sodium-Sulfur are among the
most common once. This report presents Li-ion batteries and NaS batteries thus they are
the most suitable and widely deployed today for utility scale use.

Lithium-ion (Li-ion)

Lithium-ion batteries are the most well known batteries and were developed and com-
mercialised in 1991. They are known for their high cell voltages and energy density. The
term "Lithium-ion batteries" actually refers to a broad spectrum of different batteries
constructed of a variety of chemistries. What unites them is that lithium ions are the
ions travelling through the electrolyte between the electrodes. Lithium-ion batteries are
frequently used in consumer products and other lightweight applications due to their high
energy density. A recent prominent area of use is in EVs and for grid application. They
have an efficiency ranging between 80-95%, an energy density between 250-690Wh/dm3

and a specific energy of 100-265Wh/kg. (ESA 2018).

Sodium-Sulfur (NaS)

The sodium-sulfur battery was developed by Ford Motor Company in the 1960s to power
early-model electric cars. NaS batteries are fabricated from inexpensive materials and
have long cycle life. The batteries are often referred to as molten salt batteries which
is exactly what they are. Molten sulfur acts as the anode and molten sodium as the
cathode. The battery operates at 300-350 ◦ C making it a challenge to handle scarce use.
However, when used continuously they are well suited for grid application. The electrolyte
separating the electrodes is a solid ceramic and consists of sodium alumina. Today many
NaS batteries reach an efficiency of approximately 80 % (ESA 2018).
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3.2.2 Flow Batteries

Flow batteries can be considered as a mix between a conventional battery and a fuel cell.
The main difference from an ordinary battery is that the electrolyte is circulated through
the battery cell containing the electrodes. Additionally the cell is usually divided with a
membrane through which ions flow, however the electrolyte is separated from one side of
the membrane to the other. The separate circulating electrolytes are therefore referred to
as anolyte and catholyte. Due to the circulating electrolytes energy can be stored outside
the cell in tanks as opposed to traditional batteries where all energy is stored within the
cell. Figure 8 demonstrates a simple flow battery (Pan and Wang 2015).

Figure 8: Flow Battery Working Principle

There are several advantages with flow batteries. Unlike for classic batteries, power is
separated from energy, the storage capacity can easily be scaled up enlarging the elec-
trolyte tanks, the flow can be controlled and stopped during a fault condition enabling a
much more secure operation procedure with less risk for fires and other thermal accidents.
Additionally flow batteries are much more durable and do not age like traditional bat-
teries. Cycle life for flow batteries is estimated to exceed 15000 complete cycles. This is
quite impressive in comparison to Li-ion batteries that usually can go through 1500 cycles
during their life expectancy. Flow batteries can also handle a 100% depth of discharge
without additional degrading which for instance lithium-ion batteries can not. A few dis-
advantages with flow batteries are their low energy density of about 15-25 Wh/dm3, their
low specific energy of 10-20 Wh/ kg and their slightly lower efficiency around 70-80%.
Due to the low energy density flow batteries are not well suited for mobile uses and the
main area of application is for utility functions. There are several types of flow batteries
that are well suited for grid applications. Vanadium Redox Flow, Iron-Chromium and
Zink-Bromine are among the most common ones and this report focuses on the Vanadium
Redox Flow Battery thus it is the most deployed technology among utility scale batteries
today.
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3.3 Battery functions and applications in power grids

Batteries can provide a vast variety of services in a power system. The types of batteries
previously mentioned all have advantages and disadvantages and different types of bat-
teries are better suited for different applications. This part of the report aims to describe
the most common and frequently discussed applications for utility scale batteries. Ap-
plications and functions are first categorised into application families after which one of
the families, ancillary services and a few underlying functions, more interesting for this
particular study are described in more detail. These particular functions lay the ground
for the evaluation of different BESS facilities throughout the study.

Battery functions can be categorised into five main families of application when discussing
utility scale batteries (Hesse et al. 2017).

• Ancillary services

• Grid support

• Behind the Meter

• Energy trade

• Combined applications

Several applications stretch out over more than just one of these families and can be con-
sidered as a contribution to several problems or challenges in a power system. Therefore
applications are from now on only mentioned under one of these categories. An example
is voltage support that can be categorised both under the grid support family as well as
the ancillary services family (Hesse et al. 2017). This report mainly focuses on ancillary
services and additionally, Svenska Kraftnät also considers voltage support as an ancillary
service in their System Development Report(Svk 2017). Therefore, voltage support is
subcategorised to ancillary services in this study. Similar approaches are used for other
applications as well.

Behind the meter applications mainly refers to energy management at residential and in-
dustrial level which is not considered in this report. Energy trade focuses on fluctuations
in electricity prices and opportunities to buy and sell energy according to market price
variations, leading to arbitrage gains. This function is greatly dependent on the market
structure and therefore neither considered in this project. The one interesting function
provided by BESS when talking about Grid support that is not mentioned under any other
category is the opportunity of using storage for deferral or even a permanent alternative
to traditional grid reinforcements. For instance in Sweden where most power is generated
in the north while the majority of the consumption occurs in the south, the most straight-
forward way to avoid so called bottlenecks in the transmission system is to upgrade the
power lines. In regards to this matter, BESS located in the more densely populated south
can fill a useful purpose in increasing the overall transmission capabilities. Finally the
application called Island-Grid or Micro-Grid is shortly discussed under the combined ap-
plications family. Micro-Grid is a function based on several other functions and therefore
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hard to bind to one application family.

3.3.1 Ancillary services

Frequency regulation

Many utility scale batteries have the ability to react to variations in the grid on a millisec-
ond timescale. This capability makes BESS well suited for frequency regulation especially
considering the increasing amount of RES and the intermittent nature they bring to power
systems. Facing out energy sources like nuclear power, contributing with inertia to the
systems also increases the demand for fast acting reserves. Frequency response can be fur-
ther subcategorised into many different functions and the most common one provided with
utility scale batteries is called Fast Frequency Response, (FFR) or Enhanced Frequency
Response, (EFR). FFR is a faster reserve in comparison to aforementioned frequency reg-
ulation FCR and EFR is an even faster reserve with a response time in milliseconds (Svk
2017). When discussing operational time and patterns, frequency regulation is generally
characterized by numerous small cycles per day and have very quick response time (Bussar
2013). Figure 9 aims to explain the challenge of maintaining balance in a power system
where demand during a ramp up from 3600 MW to 4000 MW is demonstrated between 7
and 10 a.m. The increase from 3600 up to 4000 MW is considered as a macro change and
represented by the blue line. The jagged green line represents the actual demand during
the period and the red line is a scaled up representation of the difference between the blue
and green line. The red line represents micro changes in a power system which are the
kind of changes handled with frequency regulation services. Macro changes are handled
with peak shaving abilities explained below.

Figure 9: Frequency regulation
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Peak shaving

Peak shaving is a form of load levelling, and involves storing power during periods of low
consumption and delivering it during high demand peaks. Peak shaving differs from fre-
quency regulation in the way that peak shaving is discussed when fluctuations in demand
or supply are characterised by longer periods of change. Batteries suitable for peak shav-
ing generally have higher energy capacity (kWh) with the intention of supplying power
for longer periods. Batteries intended for peak shaving usually go through one to two
cycles per day and the typical duration for operation is around two hours (Bussar 2013).
The need for very fast or immediate response is not essential thus energy peaks are often
predictable. However, many batteries intended for peak shaving use are capable of quick
response and therefore also capable of enhancing frequency stability.

Ramping

Ramping or ramping control is similar to both frequency regulation and peak shaving. It
is about smoothing out power generation, however ramping only refers to the production
side. Ramping is especially beneficial when used to handle power from production units
with strong supply fluctuations like wind turbines and solar PV generators. Evening out
production from RES can be facilitated through the use of battery storage. There are
other ways to achieve ramping but batteries are considered as the most efficient way today
(Hesse et al. 2017). An example of a facility with ramping as the primary purpose is the
AES Laurel Mountain facility where a 32 MW Lithium-Ion battery is co located with a
wind farm with a total capacity of 97.6 MW. The procedure of ramping for this particular
facility is demonstrated in Figure 10. The pattern of operation time for ramping is hard
to describe in absolute terms considering the high dependency of the production facility
but in general ramping operation ends up somewhere in between frequency regulation
and peak shaving towards the pattern of the latter. This can vary extensively though
depending on the site and production source.

Figure 10: Ramping, AES Laurel Mountain
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Black-Start

Black-start is the restart of a collapsed system or a particular part of a system. In the
case of a blackout many types of BESS can facilitate a restart of decentralised power
generation units. Black-start is usually conducted in a series of steps where units with
ever higher power are activated until the main production can be started. Individual
power stations are then gradually reconnected to each other. Depending on the size of
the battery and power output the facility can take many positions in this type of reaction
chain (NationalGrid 2018).

Voltage support

Managing voltage levels in grids is important and mainly requires management of reac-
tance as stated earlier in section 3.1. Traditionally, voltage support has been provided by
generation units able to produce reactive power which offsets reactance in the grid. There
are several types of battery technologies that can provide voltage support. However, this
application requires what is called "distributed" storage, meaning that the location of the
battery is of great importance and in general it has to be placed close to the end consumer
due to the fact that reactive power cannot be transmitted long distances in an efficient
manner. Therefore, for a battery to provide voltage support it is essential that it is placed
in a high density consuming power centre, like a major city where most reactance occurs.

Rotor Angle Support

Maintaining a constant rotor angle is essential in a power system as aforementioned. BESS
can with the help of a so called static synchronous compensator (STATCOM) dampen the
rotor angle oscillations. This kind of setup shows particular potential when co-located with
wind farms, where the fluctuating production makes the rotor angle less stable (Datta,
Kalam, and Shi 2018).

Island-Mode/Micro-Grid

A prominent use for battery storage is in so called micro grids. Microgrids are smaller
grids, connected to larger grids(macro-grids) or completely isolated, with the ability to
function independently. Many microgrids built today from scratch skip past conventional
power production and go straight for renewable, meaning the need for ancillary services
is of even greater importance. Defining microgrid use as a battery storage function is
questionable due to the fact that storage is usable in microgrids but far from the most
essential part of a micro-grid. A battery’s suitability for micro-grid use also derives from
several different functions provided by the battery, some of them mentioned earlier. How-
ever, it is a vital and prominent application area for batteries and therefore in this report
dedicated separate attention.
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3.3.2 Application stacking

Most BESS constructed today are built with the intention of handling several of the above
mentioned applications. Batteries have many advantages and are therefore often used for
multiple services. This is referred to as application stacking, the idea of using the same
facility for several applications. The main advantage of a battery though is the quick
response time. Most batteries are therefore intended for fast response operation, for ex-
ample providing so called synthetic inertia or primary reserve capacity. For frequency
regulation one wants to keep a battery roughly 50% fully charged in order to enable both
a charge up when production exceeds consumption and a discharge when consumption
exceeds production (Rahmann et al. 2017). Whether or not a battery can provide ad-
ditional services is mainly a question of size and possible operational duration. Figure
11 simply describes the possible capabilities of a BESS facility depending on the possible
duration of discharge (Effio 2018). Reserve as described in Figure 11 can be considered as
peak shaving and generally requires slightly longer duration of operation in comparison to
response that equals frequency regulation in the figure. Black start and transmission ser-
vices usually require larger batteries with lower C-rates. An easy example to understand
this practically is to consider a battery with a C-rate of 0.5(2-hour duration) intended for
frequency regulation and peak shaving. The battery is then preferably kept half charged
but always with enough capacity to cover local needs. Therefore, half of the total capac-
ity must be sufficient to cover peaks of consumption. Figure 11 however is quite a rough
estimate and should not be considered as definite. All situations are unique and a BESS
is always designed according to specific local needs.

Figure 11: Application stacking with increasing durations of discharge

3.4 Financial models

There is no one way to evaluate financial aspects of energy supply. It is a complex task
due to the many different types of existing energy sources, services and market struc-
tures. One major problem when comparing different types of energy technologies is to
find common comparable values and variables for separate technologies. Additionally,
depending on the market structure different types of functions are favoured revenue wise.
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This report aims at giving a general, non regional dependent comparison between utility
scale battery technology and gas turbines for tertiary reserves. Market structure varies
among regions and is therefore not taken into consideration. Inflexions due to market
structures are however discussed briefly for both technologies later in the report but is
not compared between them. Additionally for many companies in Sweden and especially
for Svk, balancing and means to stabilise the power system is mainly considered as a cost,
not revenue due to the market structure and lack of capacity market as aforementioned.
Therefore this report will only consider the costs and not revenue streams that could be
generated through the different technologies. This part of the report describes a number
of cost aspects on which the two technologies are compared with special emphasis on a
certain concept called Levelized Cost of Energy.

The different technologies are mainly compared in terms of capital expenditures(CAPEX)
and operational expenditures(OPEX) but with fuel costs separated from the OPEX. Fuel
is an operational cost but is usually separated from OPEX when evaluating energy gener-
ating facilities because the need for fuel varies significantly among different energy sources
(EIA 2013). A simple example is gas turbines in comparison to wind turbines where the
latter is entirely independent of fuel. Costs according to this breakdown structure greatly
depend on the type of facility as well as the intended use pattern of the asset. As stated
earlier this report is to provide a comparison between BESS and gas turbines for the fast
active secondary reserve in Sweden. This reserve is used rather rarely which lowers the
operational and maintenance costs in comparison to the initial investment cost. There-
fore a great focus lies on initial investment costs in terms of SEK/MW and SEK/MWh.
Operational costs are still of great importance and discussed briefly through the Levelized
cost of energy-method described below.

3.4.1 Levelized cost of energy, LCOE

Levelized cost of energy, or Levelized electricity cost is a traditional method for calcu-
lating costs for different types of energy generating facilities. It is initially intended for
conventional dispatchable electricity generating technologies which today also is the most
common application area for the method. Levelized cost of energy is defined as the net
present value of the unit cost energy over the lifetime of a generating asset and simply
explained in Figure 12 (Joskow and Sloan 2011).
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Figure 12: Levelized cost of energy, LOCE

LCOE is commonly used to calculate what average market price of electricity is needed
for the asset to break even and generate revenue over its lifetime. However, it can also
be used to compare cost competitiveness between different technologies. LCOE can be
applied in different configurations but the most common arrangement of the method is to
divide costs into CAPEX, OPEX, fuel-cost and dismantling costs. The dismantling cost
term is not considered in this report. The purpose of the method is to incorporate all these
expenses over the lifetime of a system: initial investments, capital costs, cost of fuel if
necessary as well as other operational and maintenance costs. Total costs are then divided
by the sum of energy produced over the lifetime of the asset in order to calculate the cost
per unit produced energy from the facility. The method is briefly described in Equation
1 where terms are divided among CAPEX, OPEX and fuel-costs (Joskow and Sloan 2011).

LCOE =
∑n

i=1
Ii+OMi+Fi

(1+r)i∑n
i=1 Ei

(1)

• Ii = Investment expenditures in year i

• OMi = Operation and maintenance expenditures in year i

• Fi = Fuel expenditures in year i

• Ei = Energy generated in year i

• r = Discount rate

• n = Lifespan or comparison time
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3.4.2 Levelized cost of energy storage, LCOES

As mentioned earlier energy storage in itself is quite a new area and not much research
on the technology exists, especially in regards to costs. However, the most common
method used to evaluate the cost of energy storage is an extension of the Levelized cost of
energy-method, conveniently called Levelized cost of energy storage, LCOES. The concept
is basically the same as described above except for a few definitions that differ thus a
battery is in fact a storage unit, not a production unit. The extended principle is simply
explained in Equation 2 where quantities are the same as described above except for the
fuel term that is replaced with a term for charging costs that is divided with the round
trip efficiency of the battery described earlier (Belderbos, Delarue, and D´haeseleer 2017).

LCOES =
∑n

i=1
Ii+OMi

(1+r)i∑n
i=1 Ei

+
n∑

i=1

Pini

Eiη(1 + r)i
(2)

• Pin = Charging electricity tariff

• η = Round trip efficiency
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4 Empirical study and earlier research

This part of the report aims at presenting the gathered information throughout the project.
Initially the requirements of the FADR is described after which the current assets of
today’s FADR are presented along with a brief presentation of a scenario of reinvestments
in new gas turbines. The second part of the chapter describes the case study conducted
throughout the project after which follows information on current status and predictions
from previous studies of utility scale battery deployment, usage, performance and costs.

4.1 FADR: Desired characteristics

There is no unambiguous description of how the FADR should be used or what capabil-
ities it should provide. The available information there is can be found in the "Nordic
System Operation Agreement (SOA)". The SOA is an agreement between Nordic TSOs
that provides the foundation of standards and regulations for balancing services within
the Nordics (Moberg 2012). Specifications in the SOA are more or less explicit and vary
in clarity making it more difficult to determine a distinct acquis for the requirements for
balancing services and the fast active disturbance reserve.

There is also documentation on how the FADR have been used historically which has
come to work as a benchmark or praxis on how the reserve is supposed to be designed.
In general terms the FADR has two primary uses, to restore the electrical power system
to normal operation in case of a disturbance or relieve transmission congestion after a
disturbance. Secondary uses for the reserve is for voltage regulation, black start and
island operation. This is partially confirmed in the SOA as well according to:

"The fast active disturbance reserve shall exist to restore, relieve and unload
FCR-N and FCR-D when these reserves have been activated and to return
transmissions to acceptable limits after disturbances."

This part of the chapter aims at specifying the demands and standards that the FADR
should fulfil based on information from the SOA, the report Störningsreservens långsik-
tiga hantering along with interviews with people responsible for the FADR in Sweden.
The purpose of specifying these demands and standards is to facilitate an evaluation of
both gas turbines suitability and BESS potential for FADR use. The major statements
regarding the fast active disturbance reserve mentioned in the SOA and the report Störn-
ingsreservens långsiktiga hantering are interpreted and subcategorised in the areas below
as well as summarised in bullet points for each category (Moberg 2012).

Size [MW]

The FADRs size in terms of power is today regulated by the SOA according to:
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"The fast active disturbance reserve shall exist in a size and location so that
the system can be reset to normal operation after a disturbance. The size is
determined by the individual subsystems evaluation of local needs accounting
for production and transmission capabilities"

As mentioned earlier the single largest production unit in Sweden today is the nuclear
reactor, O3 in Oskarshamn with a total power output of 1450 MW earlier referred to as
the N-1 criteria. The FADR should be able to handle the failure of a single production or
transmission unit. Therefore, information from the SOA is interpreted to that the size in
terms of power output for the FADR should add up to 1450 MW (Moberg 2012).

• 1450 MW

Response Time

The response time is also regulated in the SOA and should be no longer than 15 minutes
according to:

"The fast active disturbance reserve is a manual reserve available within 15
minutes in the case of a failure of an individual main component (production
unit, cable, transformer etc.). The fast active disturbance reserve resets the
frequency containment reserve (FCR-D)."

• Maximum 15 minutes

Endurance

The endurance of the fast active disturbance reserve is not clearly specified in the System
Operation Agreement. However, the agreement states that

"If the power system is not restored to normal operation after a disturbance,
normal operation should be achieved within 15 minutes."

This statement can be interpreted to that the fast active disturbance reserve should never
need an endurance exceeding 15 minutes. An alternative not stated in any regulations is
to consider that the FADR should be able to operate for as long as it takes to negotiate
new bids on the regulatory market meaning a period of 36 hours (Nyberg 2018). A
third alternative is to consider the agreements regarding current gas turbines that are
contracted to have fuel for a running time of 100 hours disposable at all times. Finally
one can investigate the actual operational pattern of the FADR which is discussed further
in Section 4.2. Interviews with people responsible for the FADR however indicate that
the 100-hour long endurance of current gas is essential for FADR use (Blomqvist 2018).

• Minimum 100 hours

Location

The SOA states that:
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"The fast active disturbance reserve shall exist in a size and location so that
the system can be reset to normal operation after a disturbance. The size is
determined by the individual subsystems evaluation of local needs accounting
for production and transmission capabilities. ... If required, a subsystem can
hold a certain amount of fast active disturbance reserve for another subsystem,
as long as there is free transmission capacity for it. Such reservations are agreed
upon between the subsystems TSOs."

The nuclear reactor, O3 in Oskarshamn is located in the bidding zone SE3. When ac-
counting for transmission congestion and possible bottlenecks between the bidding zones
the distribution of FADR becomes more complicated. Cut 2 between SE2 and SE3 is often
used to its maximum capacity in the southern direction. Therefore the 1450 MW must
be positioned in SE3 and SE4. The same goes for cut four between SE3 and SE4 which
usually is fully loaded in the southern direction as well. Therefore the FADR primarily
must be dimensioned according to the requirements in SE4. The biggest providing unit in
SE4 is the transmission line "Nordbalt" with a capacity of 700 MW meaning that the fast
active disturbance reserve requires a reserve capacity of 700 MW in SE4. As mentioned
earlier the N-1 criteria equals 1450 MW thus leading to that SE3 requires the remaining
750 MW.

• 750 MW in SE3

• 700 MW in SE4

Availability

The availability of FADR is not stated in the SOA however the report Störningsreservens
långsiktiga hantering implies that it is of utmost importance that the production units
start when they are needed and that the uncertainty of the fast active disturbance reserves
availability today is a key concern that must be minimised (Moberg 2012). An availability
of 90% is considered acceptable but higher the strive should always be to achieve an
availability of 100%(Blomqvist 2018).

• 90 %

Environment

The Swedish goal of having zero net emission by 2045 applies to the country as a whole
but there are currently no regulations in the SOA associated with emissions for the FADR
(Hermann 2018). In 2012 the gas turbines devoted for FADR use were considered as Svks
third largest contributing factor to greenhouse gas emissions (Alterbeck 2014). This figure
is quite high considering the scarce use of the turbines.

• Zero net emissions by 2045
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Requirement specification

The desired characteristics for FADR are summarized in Table 3

Table 3: Desired characteristics for FADR

Size Response Endurance Location Availability Environment

1450 MW 15 min 100 hours 750 MW in SE3
700 MW in SE4 90% -

4.2 FADR: Current situation

This section presents current assets available for the FADR, how they are located geo-
graphically and operated today. Currently there are 21 gas turbines and two diesel engines
in Sweden available for the FADR. The assets are owned by three different companies,
SvkGT being one of them. The other companies are Uniper and Öresundskraft who
operate their assets at the disposal of Svk. Table 4 shows a complete overview of the
available assets. The total effect of the 23 units adds up to 1304,5 MW and with a 300
MW HVDC-link secured from Denmark the total disposable effect of the FADR is 1604,5
MW.

Table 4: Overview over the fleet of gas turbines in FADR

Owner Units Effect[MW] Effect range/unit [MW]
SvkGT 11 690 60-70
Uniper 10 564 3-172

Öresundskraft 2 50.5 2,5-48
Total 23 1304.5 2,5-172

As stated earlier a majority of the energy produced in Sweden derives from hydropower
in the north while most consumption occurs in the more densely populated south. In
case of a disturbance in the grid it is more common that the southern parts suffer from
deficiencies in production which is why it is vital that balancing assets are positioned in
the southern regions. Therefore all assets available for FADR are located in bidding zones
SE3 and SE4 as shown in Figure 13.
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SE4

SE3

Figure 13: The 12 geographical sites of the 23 units in FADR, all in SE3 and SE4

4.2.1 Operation of current GTs

Most of these turbines were constructed and commissioned in the beginning of the 1970s
meaning they are between 40-50 years old today. Svk have during the last decade contin-
uously collected operational data on every hour for all assets devoted to the FADR which
is summarised in Table 5, 6 and 7 (Nyberg 2018). These tables are intended to give an
overview of the operational patterns of the FADR. Further calculations are based on the
entire data which is available upon request but not included in the report. Table 5 shows
the total amount of operational time for each year, number of stints (sessions) along with
the average duration and maximum duration per stint for each year. Table 6 displays the
total production of energy and the average and maximum output per stint in terms of
energy [MWh]. Table 7 shows the power output in average and maximum per stint. The
statistics presented in this report range from 2012-2016. In November 2011 Sweden was
divided into the four current bidding zones earlier displayed in Figure 4 which changed
the conditions for balancing dramatically. Therefore, the most representative data for
today’s situation is the one from 2012 and forth.

Table 5: Running time of current GTs in total and per stint

Year Total [hh:min] Stints [Nbr] Average stint [hh:min] Max stint [hh:min]
2012 11:59 17 00:42 01:20
2013 22:34 29 00:47 08:00
2014 01:55 5 00:23 00:31
2015 05:00 7 00:43 01:09
2016 02:55 8 00:22 00:47
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Table 6: Energy produced by current GTs in total and per stint

Year Total output [MWh] Average output [MWh] Max output [MWh]
2012 2580 152 396
2013 2801 97 519
2014 446 89 247
2015 789 113 274
2016 505 63 188

Table 7: Effect produced by current GTs per stint

Year Average output [MW] Max output [MW]
2012 192 356
2013 147 676
2014 232 700
2015 151 306
2016 140 240

4.2.2 Availability of current GTs

One disadvantage with today’s FADR however is the availability of each unit earlier de-
scribed in Section 4.1. Due to the complexity of a gas turbine with thousands of moving
parts and heavy start up sequences, a specific unit is not guaranteed to start when needed.
Quick and reliable availability are favoured characteristics for FADR and here, gas tur-
bines bring a certain uncertainty. The assets available for FADR are obligated to have
high availability but gas turbines are due to their nature unable to reach a 100% rate of
reliability. All assets that are part of the FADR are therefore regularly tested and over
the last years, statistics have been compiled on whether or not these test starts as well as
necessary starts have been successful or not. The total availability considering all assets
were estimated to 87% between 2008 (Jan) and 2011 (Aug). This number varies between
years and is greatly dependent on reinvestments and upgrading of the turbines but still
seldom reaches above 90% according to data provided by Svk.

4.2.3 Operational expenditures of current GTs

The operational expenditures for the current fleet of gas turbines is important to under-
stand in order to compare it to the OPEX of BESS. Current business models where Svk
buys the availability of gas turbines from Uniper, SvkGT and Öresundskraft are not fully
presented in this report due to confidentiality reasons. As a government-owned company
though SvkGTs annual financials are public and can be found in Appendix C. Discussions
with Peter Blomqvist (Blomqvist 2018) concerning how to analyse SvkGTs OPEX have
resulted in two approaches. SvkGT is funded by Svk with the sole purpose of supplying
FADR. One can therefore consider the entire annual revenue of SvkGT as a turnkey con-
cept at which Svk buys a certain amount of available power for FADR. Thereby the first

34



approach results in considering the annual turnover for SvkGT as the annual operational
costs for the business. The second approach implies considering the two cost items "Op-
eration and maintenance expenses" & "Other external expenses" from the annual financial
report as the total OPEX to manage SvkGTs fleet of 690 MW. A third external alternative
is also considered based on a study by the Swedish research institution Energiforsk as a
reference to the two internal alternatives (Nohlgren et al. 2014). The resulting operational
expenditures for each of these cases are presented in Table 8.

Table 8: OPEX costs for gasturbines

Source Effect [MW] Cost [MSEK] OPEX [MSEK/MW&YEAR]
SvkGT Turnover 690 114.2 0.165
SvkGT O&M 690 59.4 0.086
Energiforsk 0.050

4.3 GT: New Investment

An alternative to looking into new technologies is to continue with business as usual by
upgrading or investing in new gas turbines. As mentioned earlier many of the current
turbines owned by SvkGT are being refurbished and could reach the end of their lifetime
in 15-20 years. Gas turbine technology has a high rate of maturity, are proven dependable
and SvkGT have vast experience within the field. Throughout this project, SvkGT has
provided several reference studies with figures on investment costs for new turbines, one
of them from Fingrid, the Finish TSO. Along with the construction of the nuclear reactor
Olkiluoto 3, which will be the largest single providing asset in the Nordics, Fingrid needed
to extend their fast active disturbance reserve to meet the changed N-1 criteria. Therefor
Fingrid invested in new turbines with a total capacity of 318 MW at the Forssa site shown
in Figure 14 (Fingrid 2013).
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Figure 14: The 318 MW gas turbine facility in Forssa, Finland.

The facility at Forssa consists of two 159 MW units and is intended to operate at similar
conditions as the turbines available for FADR in Sweden. The turbines are capable of
starting within 15 minutes and are expected to provide balancing power in case of dis-
turbances approximately ten hours per year. It took three years to construct the facility
and the investment costs were around 1000 million SEK meaning a cost of approximately
3,14 MSEK/MW. These figures are however considered as exceptionally low, thus the
investment occurred under favourable circumstances and are therefore considered as a
minimum in this study (Hermann 2018).

A study by Energiforsk, a Swedish research and development organisation within the
energy field, presents a more holistic view of gas turbine investment costs. A particular
part of the study focuses on simple-cycle gas turbines which frequently are used for peak
shaving and in emergency situations like the once intended for FADR. The study shows
declining investment costs per MW with increasing system size. The results of the study
are shown in Figure 15 where a number of reference cases are marked out along with the
trend line. Fingrids facility in Forssa was included in the study and is highlighted in yellow
(Nohlgren et al. 2014). A general estimation of the deployment time for a gas turbine
site is approximately two years, and the economic lifespan of a turbine is estimated to 25
years (Genrup and Thern 2014).
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Figure 15: Investment costs for Simple-Cycle gas turbines

GT: Construction and Physical Properties

Both large scale battery storage facilities and gas turbines require a physical piece of land
to put it on. Already at an early stage in a project this is of course something to take
into account and plan for. This part of the thesis aims to provide a general estimation
and practical feeling what a investment into a new gas turbine would mean today. Con-
struction and Physical Properties for BESS is described in Section 4.6.

The facility in Forssa will act as a good reference as it is constructed recently and with
similar use as the FADR. As aforementioned in took three years to construct the facility
and it has a footprint of approximately 15 000 m2. The highest point is its chimneys.
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4.4 BESS: Case Study

One of the main purposes of this project is for SvkGT to attain information about BESS
projects around the world that could be suitable for FADR use. Looking at BESS one must
consider relatively large facilities for them to be measurable to gas turbines. Therefore
a case study of the largest 100 facilities in terms of power [MW] conducted throughout
the project is presented in Table 9. The case study includes an extensive amount of
information that can be further studied in Appendix A most of which is not presented
or discussed in more detail in the report. Table 9 includes key figures from the study
that are further analysed to identify key drivers and incentives for BESS. The entire
study includes all 100 facilities while only the top 74 with a minimum power output
of 10 MW are presented in Table 9 in order to keep the basis of the analysis relevant in
terms of size. The year presented for each facility represents the commissioning year of the
facilities. For facilities under construction the expected commissioning year is stated. The
main application area of each facility is presented according to the functions presented in
Section 3.3.1. However, it is important to keep in mind that application stacking described
in section 3.3.2 is very common especially for larger batteries. Most of the batteries in
the study are not only intended for one type of use but many. All possible applications
are presented in Appendix A.

Table 9: A portion of the information gathered in the BESS case study

Ref Name Power Duration Tech Com. Location Application
Nbr (Short) (MW) (h:mm) (Type) (Year) (Country) (Main)
1 Dalian 200 4:00 VRF 2019 China Peak
2 Alamitos 100 4:00 Li-Ion 2020 United States Peak
3 Kingsfisher 100 4:00 Li-Ion 2020 Australia Ramping
4 Hornsdale 100 1:17 Li-Ion 2017 Australia Frequency
5 Buzen 50 6:00 NaS 2016 Japan Ramping
6 Roosecote 50 1:00 Li-Ion 2018 United Kingdom Frequency
7 Jardelund 48 1:02 Li-Ion 2016 Germany Peak
8 GimJe 48 n/a Li-Ion 2017 South Korea Frequency
9 Gyeongsan 48 0:15 Li-Ion 2016 South Korea Frequency
10 Minami-Soma 40 1:00 Li-Ion 2016 Japan Ramping
11 Glassenbury 40 0:41 Li-Ion 2017 United Kingdom Frequency
12 Nishi-Sendai 40 0:30 Li-Ion 2016 Japan Frequency
13 Notrees 36 0:22 Li-Ion 2013 United States Peak
14 Non-Gong 36 0:22 Li-Ion 2016 South Korea Frequency
15 Convergent 35 4:00 Li-Ion 2017 United States Peak
16 Port of Tyne 35 n/a Li-Ion 2018 United Kingdom Frequency
17 Rokkasho 34 7:00 NaS 2008 Japan Ramping
18 Ul-San 32 0:23 Li-Ion 2017 South Korea Frequency
19 Laurel Mountain 32 0:15 Li-Ion 2011 United States Frequency
20 Beech Ridge 31.5 0:23 Li-Ion 2015 United States Frequency
21 Grand Ridge 31.5 0:23 Li-Ion 2015 United States Frequency
22 Escondido 30 4:00 Li-Ion 2017 United States Peak
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Continuation of Table 9
Ref Name Power Duration Tech Com. Location Application
Nbr (Short) (MW) (h:mm) (Type) (Year) (Country) (Main)
23 Imperial 30 0:40 Li-Ion 2016 United States Peak
24 Golden Hills 30 0:30 Li-Ion 2019 United States Trans
25 Dalrymple 30 0:16 Li-Ion 2018 Australia Frequency
26 SokCho 28 0:23 Li-Ion 2017 South Korea Frequency
27 Seo-Anseong 28 0:15 Li-Ion 2015 South Korea Frequency
28 GVEA BESS 27 0:15 Ni-Cd 2003 United States Peak
29 Modesto 25 3:00 ZCF 2016 United States Ramping
30 Tynemouth 25 0:30 Li-Ion 2018 United Kingdom Frequency
31 Shin-Yongin 24 0:30 Li-Ion 2014 South Korea Frequency
32 Shin-Gimje 24 0:23 Li-Ion 2016 South Korea Frequency
33 Uiryeong 24 0:20 Li-Ion 2016 South Korea Frequency
34 Shin-GyeRyong 24 0:15 Li-Ion 2016 South Korea Frequency
35 Shin-WhaSun 24 0:30 Li-Ion 2016 South Korea Frequency
36 UI-Ju 24 n/a Li-Ion 2016 South Korea Frequency
37 Pen y Cymoedd 22 0:45 Li-Ion 2018 United Kingdom Frequency
38 Pomona 20 4:00 Li-Ion 2016 United States Peak
39 Mira Loma 20 4:00 Li-Ion 2017 United States Peak
40 Beacon 20 0:30 Li-Ion 2018 United States Peak
41 Marengo 20 0:30 Li-Ion 2018 United States Frequency
42 Broxburn 20 n/a Li-Ion 2018 United Kingdom Frequency
43 Angamos 20 0:15 Li-Ion 2011 Chile Peak
44 Cochrane 20 0:20 Li-Ion 2017 Chile Peak
45 Tait 20 n/a Li-Ion 2013 United States Frequency
46 Cape York 20 4:00 Li-Ion 2019 Australia Ramping
47 IPL Advancion 20 1:00 Li-Ion 2016 United States Frequency
48 Lee DeKalb 20 n/a Li-Ion 2015 United States Frequency
49 McHenry 19.8 0:24 Li-Ion 2015 United States Frequency
50 Jake 19.8 0:24 Li-Ion 2015 United States Frequency
51 Elwood 19.8 0:23 Li-Ion 2015 United States Frequency
52 Meyersdale 18 0:30 Li-Ion 2015 United States Frequency
53 Wyman 16.2 0:30 Li-Ion 2016 United States Frequency
54 Shin-ChungJu 16 0:23 Li-Ion 2016 South Korea Frequency
55 Lünen 15 1:30 Li-Ion 2016 Germany Frequency
56 Walsum 15 1:30 Li-Ion 2016 Germany Frequency
57 Bexbach 15 1:30 Li-Ion 2016 Germany Frequency
58 Volklingen 15 1:30 Li-Ion 2016 Germany Frequency
59 Weiher 15 1:30 Li-Ion 2016 Germany Frequency
60 Herne 15 1:30 Li-Ion 2016 Germany Frequency
61 Schwerin 15 1:00 Li-Ion 2017 Germany Frequency
62 Daimler AG 15 1:00 Li-Ion 2016 Germany Frequency
63 Minami Haya. 15 4:00 VRF 2015 Japan Ramping
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Continuation of Table 9
Ref Name Power Duration Tech Com. Location Application
Nbr (Short) (MW) (h:mm) (Type) (Year) (Country) (Main)
64 Kaua’i 13 4:00 Li-Ion 2017 United States Peak
65 Lünen (2) 13 1:00 Li-Ion 2016 Germany Bill
66 IESO Hecate 12.8 4:00 Li-Ion 2018 Canada Frequency
67 Yeongyang 12.5 4:00 Li-Ion 2016 South Korea Ramping
68 Flumeri 12 6:40 NaS 2015 Italy Frequency
69 Ginestra 12 6:40 NaS 2015 Italy Frequency
70 Los Andes 12 0:20 Li-Ion 2009 Chile Peak
71 Auwahi 11 0:24 Li-Ion 2012 United States Ramping
72 Scampitella 10.8 6:40 NaS 2015 Italy Frequency
73 Green Mountain 10.4 1:00 Li-Ion 2015 United States Frequency
74 Feldheim 10 1:00 Li-Ion 2015 Germany Frequency

4.5 BESS: Current status and future predictions

This section aims at presenting secondary data collected regarding deployment of BESS
today and the expected development of the BESS market. The information focuses on
BESS deployment and uses in various applications, suitability in various applications,
performance and cost of different technologies and is mainly presented with data from
2016 and expectations towards 2030. The current status of BESS deployment is first
presented after witch outlooks towards 2030 are discussed. Finally costs, performance
and development of different types of storage technologies are presented individually.

4.5.1 Current status of BESS deployment and usage

Pumped hydro storage is the major electricity storage technique today with a total in-
stalled capacity of 169 GW accounting for 96 % of the approximate 176 GW of total
energy storage worldwide. The second largest technique is thermal storage after which
comes electro-chemical storage that in this report is referred to as batteries. At a total of
1.9 GW, it only represents 1.1 % of electricity storage globally. However, it is the fastest
growing market segment out of all storage techniques (IRENA 2017). The growth rate
of electro-chemical storage from 1996-2016 has been exponential and is demonstrated in
Figure 16.
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Figure 16: Global electro-chemical storage capacity, 1996-2016

Due to regulatory circumstances and market structures, the distribution of battery stor-
age is yet concentrated to a rather small number of countries. Table 10 shows figures
on the distribution of BESS up until 2016. Battery storage in the United States with
approximately 680 megawatts of installed capacity accounts for almost half of the total
amount and is also the fastest growing market. The US together with Korea and Japan
accounted for 78% of total deployments in 2017. There are operational facilities outside
of the countries stated in table 10 but to quite a limited extent. However, deployment is
increasing worldwide and within the next few years, upcoming BESS projects (i.e. under
construction or announced) are expected to add an additional 1.2 GW of capacity to the
world market (IRENA 2017).

Table 10: BESS distribution by country, operatonal by mid-2017

Country Installed Capacity [GW]
China 0.1
Japan 0.3
United States 0.7
Germany 0.1
Italy 0.1
Republic of Korea 0.4
Total 1.6

Out of the approximate 1.9 GW of BESS installed by mid-2017 worldwide the major
main-use of application is for frequency regulation services accounting for about half of
the usage. The second largest application is for peak shaving use accounting for about 18%
and the third for renewables capacity firming at around 5%. Electric bill management at
approximately 8% is another significant area of application but not discussed in this report
and therefore categorised together with all other minor types of applications (IRENA
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2017). Figure 17 describes the distribution of main-use cases for electro-chemical storage
around the world by mid-2017.

Figure 17: Global electro-chemical storage power capacity by main-use case, mid-2017

There are approximately 1.9 GW of installed electro-chemical storage for grid application
today which is divided among a vast variety of technologies. The most commonly used
technology today is the Li-ion battery accounting for about 59% of operational installed
capacity by mid-2017. However, there are a number of emerging BESS-technologies show-
ing great promise that are growing rapidly. Figure 18 shows the spread between different
types of technologies in electro-chemical storage systems by mid-2017.

Figure 18: Global electro-chemical storage power capacity by technology, mid-2017
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4.5.2 2030

The increasing amount of renewable production in energy systems directly drives the de-
mand for storage solutions. Cost reductions for different storage technologies will boost
this demand further. In the long run energy storage of longer duration will be necessary
to compensate for the fluctuating production which enhances the demand even further.
When predicting the future development of BESS it is first important to estimate the
future deployment of renewable energy sources in power systems. The International Re-
newable Energy Agency uses a case referred to as the REmap Doubling case where the
share of renewable energy in the global energy system is doubled by 2030 in comparison
to 2014 levels which is the basis of the upcoming presented figures of this report as well
(IRENA 2017). Doubling the share of renewable energy supply by 2030 is considered
reasonable, however discussing this matter further is outside the scope of this report but
can be furthered studied in REmap 2030 - A Renewable Energy Roadmap (2014).

Battery electricity storage capacity for utility and behind the meter applications is esti-
mated to grow exponentially and increase from a current capacity of 11 GWh to between
181 GWh and 421 GWh in 2030. The major markets are expected to be the once where
suitable regulatory structures are in place (e.g. Germany) and in places with excellent
solar resources, high electricity prices and low grid feed-in remuneration (e.g. Australia)
where storage co located with solar power is a promising option. Co located storage with
renewable energy production is the application that shows the greatest promise and Figure
19 demonstrates high and low estimates of increasing deployment until 2030 by different
application areas. This requires a simultaneous development of several power markets in
regards to reimbursement for ancillary services.

Figure 19: BESS capacity growth in stationary applications by sector, 2017-2030

BESS co located with new installations of solar power used for energy time shifting could
increase with 79-198 GWh by 2030 and retrofitted batteries installed at sites with existing
PV capacity could increase by 22-36 GWh. The BESS market for utility applications could
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increase from the current 10 GWh in 2017 to between 81 GWh and 187 GWh by 2030.
Other major applications are for renewable capacity firming, frequency regulation and
electric supply capacity. Figure 20 shows potential growth divided among different main-
use cases in 2017 and 2030 where the major use for battery storage is for electricity time
shifting operation accounting for 62-64%(115-269 GWh) of the total storage capacity in
2030 (IRENA 2017).

Figure 20: BESS growth in stationary applications by main-use case, 2017-2030

4.5.3 Costs and performance by technology, 2016-2030

This section presents information on installation costs and performance characteristics
for different technologies and focuses on key figures necessary to compare technologies
with one another. Installations costs are considered from a turnkey perspective meaning
that they represent costs including everything from delivery to construction of a system
to which point the project is completed and ready for operation. Operational cost is
a more complex figure and is therefore presented in the following section. Performance
characteristics that are presented includes

• Energy density

• Cycle life

• Calendar life

• Depth of discharge

• Round trip efficiency

These characteristics are earlier described in more detail and can be reviewed in Section
3.2. For some technologies additional information is provided as well but focus lies on the
performance factors stated above.
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Li-ion batteries

Lithium-ion batteries accounted for almost 60% of the BESS-market by mid-2017. The
technology has benefited from great investments in recent years due to the vast variety
of possible application areas. It is the most important technology for mobile applications
mainly due to its high energy density which has enhanced the development of the tech-
nology. The recent history of declining prices for Li-ion systems have been impressive
which has improved the economic aspects of using Li-ion batteries for stationary use and
their presence in the grid market is increasing. Cost competitiveness of Li-ion batteries
is expected to improve, driving down prices further. Li-ion batteries are characterised by
high rates of discharge capability, relatively long life expectancy, low self-discharge rates
and excellent round trip efficiency.

The depth of discharge rate for Li-ion batteries today ranges between 80-100% and the
round trip efficiency varies between 92-96%. Energy densities for Li-ion battery cells
range from 200 Wh/dm3 to 735 Wh/dm3. Current installation costs span between 2960
SEK/kWh and 8880 SEK/kWh with an average of approximately 4230 SEK/kWh in
2016. Expected calendar life and equivalent full cycles of a cell is greatly dependent on
the application and operational conditions of the facility but also the cell design. Lifetime
expectancy ranges from 5-20 years and equivalent full cycles between 500 and 12000.

A combination of improvements in performance and installation costs are expected to-
wards 2030 for Li-ion batteries. Depth of discharge as well as energy density are expected
to remain at the same level while the round trip efficiency is expected to rise by approx-
imately 2%. Installation costs are expected to decrease to between 1230 SEK/kWh and
4850 SEK/kWh with an average of 3040 SEK/kWh. The central projection for costs of
Li-ion batteries for stationary use represents a decline between 54-61% from 2016-2030.
Self-discharge rates for Li-ion batteries are expected to remain unchanged at a range
between 0.05-0.20%/day from 2016-2030. Figure 21 shows a summary of the costs and
performance today as well as predictions towards 2030 for Li-ion batteries (IRENA 2017).

Figure 21: Cost and Performance of Li-ion battery storage systems, 2016 and 2030

Information regarding cost breakdown structures of BESS facilities is often scarce and
difficult to obtain due to confidentiality restrictions. The distribution of costs also varies
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extensively depending on the type of application and differences in system design and siz-
ing of facilities making the cost breakdown structure of facilities ever harder to generalise.
Figure 23 demonstrates the results from a number of studies of the different installation
costs associated with BESS and how they are expected to develop towards 2030. Material-
related cost items account for almost half of the initial investment costs. In general the
larger the system the less dominant becomes the material cost. When looking at the
material costs isolated the contribution of cell costs also decreases with increasing system
size, since for larger systems, power electronics and periphery costs become more relevant
as demonstrated in Figure 22.

Figure 22: Cost component distribution of Li-ion BESS by storage size, 2016

For larger systems, cell costs represents approximately 35% of the total material costs
while for residential systems it usually exceeds 45%. Figure 23 also demonstrates the total
expected reductions in costs by cost component and in total. Total costs are expected
to decrease by more than 50% quite equally divided between material-related costs and
other costs. The contribution of material costs to the total system cost is expected to
decrease from 47% to 43% by 2030 (IRENA 2017).

Figure 23: Cost breakdown structure and potential reductions, 2016-2030
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Sodium sulphur(NaS) batteries

The sodium sulphur battery is a so called high-temperature battery. High-temperature
batteries operate at high temperatures to keep the active material in a liquid state (sodium
and sulfur in the NaS case). NaS batteries typically operate at a temperature between 300
°C and 350 °C and have so far only been commercialised in stationary applications. NaS
batteries have been used extensively in Japan for grid applications since the 1990s. There
is more than 300 MW of NaS capacity installed in more than 170 projects throughout the
country. In recent years however deployment of NaS facilities have ceased being exclusive
to Japan and is today commonly used for grid applications in other parts of the world as
well. NaS Batteries are characterised by their relatively high energy density in the low
end of the Li-ion range, suitable for daily cycling and dischargeable for long duration and
high pulse of power.

The depth of discharge rate for NaS batteries is close to 100% and the round trip effi-
ciency is approximately 80%. The energy density varies between 140 Wh/dm3 and 300
Wh/dm3. Self-discharge rate ranges between 0.05-1%/day depending on the application,
location and technology. A general central value of self-discharge is closer to the lower end
of the span. Current installation costs span between 2240 SEK/kWh and 6250 SEK/kWh
with a central value of approximately 3400 SEK/kWh. Life expectancy of systems are
like for other batteries greatly dependent on the type of use and application but ranges
from 10-25 years and equivalent full cycles from 1000-10000. NaS batteries also have the
advantage of high recyclability of around 99%. The main disadvantage of NaS batteries
is that they are associated with high operating costs between 340-600 SEK/kW per year
mainly due to the high operating temperature. The high-temperature operation requires
a thermal enclosure that in itself can consume about 3% of the rated power of the facility.

The development of high-temperature batteries is not expected to progress as rapidly
as for Li-ion batteries mainly due to lack of suppliers. Almost all NaS batteries on the
market are manufactured by the Japanese company NGK. This dependency of a limited
number of suppliers may impede a fast market growth. NaS batteries are still expected
to improve in terms of performance, installation and operating costs but a key accelerator
for this development is for new entrants to challenge and spur innovation in the market.
Depth of discharge as well as energy density are expected to remain at the same level
while the round trip efficiency is expected to rise by approximately 4%. Installation costs
are expected to decrease to between 1020 SEK/kWh and 2800 SEK/kWh with an average
of approximately 1530 SEK/kWh (IRENA 2017). Figure 24 shows a summary of the costs
and performance today as well as predictions towards 2030 for NaS batteries.
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Figure 24: Cost and Performance of NaS battery storage systems, 2016-2030

Vanadium Redox Flow Batteries

As mentioned earlier Vanadium Redox Flow Batteries(VRFB) differ from conventional
batteries in the way that the electroactive materials are not stored within the electrode
but instead dissolved in an electrolyte solution and can therefore be stored in tanks outside
the cell. This enables a number of advantages including that they:

• Can operate at close to ambient temperatures.

• Can scale energy from power independently and vice versa.

• Offer cycle lifetimes that exceeds 10 000 full cycles.

• Support very deep discharge rates without degrading significantly.

The major disadvantages with flow batteries are their relatively low round-trip efficiencies
and low energy density in comparison to Li-ion batteries for example.

The depth of discharge rate for VRF batteries is close to 100% and round-trip efficiency
is approximately 70%. The energy density varies from 20 Wh/dm3 up to 70 Wh/dm3,
but this figure is in most cases closer to the lower part of the span, with a central value of
about 25 Wh/dm3. Current installation costs span between 2680 SEK/kWh and 10 200
SEK/kWh. Life expectancy of systems ranges from 5-20 years with a central value of 15
and equivalent full cycles reaches beyond 15 000.

Because of good scalability and suitability for large scale grid applications, there has been
a high focus on developing flow batteries over the last decade. While the possibility of
improving energy density is limited, round-trip efficiencies for flow batteries are expected
to increase from between 60-85% to between 67-95% by 2030. Installation costs are
expected to decrease to between 920 SEK/kWh and 3910 SEK/kWh meaning a reduction
of about two thirds of today’s prices. Vanadium Redox Flow Batteries in particular
are expected not to exceed 3060 SEK/kWh with a central value of approximately 1020
SEK/kWh. While round-trip efficiencies might not increase to comparable values with
other technologies, VRFB typically exceeds 10 000 equivalent full cycles, which potentially
compensates well for the slightly lower efficiency (IRENA 2017). Figure 25 shows a
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summary of the costs and performance today as well as predictions towards 2030 for flow
batteries.

Figure 25: Cost and Performance of flow battery storage systems, 2016-2030

4.5.4 OPEX

As mentioned earlier, the operation of utility scale batteries is a quite young business and
has developed a lot in recent years. There is limited information on how operation is
handled and costs are in general hard to find due to confidentiality reasons. Depending
on the battery provider there are several different options on how to run a battery. Some
suppliers offer the alternative to operate the battery project for the customer while others
provide energy management systems and other solutions for the utility company to run
the batteries themselves. Therefore there are several uncertainties on what is actually
included in different business models. Cost factors that should be considered at the
initiation phase of a project are:

• Operational

• Maintenance

• Warranty

• Monitoring (Most often remote)

• Spare Parts

Table 11 demonstrates estimates based on a study conducted recently from a variety of
sources providing figures on operation costs for different BESS technologies (Rahmann
et al. 2017). The numbers are also in line with current industry standards which have
been verified through interviews with several battery providers not mentioned in this
report due to confidentiality reasons. Table 11 demonstrates central values for operational
expenditures along with maximum and minimum values encountered in the study.

Table 11: Estimated OPEX percentages of CAPEX for all BESS Technologies

Technology Low Mid High
Li-Ion 2 % 3 % 4 %
NaS 3 % 4 % 5 %
Flow 3 % 4 % 5 %
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Aside from these costs one must consider charging costs for the battery facility based on
current market prices and account for the round trip efficiency of the asset. Round trip
efficiencies are presented earlier in Section 4.5.3. Current electricity costs are estimated
at 0,4 SEK/kWh (Persson 2015).

4.6 BESS: Construction and Physical Properties

This chapter aims to present the different battery technologies physical space and overall
construction information similar to Section 4.3 presenting GTs. Data of BESS facilities
were provided from the industry with companies such as Tesla, Fluence, NGK and Rongke
Power.

Lithium-Ion

Data have been collected both from Fluence and Tesla which both provide systems using
Lithium-Ion. However what differs them is while Fluence uses a containerised solution,
Tesla uses their modular Powerwall. Teslas facility at Hornsdale, Australia (Ref: 4) will
provide an example with its 100 MW BESS. As mentioned uses Tesla a modular Powerwall
solution which can be seen in Figure 26. The facility in Hornsdale is approximately 10
000 m2 and it took only 60 days to construct the facility (NEOEN 2017).

Figure 26: The Hornsdale Power Reserve in Australia

Fluence is a merger between the energy storage divisions of Siemens and AES and are
one of the leading providers of BESS globally. Their containerised solution is scalable and
are despite the obvious technology inequality very similar to the one NGK uses which is
described below (Wolfschmidt and Namyslo 2018).
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NaS

NGK is an Japanese company which have specialised in NaS batteries and their facility
in Buzen (Ref: 5) will provide a reference. NGK delivers their BESS facility containerised
in 20-foot containers which can be seen in Figure 28. The 50 MW facility in Buzen (ref
5) which can be seen in Figure 27 uses 251 containers for storage. The rest of the facility
is energy management systems. In total the 50 MW facility is 100 X 140m which is a
footprint of 14000 m2. The facility was constructed in just six months (not including
permissions) (NgK 2018).

Figure 27: Buzen substation in Japan, 50 MW
& 300 MWh

Figure 28: Four standard Ngk containers

Flow

Rongke Power is the supplier of VRF-batteries to the facility in Dalian, China (Ref: 1).
Similar to Tesla does Ronge Power have a gigafactory providing them with VRF-batteries
and the factory is conveniently placed in Dalian. Dalian will contain ten connected systems
of 20 MW/80 MWh each. Ronge Power uses a containerised solution very similar to what
NGK uses (Figure 28) for the power electronics. However being a flow battery is also
requires tanks for the two electrolytes thus taking up more space. It is therefore quite
difficult to estimate how much space such a system would take (Rongke 2018).
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5 Analysis

A thorough analysis of the gathered information is carried out through this chapter. Ini-
tially the case study of the 100 largest facilities around the world is statistically evaluated
and compared to earlier research presented in Section 4.5. As stated before, after looking
at the 74 largest facilities one reaches sizes of 10 MW and therefore the final 26 facilities
in the case study were sorted out and are not included in these statistic figures. The case
study will still be referred to as a study of the 100 largest projects because 100 is a nicer
number than 74. This part of the thesis aims to answer the first three questions of this
thesis

• Can BESS fill the fast active disturbance reserves future needs for grid disturbance,
balancing, voltage support, black start and island mode operation?

• What functions are existing or announced BESS facilities meant to handle?

• What are the economic key driving factors for BESS facilities?

The second part of the chapter focuses on a comparison between BESS and gas turbines
primarily from a cost perspective analysing a number of possible investment situations.

5.1 FADR Suitability

Section 4.1 describes necessary and desired characteristics for assets devoted for FADR
and Table 12 presents a summary of these figures along with the attributes of today’s
setup of gas turbines and the battery facilities studied throughout the project presented
in Table 9.

Table 12: Desired characteristics for FADR and performance by technology

Size Response Endurance Location Availability

Desired 1450 MW 15 min 100 h 750 MW in SE3
700 MW in SE4 90%

Current GTs 10-15 min 100 h 87%
BESS Case study 0-1 s 0.05-6 h 100%

As shown in Table 12 today’s set up of gas turbines fulfils all necessary requirements with
the exception of the availability. An availability of 90% however, is not stated in the
System Operation Agreement and therefore not considered as an absolute requirement.
Additionally, achieving a 90% rate of availability with gas turbines is not impossible. A
new fleet of gas turbines would probably have a higher rate of availability than the cur-
rent fleet of turbines and by increasing the accumulated power output by 3 % (0.9/0.87
= 1.03), the additional power exceeding the necessary criteria could be seen as a compen-
sation for the occasional unsuccessful starts. Reaching a certain level of power output at
the right location is only a matter of costs which is presented and discussed later in the
report. From a purely technical point of view though, power output at the right location
is of no concern for either of the technologies. The response time for the current fleet of
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gas turbines varies among the assets but they are all below the required maximum of 15
minutes. Endurance is for gas turbines due to their nature not a concern. Today’s gas
turbines are also capable of fulfilling secondary uses for FADR described in Section 12
mainly focusing on voltage support, black start and island mode operation.

Table 12 also shows that the studied BESS facilities fulfil all desired characteristics ex-
cept for the endurance criteria. Batteries are able to exceed 15 min of operation which
fulfils the absolute requirements of the FADR stated in the SOA, however depending on
how endurance is evaluated batteries can be considered as deficient due to their limited
discharge time. Batteries are far inferior to gas turbines when considering endurance and
this is further compared in the discussion of the report but constructing a battery with a
discharge duration exceeding 36 hours or 100 hours today would be absurd. The main ad-
vantages of BESS compared to gas turbines are their anticipated high rate of availability
and quick response time. Appendix A includes all secondary applications of main-use for
the studied BESS projects and shows that functions like voltage support, black start and
island mode operation are all achievable functions with BESS technology. This however
is also a question of capacity and possible duration of discharge, hence a question of costs
and will be further discussed later in the report. From a purely technical perspective
though batteries can handle all necessary requirements.

5.2 BESS: Case study

This section analyses content from table 9, the case study of the 100 largest facilities glob-
ally in a series of charts to demonstrate a fair image of larger BESS deployment today.
The information is also compared to and discussed with the information in the previous
chapter regarding earlier research which represents figures from BESS deployment around
the world when considering all system sizes. A complete correspondence between these
results are therefore not expected but a reasonable extent of correlation is.

Figure 29 and 30 demonstrates the deployment rate of the 100 largest BESS. As shown in
the figures larger projects are mainly constructed in recent years and almost exclusively
after 2010. These figures also correspond well with Figure 16 demonstrating the growth
including all system sizes. A comparison between Figures 29 and 30 also demonstrates
that the growth rate in terms of capacity is even more concentrated and significant in
recent years than the one of power output which indicates that large BESS projects with
longer duration show a faster individual growth than projects with higher C-rates. This
is caused by the shift from using battery storage solely for short duration operation (e.g.
frequency regulation) towards longer duration operation (e.g. peak shaving etc).

53



Figure 29: Installed rated power [MW], 2010-
2017 Figure 30: Installed capacity [MWh], 2010-2017

The largest BESSs in the world over 10 MW are found in only ten countries. 27 of the
facilities are located in the US. South Korea and Germany with 13 and 12 facilities re-
spectively represent the second and third largest markets. Australia, Italy, Japan, United
Kingdom and Chile have 3-6 facilities each. China and Canada have one facility each.
Figure 31 shows a map of these countries where a more intense colour represents larger
amounts of facilities.

Figure 31: Geographical deployment of the top 100 BESS facilities

Investment costs for BESS facilities are in general hard to find. Most figures are strictly
confidential and for the ones that are public, it is often difficult to determine what is
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included in the initial investment. Therefore the prices attained in the case study varies a
lot and should be considered with a certain margin of error. The scope of the case study
covers a lot of information not included in table 9 that only describes key characteristics
and figures for each facility. Appendix A presents all further information about each
asset including the initial investment cost for 27 of the facilities. Figure 32 displays the
investment spread of these facilities according to commissioning year along with the price
development from 2003 and fourth. These values correspond quite well with how battery
prices have declined according to other studies. However, the extension to which these
figures are verified varies among the projects and as mentioned earlier these results should
be considered with a certain margin of error.

Figure 32: Initial investment and price decline, top 100

Figure 33 shows the distribution of BESS among the 100 largest facilities according to
main-use case for each and every specific facility. Emerging capacity markets are great
drivers for deployment of BESS and primary market reserves is in general a revenue stream
with high potential well suited for battery operation due to their fast response time.
Therefore frequency regulation clearly dominates the BESS market when solely looking
at the number of facilities, with peak shaving and ramping as second and third. An almost
negligible share of the facilities are constructed with a main purpose not including these
three areas of application. When looking at an isolated segment of facilities like the larger
ones, the number of facilities purposed for different uses are considered as suitable figure
to review. However, another more common way to evaluate the deployment distribution
of BESS is by power or capacity. A demonstration of the distribution of the top 100 BESS
among application areas in regards to power and capacity instead of the number of facilities
is shown in Figures 34 and 35. These figures can be considered as more representative due
to the vast variety of projects sizes and are easier to find in other studies. The frequency
regulation application appears less dominant in these sort of comparisons especially when
solely looking at capacity where peak shaving is the clear dominant application. This is
mainly due to the fact that peak shaving facilities require longer charge and discharge
periods to cover the macro changes in supply and demand. Figures from the top 100
study correspond well with the distribution of applications in terms of rated power shown
in Figure 17 in the previous chapter.
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Figure 33: Number of BESS by main-use case, top 100

Figure 34: Rated power [MW] by application,
top 100

Figure 35: Capacity [MWh] by application, top
100

Figure 36 shows the distribution of BESS among the 100 largest facilities divided among
different battery types for each and every specific facility. Li-ion is a well tried technology
in both stationary as well as mobile application and the clear dominant technology in
all cases. However, the share of Li-ion batteries shows a decrease in significance when
evaluating the top 100 according to capacity. Other technologies such as NaS and flow
batteries are well suited for longer duration operation and have as demonstrated in Table
9 mainly been constructed with lower C-rates. Li-ion facilities on the other hand are
deployed with everything from a duration of 15 minutes up to several hours. Flow and
NaS batteries suitability for larger scale batteries with longer duration operation results
in a difference of the top 100 figures in comparison with Figure 18 considering all system
sizes.

Figure 36: Number of BESS by battery type, top 100
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Figure 37: Rated power [MW] by battery type,
top 100

Figure 38: Capacity [MWh] by battery type, top
100

Figure 39 displays storage system size in terms of power output and capacity as well as C-
rate of the 100 largest facilities. When looking at larger projects built recently, facilities
tend to be constructed to operate for longer durations. BESS in general are mainly
constructed with a C-rate of 1 when looking at all system sizes (Hesse et al. 2017) but as
shown in Figure 39 average C-rates for larger facilities built recently tend towards C-rates
of 0.25. This might appear strange at first when considering that frequency regulation
and primary control reserves are the most common main-use cases for BESS but if one
considers both first and second main-use services for facilities, a majority of BESS are
built for peak shaving or similar operation in at least one of these main uses. This can be
further studied in Appendix A containing all information gathering from the case study.

Figure 39: Power to energy ratio, top 100

Frequency Regulation Projects

As mentioned earlier BESS can be constructed to manage a series of tasks. Many of
the facilities examined in the top 100 study are intended to provide a range of services.
Most facilities however are constructed with one main operational purpose. By isolating
facilities intended for a specific task one can evaluate the most commonly used technology
for that specific application. Figure 40 shows all projects in the case study primarily
intended for frequency regulation operation sorted by technology type. Out of the projects
in the case study, 46 are intended for frequency regulation operation primarily. Out of
these 46, 43 are Li-ion facilities and three are NaS projects as shown in the left chart. The
middle chart shows the distribution of frequency regulation projects according to rated
power and the right one displays the total capacity sorted among different technologies.
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In this study, Li-ion batteries are the clear dominant technology regardless of measuring
power, capacity or number of facilities. This is the usual case in all applications due to
the vast deployment of Li-ion batteries in general. Li-ion batteries exceed all batteries in
terms of total production potential today making them the most accessible batteries in the
market. Their high discharge capabilities and quick response time are also a contribution
to why they are well suited for primary reserves and have significant shares in the frequency
regulation market.

Figure 40: Frequency Regulation Projects by battery type, [Nbr] - [MW] - [MWh]

Peak Shaving Projects

When looking at peak shaving projects, Li-ion batteries still account for a majority of
the number of facilities, rated power and capacity out of the top 100. Their dominance
however is not as significant as in the previous case when looking at frequency regulation.
Facilities with the main purpose of peak shaving operation are displayed in Figure 41 where
the number of facilities are demonstrated in the first chart, rated power in the second and
capacity in the third. Out of the largest 100 there are 17 with the main purpose of peak
shaving operation of which 14 are Li-ion facilities. However, when measuring rated power
and capacity, Li-ions are much less significant, especially in terms of capacity. Table 9 also
shows that many of the facilities with ramping as main use case operate as peak shavers
secondarily. These types of uses are similar, often demanding long periods of duration
and especially flow and NaS batteries are well represented among these types of facilities.
Therefore if secondary main service cases are considered the amount of Li-ion batteries
used for peak shaving would be less significant than in Figure 41 and technologies such
as flow and NaS batteries would represent greater shares.

Figure 41: Peak Shaving Projects by battery type, [Nbr] - [MW] - [MWh]
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5.3 BESS: Cost and performance overview

This part of the analysis presents costs and performance factors for different battery
technologies in comparison to each other. Current statuses of different technologies are
presented along with projections towards 2030. This part focuses on central values where
key performance characteristics and costs are compared, unlike the individual technology
sections where both central values and ranges are displayed. The idea of this approach is
to provide a simplified overview of the technologies.

When comparing installation costs and cycle life in equivalent full cycle terms among the
three different groups examined; Li-ion, NaS and Flow, the two classical batteries (Li-ion
and NaS) are unable to reach the cycle life values of the flow batteries both looking at
today’s status and future projections. Flow batteries are also the cheapest ones today
with Li-ions as the most expensive ones. The high-temperature NaS batteries currently
represent a middle ground both when looking at cycle life and installation cost with the
potential of advancing its cost competitiveness in 2030. Differences in costs however are
far from as significant as the differences in life cycles. The general cost outlook for BESS
is promising. NaS and flow batteries show a price decline potential around 50% by 2030,
55% for NaS and 47% for flow while prices for Li-ions are expected to decrease by 28%.
Cycle life and cost for the three different battery categories are displayed in Figure 42

Figure 42: Central values of cycle life and installation costs by technology, 2017-2030

By only considering the properties displayed in Figure 42 flow batteries appears superior to
the classical batteries and NaS batteries appears superior to Li-ion. An important aspect
to keep in mind is the maturity of the Li-ion technology due to extensive deployment and
usage in different applications like EVs or other mobile apparatus. Another aspect is the
round trip efficiency (η) which is significantly higher for Li-ion batteries in comparison
with any other technology. Figure 43 demonstrate current status and future projections
of costs, cycle life and round-trip efficiencies for the three categories. As shown in the
figure the Li-on technology is a more expensive alternative than other technologies with
a far inferior lifespan. However, the round-trip efficiency of the Li-ion technology exceeds
the others by far and is expected to do so in the future as well.
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Figure 43: Energy installation cost, cycle life and round-trip efficiency by technology, 2017-2030

5.4 BESS vs GTs

This part of the analysis aims at comparing costs and functional characteristics of gas
turbines and batteries. In order to accomplish that a number of standard facilities of
specific power and capacity are constructed based on the information achieved through
the empirical part of the study. Hypothetical facilities of the same power output but with
the different technologies; gas turbines, Li-ion, NaS and flow batteries are constructed
and economic aspects in terms of installation costs, operational and maintenance costs
as well as the levelized cost of energy are compared to one another after which different
attributes depending on technology is compared. The purpose of this section is to answer
the questions stated in the purpose section of the report

• Can BESS fill the fast active disturbance reserves future needs for grid disturbance,
balancing, voltage support, black start and island mode operation?

• How does BESS compare to gas turbines economically in terms of investment/MW,
investment/MWh, operational and maintenance costs as well as levelized cost of
energy?

5.4.1 Case: 50 MW, C-rate: 1 & 2

Considering the variation in installation costs it is necessary to compare capabilities and
costs between GTs and BESS at specific reference points. Based on the results from the
case study along with information on gas turbines currently intended for FADR a close
estimate to the average power output for a specific asset is 50 MW. As stated earlier a
battery could never fulfil the criteria of 100 hour endurance time for the FADR. However,
with regards to data provided by Svk on the operation of current gas turbines, partly
presented in Section 4.2, a battery with a duration of one hour of discharge could cover
85% of the necessary starts since 2012. A battery with an additional hour of possible
discharge (C-rate 0.5) could cover 97% of the stints of operation for the same period. In
order to cover the remaining 3% of disruptions, a battery facility with a possible discharge
duration of 8 hours would be necessary. Considering these figures this report presents two
sets of reference facilities. Both with a total power output of 50 MW but with different
total capacities of 50 MWh and 100 MWh. The CAPEX for gas turbines is estimated by
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Table 15 which indicates a cost of 6.4 MSEK/MW for a 50 MW unit which equals a total
investment of 320 MSEK.

50 MW - 50 MWh

Figure 44 shows minimum, average and maximum installation costs for Li-ion, NaS and
flow battery facilities with a 50 MW power output and 50 MWh capacity. The figures
indicate that the initial cost for a 50 MW gas turbine exceeds the cost for the equivalent
BESS in all cases except for the higher estimates of Li-ion and Flow batteries. For all
calculations see Appendix B.

Figure 44: Installation costs, 50 MW - 50MWh by technology

Figure 45 shows central values of investment costs for 50 MW facilities in 2018 along with
accumulated CAPEX and OPEX for a 25 year period. As mentioned in the Section 4.3 the
life expectancy of gas turbines is estimated to 25 years and Li-ions to 10 years. The lifespan
of NaS and Flow batteries are estimated to 15 years. Reinvestments in new facilities for
the various battery types are included after each separate lifespan period shown by the
gaps in accumulated costs. A reinvestment for the Li-ion facility is included in 2028 at
the estimated prices in 2030 presented in Section 4.5.3. The same approach is used for
NaS and Flow batteries but in 2033 and investments are accounted for according to 2030
price estimates. The remaining period to 2043 after the reinvestments are calculated
according to improved life expectancies estimating a lifespan for Li-ions to approximately
18 years, NaS to 20 years and Flow to 25 meaning no further necessary investments before
2043. Figure 45 shows that initial investment costs for a gas turbine of 50 MW exceed all
battery types. The life expectancy of gas turbines however is far superior in comparison
to batteries which evens out the results by the end of the considered period of time. The
approach for all calculations are found and described in more detail in Appendix B
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Figure 45: Accumulated CAPEX and OPEX by technology, 50 MW - 50 MWh, 2018-2043

The approach described above, accounting for reinvestments at improved prices and life
spans, at the end of each technology’s estimated initial life expectancy is also used to
calculate the Levelized Cost of Energy for gas turbines and the Levelized Cost of Energy
Storage for the battery facilities. Calculating LCOE and LCOES is described earlier
in more detail and can be recapped in Section 3.4.1. The amount of energy supplied
each year is estimated to 1424 MWh/year for all units available for FADR according
to an average of data attained from Svk. The discount rate is approximated to 5%
(Energimarknadsinspektionen 2016). Calculated LCOE and LCOES are presented in
Table 13 which indicates that the different technologies are all in the same range. The
LCOE for gas turbines and LCOES for Li-ion slightly exceeds the LCOES for NaS and
Flow batteries for a 50 MW - 50 MWh facility. All calculations are found and can be
viewed in detail in Appendix B.

Table 13: Levelized cost of energy and energy storage, 2018-2043

Technology LCOE/LCOES [SEK/MWh]
GTs 10 420
Li-ion 10 819
NaS 8 358
Flow 7 539

50 MW - 100 MWh

Figure 46 shows minimum, average and maximum estimations for installation costs calcu-
lated according to price figures presented in Section 4.5.3 for Li-ion, NaS and flow battery
facilities with a 50 MW power output and 100 MWh capacity. The resulting figures indi-
cate that the initial cost for a 50 MW gas turbine is in the range of the average estimates
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for the battery types. Maximum estimates for BESS exceeds the cost of the gas turbine
by far and low estimates are slightly lower than the cost of the equivalent turbine. Calcu-
lations are based on no extended need for power electronics in comparison to the 50 MWh
case described above thus costs for PE increases with increasing power output. According
to Section 4.5.3 power electronics for grid scale batteries accounts for approximately 35%
for a facility with a C-rate of 1. Installation costs presented in Section 4.5.3 are therefore
deducted by 17.5% in the calculations for the 50 MW - 100 MWh cases. All calculations
are presented in more detail in Appendix B.

Figure 46: Installation costs, 50 MW - 100MWh by technology

Figure 47 shows central values of investment costs for 50 MW - 100 MWh facilities in
2018 along with accumulated CAPEX and OPEX for a 25 year period. Calculations are
conducted according to the same approach as described for the 50 MWh facilities. Figures
show that CAPEX is similar for the facilities but OPEX for the battery facilities exceeds
the ones for the gas turbine. Reinvestments in batteries at the end of life expectancies
increase the gap between accumulated costs between the alternatives further.
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Figure 47: Accumulated CAPEX and OPEX by technoloy, 50 MW - 100 MWh, 2018-2043

Levelized Cost of Energy Storage for the 100 MWh battery facilities are calculated ac-
cording to the same approach as described earlier. Calculated LCOE and LCOES are
presented in Table 14 which indicates that the BESS facilities are all more expensive al-
ternatives than the equivalent gas turbine. All calculations are found and can be viewed
in detail in Appendix B.

Table 14: Levelized cost of energy and energy storage, 50 MW - 100 MWh 2018-2043

Technology LCOE/LCOES [SEK/MWh]
GTs 10 420
Li-ion 17 850
NaS 13 790
Flow 12 437

5.4.2 Construction and Physical Properties

This part of the analysis aims to give comparisons and explain differences between the
construction and physical properties described in Sections 4.3 and 4.6. The lead time for
construction of a BESS compared to a GT is quite different and significant. While a GT
takes between 2 to 3 years to construct a BESS takes around 6-12 months. It is always
difficult to predict a exact constructing time as permissions and legal processes often can
be a big part of the process. For an example it’s typical that the site assembly itself of a
containerised BESS facility just takes a few weeks. Teslas deployment of Hornsdale that
took just 60 days is a extremely short lead time however and should not be considered as
normal.
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Concerning the physical properties it’s quite difficult to make a fair analysis and com-
parison between the technologies because of a number of factors. The facilities described
in Section 4.3 and 4.6 are of different sizes as it’s difficult to find facilities sharing the
same attributes with different technologies. It’s also difficult to predict how strict the
building rules were at the specific geographic site, perhaps was space not an issue thus
the engineers saw no need to build compact. The footprint analysis of the facilities are
therefore only meant to give a practical feeling towards a range in size. The GTs are quite
small in their footprint considering their huge output. Concerning BESS is the footprint
quite large seen to effect but lesser when looking as the energy.

Table 15: Construction and Physical Properties for GTs and BESS

Technology Facility Footprint [m2/Mw] Footprint [m2/Mwh]
GTs Forssa 47 -
Li-ion Hornsdale 100 79
NaS Buzen 280 46
Flow N/A N/A N/A

GTs are however compared to BESS higher and more visible in that aspect. It’s typical
to construct a large containerised BESS two containers in height. This is considerably
lower than a GT which chimneys can be seen from a long distance. Considering noise the
BESS are in favour as the gas turbines can be quite loud.
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6 Discussion

This part of the report aims to provide the author’s thoughts and opinions on the analysis
and the results. Ultimately future research areas are discussed briefly.

6.1 BESS: Case Study

The BESS case study presented in Table 9 and analysed in Section 5.2 gives a fundamen-
tal understanding of the deployment of BESS as of April 2018. The number of installed
facilities globally has recently increased rapidly and the growth seems to continue expo-
nentially. The growth is especially significant for facilities with longer possible durations
of discharge which indicates a shift from short duration operation (e.g. frequency reg-
ulation) towards longer operation (e.g. peak shaving etc.). Tons of projects have been
announced over the last few years and many have been carried out, but not all of them.
This implies an uncertainty when considering projects yet to be constructed. Therefore
the study focuses on facilities that are operational or projects where construction is al-
ready initiated. Many of the very recent announcements are not included in the case study
unless sufficient confirming information about the facility is attainable. Market structures
for ancillary services have a significant effect on the deployment of BESS. Many regions
that have developed a capacity market like Germany and the US shows excellent progress
in BESS deployment. A market for FFR is considered a possible solution in the Nordics
which is believed to enhance the deployment rate of BESS in Sweden (Svk 2017).

The clear dominating application area for BESS today is for frequency regulation services
with peak shaving and ramping as second and third. Regarding battery technologies, Li-
ion is the most commonly used technology by far. There are two major reasons for the vast
deployment of Li-ion utility scale batteries. The main one being the maturity of the tech-
nology partly due to the vast implementation of Li-ions in other applications. Secondly,
the far superior round-trip efficiency of the Li-ion technology compared to other batteries
enhances the competitiveness of the Li-ion batteries substantially. Many countries and
regions have developed market structures that favour reserve capacity and especially pri-
mary reserve capacity. Primary reserves are usually the most advantageous services in
terms of profit which is why many battery operators have chosen to focus on primary
reserve capacity like frequency regulation. This sort of operation usually implies a great
deal of charging and discharging where the round-trip efficiency of an asset becomes es-
sential. NaS-and flow batteries are the main competitors to the Li-ion technology, with
increasing shares on the BESS market, especially when considering facilities intended for
longer operational durations. This correlation between battery technologies and applica-
tions is evident. Li-ion batteries are well suited and used for frequency regulation while
NaS and flow technologies have higher shares in peak shaving and ramping applications.
Flow and NaS batteries are expected to keep on growing especially considering the long
term shift towards longer duration of operation for BESS presented in Section 4.5.2. This
could possibly increase competition and drive down prices for flow and NaS batteries even
further.
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6.2 BESS: Cost and Performance

Prices for BESS have gone through vast changes over the last decade and are expected to
keep on decreasing. The analysis mainly focusing on installation costs and performance
factors for Li-ion, NaS and Flow batteries somewhat favours flow and NaS, considering
them as cheaper alternatives than Li-ions. Due to the extensive current deployment of
Li-ions, the technology is considered quite far along on the declining cost curve already
and prices are not expected to decrease as much as for the other technologies. Therefore,
the gap between the technologies is only expected to grow larger seen to the installation
costs. Li-ions are also unlikely to catch up much when looking at cycle life and depth
of discharge rate in the near future. However, Li-ion batteries have three significant
advantages to flow and NaS batteries; their high energy density, the maturity of the
technology and most importantly the round trip efficiency. Although, these advantages
are of less importance when considering applying BESS for FADR use. Energy density
is considered as a lesser concern in Sweden thus land area is not an issue in general. A
BESS with a C-rate of 1 requires roughly the same amount of space as a gas turbine
of equivalent size. Additional capacity for a BESS facilities requires more space though.
BESS are also far superior in terms of delivery time with an estimation of six months for
a turnkey concept in comparison to the estimated two years for gas turbines. The round
trip efficiency is in most cases of great importance. Running a battery only a few hours
a year though is not very common and through the case study and a variety of interviews
with battery providers, the authors fail to encounter a similar project. A rough average
operational pattern for a BESS facility is to complete one equivalent full discharge cycle
per day meaning approximately 365 MWh of energy per MW power per year with a C-rate
of 1. The usage of the fast active disturbance reserve earlier estimated to 1420 MWh per
year in total would mean an equivalent of approximately one full discharge cycle per year.
Considering the very limited running time of the FADR charging costs would be close to
insignificant seen to the total operational costs. Therefore the round trip efficiency for
the FADR is of less importance from an economic perspective. The same consideration
goes for gas turbines where efficiency of the current turbines is a lesser concern. When
using a battery for ordinary peak shaving or frequency regulation though, charging costs
represents a much larger part of the total operational costs and the round trip efficiency
becomes an essential parameter. The far superior round trip efficiency along with the
maturity of Li-ion batteries compared to the NaS and flow technologies are considered
as the most contributing factors to the much more extensive deployment of Li-ions for
grid application. Thus many of the advantages with Li-ion batteries becomes close to
irrelevant when applying the technology for FADR, flow and NaS are considered as more
suitable alternatives for this specific use. The one disadvantage with NaS batteries is the
operational temperature that would be a problem if the facility is to be used rarely. NaS
batteries today are self heated by the chemical reactions in the cell and once commissioned
they are kept running at 300-400 °C until the end of their calendar life. This would be a
key concern if applying a NaS battery only for FADR use due to the scarce operation. In
order to use a NaS battery for FADR one must consider application stacking of some kind
in order to keep the battery operating continuously. This however is outside the scope of
this report and would bring Li-ion back into the discussion as well. While considering only
FADR use, flow batteries are considered as the most suitable option mainly due to their
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durability and resistance to degradation, high calendar life, low costs and their suitability
for longer operational durations. The main disadvantages with flow batteries are their low
energy density and their low round-trip efficiency and as described earlier these factors
are of less concern when considering FADR usage.

6.3 BESS vs. GT

This Section aims at evaluating functional and economic aspects between BESS and GTs.
The functional aspects are first separated from the economic discussion after which the
comparison is discussed from an economic point of view with regards to functional aspects.

6.3.1 Functional aspects

Comparing gas turbines to batteries is like comparing apples with oranges but still the
two technologies can provide similar services. In Section 5.1 it is concluded that both
technologies are capable of meeting most of the requirements of the FADR according to
the Nordic System Operational Agreement. These are the only absolute specifications
to be found today regarding the fast active disturbance reserve. However, looking at a
combination of these absolute criteria along with how the FADR is operated today, is
from the authors point of view a better measurement and indication on what capabilities
the FADR should provide. Section 4.1 presents the current 100 hour endurance time of
the FADR as a key concern. A BESS facility could never accomplish this realistically.
However, Section 4.2 presents that the FADR is most often run for quite short durations
of approximately 20-40 minutes, seldomely exceeding one hour of running time. Section
5.2 describing the 100 largest BESS projects in the world shows that these kind of batter-
ies are almost exclusively designed to handle at least one hour of discharge or longer. As
shown in Figure 39 a very small number of the larger batteries have a C-rate exceeding
one. Many of them have C-rates below 0.5 meaning a possible duration of discharge of
more than two hours. Therefore, the majority of the batteries studied in the top 100
case study are capable and well suited to handle the current operational pattern of the
FADR. To be more precise all batteries with a C-rate below 0.5 could handle more than
97% of the disruptions based on data since 2012 as stated in Section 5.4.1. These kind of
batteries could be interesting to study in closer detail if considering initiating a project.
An important aspect to keep in mind though is that almost none of these batteries are
constructed only to provide peak shaving capabilities. As mentioned earlier, most of the
top 100 projects primarily intended for peak shaving are constructed with a secondary
use in mind, most often frequency regulation or ramping. Using a battery only for peak
shaving purposes neglects its biggest advantage; the fast response time. Therefore, many
of the BESS from the top 100 study primarily constructed for peak shaving, are sized
up in terms of capacity to be able to provide primary regulation services as well. This
configuration is referred to as application stacking and can be recapped in Section 3.3.2.
Additionally batteries suffer from a certain amount of self discharge as described earlier
and are not to be used to rarely. Therefore, they are seldomly used only for disruptions.
Although, flow batteries with a near negligible rate of self discharge show great promise
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for scarce use.

There are two major areas where BESSs differs from gas turbines in regards to functional
aspects. BESSs are far superior to gas turbines in terms of response time. This ability
however is not favoured or necessary when only considering FADR use. The other aspect
is that batteries are far inferior to gas turbines in terms of endurance. Initial investment
costs for gas turbines are close to completely independent of desired endurance and the
customer mainly pays for desired power output. Investment costs for batteries on the
other hand are greatly dependent on both power output and capacity. The greater en-
durance that today’s turbines provide enables the coverage of a vast variety of services
like voltage support, black start, island mode operation etc. However, when looking at
the statistics, this endurance is seldomly needed. For a battery to provide the same pos-
sible capabilities as a gas turbine one would need a battery with a possible duration of
discharge of approximately eight hours, disabling the facility to compete with gas turbines
on a cost basis. An eight-hour battery could provide functions like black start, voltage
support, island mode operation and cover all necessary peaks based on data since 2012
but still could never compete with the 100 hours of fuel always available for current gas
turbines. Interviews with people at Svk emphasises the importance of the so called, "100-
hour electricity readiness" as an essential criterion for the FADR. Therefore, in order for
batteries to be comparable to gas turbines one must look past the 100-hour electricity
readiness and consider the actual FADR need today rather than considering what can be
provided today. Whether or not this is possible is for Svk to decide.

6.3.2 Economical aspects

Installation costs for gas turbines of appropriate sizes for FADR use range between 3-
7 million SEK/MW. If considering a battery with a C-rate of 1 and prices from 2016,
installation costs are in the same range as gas turbines for all battery types studied in
this report. Looking towards 2030 however, prices for batteries are expected to decline
significantly enhancing the cost competitiveness of batteries compared to gas turbines.

Additional investment costs like reinvestments in batteries towards the end of the cycle
life are difficult to determine. Few facilities have been operational long enough to explore
different disposal alternatives for degraded batteries. Interviews with battery suppliers
indicate that a battery has a significant value at the end of its lifespan but it is hard to
determine and no precise figures are given. Residual values are therefore not considered
in the analysis which leaves a certain room for error in the overall costs. At the same time
the analysis estimates a 25-year life expectancy for gas turbines. This is mainly to attain
an economic reference cycle life. Dialogues with the authors of the article from which
these figures are collected (Genrup and Thern 2014), indicates a much longer technical
life expectancy for gas turbines. This is also further confirmed based on the current fleet
of turbines commissioned in the 1970s expected to operate until 2030.

Operational expenditures are difficult to determine for both technologies. For gas tur-
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bines OPEX ranges between 0.8-2.6%. The high end of the interval is based on the entire
turnover of SvkGT. This includes many costs not directly associated with the operation
of the turbines and is therefore considered as a slightly exaggerated estimate. This figure
also differs significantly from approximations attained externally which further indicates
the unreliability of the figure. Accurate levels of OPEX for gas turbines are therefore con-
sidered towards the lower half of the range. OPEX for batteries are estimated to range
between 2-5%. These figures are considered more accurate. The figures are attained from
sources considered reliable and correspond well with indications from interviews with the
industry. However, a battery is quite a simple device compared to a gas turbine. The nec-
essary maintenance appears to be minimal in comparison to gas turbines and the higher
OPEX seems difficult to motivate. The author’s image of the operational costs after con-
ducting this project is that the high operational charges are mainly a consequence of the
immature market. Even though batteries themselves have gone through price declines
from increasing competitiveness, the service costs of operating a battery seem unchanged
over the last few years. The authors find it hard to motivate the high charges for operation
and therefore consider that the profit margin for operation charges to be quite significant.
As mentioned earlier BESS facilities can be contracted to be remotely controlled by the
battery supplier at a higher cost close to 5% OPEX. They can also be contracted to be
controlled by the owner at a fee towards the lower part of the cost range which seems like
a more reasonable business model at the moment due to the difficulty in motivating the
high operational charges. This however is an area for further evaluation not included in
this report.

The combination of ranging installation costs, operational expenditures and the uncer-
tainty regarding necessary reinvestments makes it challenging to determine which tech-
nology is more expensive than the other. This is further evaluated through the two cases
discussed below.

6.3.3 Case: 50 MW, C-rate: 1 & 2

An enhanced need for FADR is expected with the increasing amount of RES in the
Swedish power system and new investments in balancing assets could be necessary in the
near future. It is easy to think of new technologies as complete substitutes to current ones
but this is not necessarily the case for the future FADR. A highly probable alternative in
the near future is an expansion of the mFRR where new assets are added not intended to
replace older equipment but as additional balancing means. The case facilities presented
in the analysis are intended to give a fundamental understanding of the alternative of
investing in a BESS facility compared to extending the current FADR with additional gas
turbine assets. The economic comparison between the technologies is to be considered as
a general indication of possible investment alternatives. Actual prices and costs attained
from battery suppliers are excluded from the report due to confidentiality reasons but
correspond well with the presented cases calculated according to public figures.
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Functional

As mentioned earlier a battery can technically, but never in reality live up to the endurance
standards of a gas turbine. Both reference facilities described in the analysis would cover
most FADR needs though as presented in Section 5.4.1. The one-hour duration facility is
limited to disruption operation while the second one could possibly be applied for other
uses as well.

The lifespan of the different reference facilities have been estimated according to the
market average. These estimations are most likely far below the actual lifespan of these
facilities. Market average estimations are approximated according to normal use of a
battery which would exceed the use of a battery devoted for FADR by far. Due to lack of
reference cases and experience among BESS suppliers of operating a battery at SvkGTs
desired needs a better figure is difficult to estimate. However, one should consider that
reinvestments would be necessary less frequently in a real scenario lowering the overall
costs for the BESS facilities.

Economical

It is easy to be astounded by the results showing that BESS, in a few cases are much
cheaper than gas turbines both when considering investment costs isolated and accumu-
lated CAPEX and OPEX. There are however a few things to keep in mind. A 50 MW
system is far from the most favourable for the gas turbine technology thus investment
costs per MW are significantly higher compared to a larger investment like the one Fin-
grid made. Battery prices used in the calculations are attained from the report "Electricity
storage and renewables: Costs and markets to 2030" by the International Renewable En-
ergy Agency which is considered a truly trustworthy source. It is worth mentioning though
that interviews with the Li-ion industry indicates higher prices than the once presented in
the IRENA-report. Prices attained from interviews with the industry are not presented
in the report but the average Li-ion price of 4230 SEK/kWh can be considered as a bit
optimistic. Still the Li-ion technology is considered as a less costly alternative than gas
turbines for the 50MWh facility and flow and NaS technologies reaches the same cost
levels as gas turbines even for the 100 MWh case. While considering a 25 year period
seen from the initial investment, also accounting for operational costs and reinvestments
the results even out for the 50MWh facility and the gas turbine investment is far superior
to the 100 MWh facility. In a real scenario though, the possible lifespan of a hypothetical
flow facility could be as long as the lifespan of a gas turbine. As mentioned earlier, oper-
ational expenditures are also considered unreasonably high and if these could be reduced
a two-hour flow battery could truly compete with a gas turbine from a cost perspective.

The LCOE and LCOES are measurements of how much every MWh of balancing capacity
costs over the lifetime of the different asset alternatives and can be recapped in Section
3.4.1. Calculations for the 50 MWh facilities shows that LCOE/LCOES for the gas
turbine exceeds the ones for flow and NaS and is quite similar to the Li-ion LCOES. The
LCOES of the sized up facilities all exceed the LCOE for the gas turbine. The Li-ion
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one by far whilst the flow and NaS facilities are more comparable to the gas turbine
technology. Calculations are made accounting for a yearly production of 1424 MWh
which is an average of 2012-2016. 2015 and 2016 indicates a lower production closer to
500 MWh/year but at the same time, the need for FADR is projected to increase which
is why the amount is kept around 1500 MWh/year for the calculations. This figure does
not affect the relative difference between the alternatives thus the costs barley changes
due to variations in production. The amount of energy produced per MW available power
is still minimal and does not affect the operational costs much. Therefore a change in
production would only affect the price range of LCOE/LCOES but not how they relate
proportionally to one another. The Levelized Cost of Energy or Energy Storage is a good
indication on how different technologies relate to one another. Additionally one must
consider what functions or characteristics the different alternatives can provide.

6.4 Future research

This thesis should be considered as a pilot study for SvkGT into the world of BESS. The
focus of the report has been to provide a deep understanding of the basic functional and
economic aspects of BEsS compared with the existing gas turbine technology. Due to time
constraints, there are however a number of research areas that have been excluded in this
initial study that should be researched in future studies. For instance, an investigation
of the legal conditions and regulations for BESS in Sweden should be further explored,
evaluating potential owners and operators of the facilities. Moreover, a deeper technical
analysis on how BESS could be integrated into the power grid with surrounding power
electronics, could be of benefit to SvkGT. Next, BESS application stacking is an area
especially important to investigate, focusing on what possibilities there are within the legal
framework. This area is of particular significance since FADR use does not utilise the quick
response time of power supply that BESS can provide which is considered as the main
advantage of batteries. In addition, supercapacitors abilities to replace inertia with virtual
inertia is a relevant field of future research as well. For example, the company "Freqcon"
claims to be able to replace the inertial response of 1500 MW power plant generators with
a 1 MW ultracapacitor. Throughout the entire supply chain, the environmental impact
of batteries should also be further investigated, as well as the BEES calender life and its
degradation over the expected life cycle. The moral and humanitarian aspects of battery
production are furthermore relevant to examine, especially since many minerals derive
from conflict zones. Lastly, a detailed evaluation of the operational costs for both current
gas turbines and batteries would provide a more thorough understanding of the different
components of the two technologies.
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7 Conclusion

Maintaining balance in the Swedish power system is a challenge that increases with the
reduction of disposable energy sources and the vast introduction of RES. Historically the
grid has been stabilised using production facilities but with increasing environmental de-
mands and regulations it is of utmost importance to consider other more environmentally
friendly alternatives than the current gas turbines used for tertiary balancing. This report
presents three categories of batteries, the current performance and costs along with future
projections of the different technologies in order to evaluate their suitability for FADR
use compared to current gas turbines.

According to the case study conducted throughout the project of BESS facilities sized
appropriately for mFRR use, current facilities are mainly intended for primary balancing
services like frequency control. Batteries capability of providing power quickly unlike any
other technology is the key driver for current deployment of BESS. Evolving capacity
markets are great drivers for the deployment of BESS and Li-ion batteries dominate the
market due to the maturity of the technology along with their far superior round-trip
efficiency compared to other technologies. However, future predictions indicate a shift
for BESS, from short duration operation towards longer periods of operation like peak
shaving that is more comparable to the operation pattern of the current FADR. Other
technologies such as NaS and flow batteries show great promise for these kinds of ap-
plications. Application stacking is a common setup which means sizing up the battery
capacity in order to cover a series of application areas with the same facility. This sort of
setup could show great promise in Sweden and is a possibility for further investigation.

The case study of the 100 largest facilities in the worlds also indicates that there are
large BESS projects constructed to handle most types of disturbance problems in a power
system. All BESS technologies evaluated throughout the report are technically capable
of fulfilling current FADR requirements mainly focusing on grid disturbance, balancing,
voltage support, black start and island mode operation, however none of the technologies
could ever in practice meet the criteria of 100-hour operation duration like gas turbines
can and does today. This endurance is referred to as electricity readiness and highly valued
according to people responsible for the mFRR. Therefore this capability is a first concern
when even considering implementing batteries for FADR use. 100 hours of discharge for a
battery is not a realistic option but if one can bend the rules for electricity readiness and
considers the statistics of operation for the FADR a battery can be considered a reasonable
option. A one-hour battery could fulfil 85% of necessary services of the FADR based on
data since 2012 and a two-hour battery could cover 97% of the FADR demand. Batteries
of these sizes are comparable to gas turbines from a cost perspective. Based on the results
of the report most one hour batteries are considered less costly than a gas turbine of the
same power output. If scaling up the batteries to two hours of duration, battery prices
exceed gas turbine prices for all alternatives. Some of the less costly alternatives though
are well comparable to gas turbines even for batteries capable of a two hour discharge
time. Finally it is concluded that the Vanadium Redox Flow battery is the technology that
shows greatest promise for FADR use, mainly due to its low price, high robustness, low
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degradation rate and the fact that its poor round-trip efficiency is of smaller concern when
the asset is intended for FADR operation. Future prices and performance for batteries
are highly uncertain to discuss but performance is expected to increase and prices to
decline to a level at which two-hour batteries are far superior to gas turbines from a cost
perspective.
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