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Abstract: Frequency response services are one of the key components used by major electrical
networks worldwide, acting to help control the frequency within set boundaries. Battery Energy
Storage Systems (BESSs) are commonly deployed for this purpose; however, their potential is limited
by susceptibility to cycle-based degradation and widely reported safety incidents. Flywheel Energy
Storage Systems (FESSs) do not share these weaknesses and hence could be a potential candidate
for longer-term participation in frequency response markets. This study presents the most in-depth
and wide-ranging techno-economic analysis of the feasibility of FESSs for frequency response to
date. Standalone FESSs are shown to be economically viable across a range of different specifications,
achieving a positive Net Present Value (NPV) under varying economic conditions. At a capital cost of
500 GBP/kW with a discount rate of 4%, a 5C FESS can achieve an NPV of GBP 38,586 as a standalone
unit. The complex trade-offs when considering hybridising FESSs and BESSs for this application are
also investigated in-depth for the first time, again showing positive changes to NPV under various
scenarios. Conversely, under some conditions, hybridisation can have a significant negative impact,
showcasing the optimisation needed when considering hybrid systems. The impact of introducing
a hybrid BESS varies from a low of decreasing the NPV of the system by GBP 97,955 to a high of
increasing the NPV by GBP 119,621 depending on the configuration chosen. This comprehensive
work provides the foundations for future research into FESS deployment for frequency response
services and shows for the first time the circumstances under which deployment for this application
would be both technically and economically viable.

Keywords: flywheels; batteries; frequency response; economic analysis; energy storage

1. Introduction

One of the most prominent applications that Energy Storage Systems (ESSs) are being
developed and deployed for is providing frequency response services. By far the most pop-
ular ESSs to be deployed for this purpose are Battery Energy Storage Systems (BESSs) [1];
however, with such services the BESS is limited by how much they can participate and thus
generate revenue due to their high susceptibility to cycle based degradation [2]. On the
other hand, higher C-Rate ESSs cannot provide the service for long enough to be viable as
standalone systems.

Flywheel Energy Storage Systems (FESSs) are a form of very short-duration energy
storage that have been widely deployed in a range of applications such as renewable
generation support [3], peak load levelling [4] and microgrid integration [5]. Whilst they
are a fairly mature technology, advancements in their construction is leading them to be
reconsidered for new applications. Because of their ability to withstand very high numbers
of cycles, they may represent ideal candidates to provide cycle-intensive services such
as Dynamic Frequency Response (DFR) [6]. The work contained here provides the most
extensive techno-economic analysis on this possibility to date, to determine the conditions
required to make their deployment viable.
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This work concentrates specifically on the DFR service offered by National Grid ESO
(NGESO) [7], an existing frequency response service for the Great Britain (GB) grid with
extensive publicly available data and which represents an excellent benchmark for assessing
the effectiveness of ESSs delivering frequency response services. This paper begins with a
literature review of ESS provision of frequency response services, specifically concentrating
on the use of Flywheel Energy Storage Systems for this purpose although the application of
BESSs is also discussed. DFR is operated as part of maintaining the obligation for NGESO to
maintain the frequency of the national grid within statutory (49.5-50.5 Hz) and operational
(49.8-50.2 Hz) limits at all times [8].

MATLAB/Simulink has been used to model the energy storage technologies, as pre-
viously detailed in [9,10] for simulating the provision of the DFR service and analysis of
performance metrics. Figure 1 gives an example of the output of this simulation, show-
ing the FESS responding to the variations in frequency through the provision of positive
and negative power and the effect this has on the SOC of the system, which fluctuates
throughout the day.
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Figure 1. Example simulation output of a 1 MW 5C FESS providing DFR (a) frequency (b) FESS
power (kW) (c) FESS SOC.

The model utilises frequency data taken from National Grid ESO [11] with the model
simulated over a 1 year period between November 2020 and October 2021. These raw data
are the actual grid frequency recorded, already having accounted for any actions taken by
National Grid ESO in terms of services procured. A high-level overview of the model is
presented in Figure 2 showing the following components;

e Application Block—This block determines which application is being studied within
the model; in this case, it is frequency response. It takes input from the simulation clock
and cycles through frequency values on a second-by-second basis using a look-up
table, which is subsequently converted to a power request in kW.
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e Inverter Block—This block represents the efficiencies of the power electronics of
the system

*  Control Block—This block contains a MATLAB function block that manages the SOC
of the ESS and determines when it can charge or discharge

*  FESS Block—This block represents the FESS itself accounting for spinning losses,
charging and discharging efficiencies, cycle counting and the FESS characteristics such
as C-Rate and initial stored energy.

*  Analysis Block—This block calculates aspects such as availability, revenue and the
degradation of the system.

Application Block FESS Block Analysis Block
Input Inverter Block Control Block Variables Energy Recovery Variables
; Block -
Simulation Clock Variables Variables Flywheel Capacity Av(azﬂ/a’vtlJ\\/I\ll%See
Converter Import (kwWh) Variables
Variables State of Charge Flywheel C-Rate
Losses o N Outputs
Converter Export Limits Intial SOC SOC Recovery
Contracted Power (kW) Control Algorithm Spinning Loss (%/s) Requirement (%) P
. Losses . n . Availability (%)
Service Envelope (DFR) Charging/Discharging Revenue (£)
Grid Frequency (Hz) Efficiencies FESS Cycles

Figure 2. High-level diagram of MATLAB/Simulink model of an FESS used in this study.

Both storage systems were modelled using the bucket principle [12] with the storage
system considered as a simple energy store, or ‘bucket’, that is filled or drained as it is
charged or discharged. This approach is common throughout the literature, and the model
is made more complex by introducing further systems to include losses, efficiency and
self-discharge. Losses in the electrical systems are accounted for and mechanical spinning
losses in the flywheel are included and based on data provided by OXTO Energy [13].
The BESS model specifications are based on the Willenhall Energy Storage System owned
and operated by The University of Sheffield and previously verified in [14]. The main
model specifications utilised are shown in Table 1. The system self-discharge rate represents
the whole system value.

Table 1. Model parameters used in simulations.

Parameter FESS BESS
System Self-Discharge Rate (per hour) 3% 0.125%
Round-trip Efficiency 90% 90%
SOC High Limit 98% 95%
SOC Low Limit 2% 5%

Parts of the work presented within this paper were previously published as part of
conference proceedings [9]. This paper builds extensively on the work previously presented,
offering significant new results and assessments. The key advancements in the previous
work discussed here are the extensive economic analysis works, further exploration of
technical performance, and a significantly more in-depth assessment of hybrid scenarios.

This paper presents a wide-ranging analysis of FESS viability for the delivery of
frequency response services. It explores both technical elements from a standalone and
hybrid perspective, as well as an economic analysis to investigate whether these systems
would be suitable for real-world deployment. The paper is organised as follows:

e  Literature Review—A review of the most relevant literature that investigates flywheels
for the provision of frequency response services and their usage in hybrid systems
with BESSs, before using this review to highlight the novel contributions contained
within this article.

*  Economic Overview—This section covers the economic foundations of the study,
outlining the current economic outlook for both FESSs and BESSs along with an
overview of the economic metrics used in this study.
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e  Standalone Technical Analysis—An initial technical study is conducted into the per-
formance of varying configurations of FESS providing a DFR service, focusing on
average availability, number of cycles and energy throughput.

e  Standalone Economic Analysis—The results of the standalone technical analysis are
used to investigate the economic implications of deploying the different FESS configu-
rations under varying economic conditions.

*  Hybrid Technical Analysis—The subsequent study introduces the hybrid aspect,
combining small installations of BESS with the previously studied FESS configurations
and again looking at the technical performance of the system, and how this changes
with the hybridisation.

e  Hybrid Economic Analysis—Finally, a further economic analysis is performed to
analyse the impact of hybridisation on the economic viability of deploying FESS/BESS
hybrids for this application.

2. Literature Review

DEFR is a service offered for the GB grid and can be best defined to the response envelope
shown in Figure 3. The basic premise of the service is that as the frequency deviates further
from the rated frequency of 50 Hz, the contracted ESS will provide higher proportions of
either the rated charging or discharging power [7].
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Figure 3. DFR response envelope.

Crucially, the main metric for measuring an ESS’s ability to provide DFR is known as
Availability and is expressed as a percentage of time that the output of the ESS matches
the requested output from the service, as shown in Equation (1), where Pprr is the power
requested by the service, Pggg is the power provided by the ESS, and t,,,; is the overall
operation time, or in the context of this research, the simulation time end. This metric is
important, as it is used as a basis for determining whether payment is provided for that
service period, with payments reducing as soon as the availability drops below 95% [15].

Eie_”‘éx x = 1Pprr = Pgss
(%) = ==0 .
Avml( /) tond x =0 otherwise )

Payment for this service is based upon a tendering process, and between October
2020 and November 2021, the overall average payment (termed the “Availability payment’)
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was calculated as 11.67 GBP/MW /h, which is the value that will be used for financial
calculations within this study [16]. This time period has been chosen to align with the
frequency data used throughout this work, which covers the same period of time.

Another service commonly discussed within the literature is Enhanced Frequency
Response (EFR), which is a different service that was offered by NGESO and that has since
been discontinued. Whilst the service itself will not be offered out for auction again, there
still exists a wide range of research on the topic which can be used to inform research into
DEFR and other frequency response services.

In terms of nomenclature, ‘Frequency Response’ can often be referred to as ‘Frequency
Regulation’. However, these terms are also often used to refer to responding to very short-
duration instantaneous frequency events, rather than the continuously operating services
discussed in this paper. Instantaneous frequency regulation is not within the scope of the
work contained in this paper.

2.1. Energy Storage Systems

ESSs can be deployed for a wide range of different applications. The most commonly
deployed storage technology for frequency response services is BESSs [17]. They have many
advantages that make them well suited to this application such as a low self-discharge rate,
good energy density and low cost [1]. However, the main drawback when considering
BESSs for a frequency response application is their high susceptibility to cycle-based
degradation [18].

As the popularity of BESSs for grid applications has grown, a significant amount of
the literature has been published reviewing BESS operation, deployment and optimisation.
The work in [19] explores a range of issues related to BESS deployment in new electricity
markets with a focus on the modelling and management of these systems. It highlights
the growing requirement for faster charge rates and reduction of degradation rates as key
issues for BESS deployment in the future.

Another key review in [20] concludes that whilst the deployment of BESSs for grid
applications is vital to facilitate the increasing integration of renewable energy, there remain
significant challenges to be overcome, specifically discussing the diverse range of BESS
chemistries available and the benefits and drawbacks of each. A similar conclusion is also
reached in [21] which highlights the role of cell balancing and converter technologies in
future deployment of BESSs.

Flywheels have also been the subject of a growing portion of the literature in this
field, with their main advantages being significantly longer lifetimes than BESSs, as well
as a high power density [6]. However, their traditionally low energy density presents a
difficulty when considering certain applications.

The extensive review in [22] discusses the wide range of potential applications for
FESS deployment. It concludes that integrating FESSs into systems with high renewable
penetration should be a target area of research in the future, specifically in areas such as
power levelling and frequency regulation.

A similar conclusion is reached in [23], which provides another overview of FESS
technology and applications. It is highlighted that whilst challenges are apparent for
the accelerated deployment of FESSs, a target area for research should be in the area of
frequency regulation and other power system services.

Figure 4 shows three examples of FESS installations. Flywheel systems can vary
significantly in size and orientation, with the example in Figure 4c showing an installation
where the flywheel is submerged below ground as part of the containment. Figure 4a,b
show containerised systems consisting of multiple individual units. The FESS in Figure 4b
is the system being considered within this paper as part of the work done by industrial
sponsor OXTO Energy [13].
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a)

b)

Figure 4. Examples of flywheel installations—(a) Stornetic (b) OXTO (c) Amber Kinetics [13,24,25].

2.2. Flywheels for Frequency Response

The work in [26] investigates FESS and FESS/BESS hybrids for a variety of different ap-
plications such as electric vehicle charging and microgrid support but does not investigate
the provision of frequency response services. It does, however, provide a suggestion that
an FESS can be a more economically attractive option in certain scenarios. In a similar field,
ref. [27] presents a study into FESS/BESS hybrids for autonomous projects, which uses a
rudimentary modelling approach to suggest that FESSs could be commercially competitive
with BESSs.

A comparative analysis of BESSs, FESSs and supercapacitors for a frequency regula-
tion support role co-located with a wind generation site is presented in [28]. Whilst not
performing the same frequency response services discussed within this paper, it presents
key insight into the trade-offs between the individual technologies and concludes that none
of the three technologies emerges as a clear favourite for this application, suggesting that
there is an opportunity for FESSs to displace BESSs in applications that they are widely
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deployed for [29] highlights that when considering a BESS providing a frequency response
service, additional control measures can result in a higher availability outweighing the
increased number of cycles. This is an interesting conclusion that suggests the BESS degra-
dation factor may not be as crucial as expected, and hence could provide a stronger basis
for implementing a hybrid system between a BESS and FESS.

A key study in [30] discusses the market within the New York Independent System
Operator portion of the electrical grid in North America. Whilst there is no technical study
undertaken and the paper is more focused on explaining the mechanisms available, there
is a crucial aspect raised that reveals an energy storage system would be expected to see
over 6000 cycles per year when operating as a frequency regulation service. This would
be excessive for some forms of ESS susceptible to cycle-based degradation and suggests
further exploration of cycle-resistant ESS technology is warranted.

A significant area of research, such as in [31], focuses on extending the life of a BESS
being used for frequency response services. In [31], the approach taken is to use a specific
control mechanism to maintain the BESS state of charge (SOC) within a defined range.
Whilst the study concluded that a positive Net Present Value (NPV) was achievable, this
came with the caveat that no BESS control method led to a lifetime longer than 5.9 years.

A similar study is undertaken in [32], where different methods of control and partici-
pation are analysed to determine their effects on the degradation of a Li-ion BESS. In this
paper, the maximum lifetime achieved was 13.5 years under favourable conditions, with the
shortest lifetime achieved being just 4.8 years. Again, this suggests a significant interest in
the area of extending the lifetime of BESSs providing frequency regulation, and that more
work needs to be undertaken to begin to achieve longer lifetimes consistently.

Continuing in the area of battery energy management, the works in [33,34] discuss
various methods of managing the SOC of a BESS whilst providing EFR. Both studies consist
of in-depth technical assessments with [33] then also considering revenue possibilities
when combining with other services. Again, this work specifically concentrates on the
control of the BESS to extract maximum performance. In contrast, consideration could also
be given to the hybridisation of the system to provide a performance boost.

In terms of studies on FESSs providing frequency response services as a standalone
unit, there is a minimal amount of the literature available due to their perceived unsuit-
ability for this application. The main area of research that has parallels with that contained
in this thesis is the work around frequency regulation, where FESSs have been regularly
investigated for instantaneous frequency event management [35-37]. One such study is
the work in [37], which discusses high-speed flywheels for voltage and frequency support,
and concludes that the FESS is well suited to the application. In [38], a hardware-in-the-loop
approach is presented for utilising flywheels for frequency support, showing again that
an FESS is suitable for deployment in this area. A key aspect is that the FESSs are shown
to be fast-acting in response to frequency deviations, and if this ability can be extended to
providing continuous rather than instantaneous support, then they could have a significant
impact and suggest an area of work that is worthwhile further exploration.

In a grid services study, ref. [39] introduces a hybrid BESS/Supercapacitor system for
providing a frequency response service. It concentrates on optimisation of the capacity of
the two units to extend battery lifetime and economic benefits. Whilst positive economic
and degradation effects are claimed, there is minimal reference to the technical performance
of the systems. It does, however, outline the potential for hybridisation in these applications.

A significant piece of work previously conducted in this field is that presented in [40].
This work looks specifically at utilising FESSs to counter the ageing of a BESS providing
frequency regulation. Whilst this study is promising, especially in its conclusion of a
circa 20% extension of battery lifetime, there are significant gaps that can be exploited and
improved upon. The main area that is not considered by the work is that the analysis is
conducted on a generic level, with little analysis of the actual performance of the system in
providing the service. Additionally, the ageing cycles are repeated short-duration events,
rather than a longer simulation exposing the system to different types of charge profiles.
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Finally, no economic analysis is conducted to determine whether this battery lifetime
extension would be offset by the cost of introducing the flywheel. There is significant scope
for a far more in-depth study from both a technical and economic perspective.

2.3. Economic Literature Review

The most widespread method of stating the cost of an individual ESS is to use Total
Capital Cost (TCC). This can be expressed either in terms of cost per kW (power-based) or
cost per kWh (energy-based). Table 2 shows the TCC values found across the literature for
the two main ESS mediums being studied (Li-ion BESSs and FESSs) in terms of both cost
per kW and cost per kWh. These data are then visualised in Figure 5.

Table 2. Total Capital Costs for Li-ion BESSs and FESSs in the literature.

Ref. Currency BESS BESS FESS FESS Year
(GBP/kW) (GBP/KWh) (GBP/KW) (GBP/kWh)
[41] € 1160 - 867 - 2015
[42] $ - 200-1260 - 15006000 2020
[43] % 1200-4000 600-2500 250-350 1000-5000 2016
[44] $ 2194 469 2880 11,520 2018
[45] $ 4000 2500 350 5000 2014
[46] % 1859 901 - - 2018
471 $ 300-3500 - 130-500 - 2014
48] $ - 100-2500 300-1000 100-2500 2019
[49] $ - 1272 - - 2014
[50] GBP - 216 - - 2021
11 $ 1180-4450 975-6740 2120-2390 420-470 2016
[52] $ - 440 - - 2016
53] $ - 400 - 1600 2017
10000 - .

8000 -
o
b7}
8 6000
© ]
.("6;-
O 4000 -
s
|9 p

2000 A

0 T T T T

Li-lon (£/kW)  Li-lon (E/kWh) FESS (£/kW) FESS (£/kWh)

25%~75% 1 Min~Max
— Median Line © Mean

Figure 5. Ranges of Total Capital Costs for BESSs and FESSs in the literature.

It can be seen from Figure 5 that there is significant variation across the literature in
terms of specifying an exact TCC for the two different ESSs. It is also evident, from the
literature analysed, that there is more disagreement over assigning an energy-based cost
compared to a power-based cost, as the power-based costs fall over much smaller ranges
for both technologies.



Energies 2024, 17, 2577

9 of 23

Firstly, comparing energy-based costs, the FESS has a significant degree of uncertainty
within the literature, which can likely be attributed to its status as a still-evolving industry
for manufacturers to develop products. The mean value for FESSs is 2700 GBP/kWh and
for BESSs is 1150 GBP/kWh.

In terms of power-based costs, there is more agreement with a smaller range of values
presented in the literature for both ESS technologies. For these costs, FESSs have a mean of
780 GBP/kW and BESSs a mean of 1950 GBP/kW.

2.4. Economic Metrics

NPV is used across the literature as a means of measuring the present value of future
cash inflow with the cash outflow [54]. A positive NPV means that the installation is
economically viable and can expect to provide a return in excess of the discount rate
utilised. NPV is calculated using Equation (2) [55] where Cjpestment is the initial investment
in the system, Cyepenue is the yearly income (GBP), N is system lifetime in years, and d is the
discount rate. The NPV is primarily affected by the discount rate d which is impacted by
factors such as interest rates, inflation and debt levels. In this work, d is set to 8% in line
with previous studies and accounting for current economic conditions [46,56-58].

N
NPV = 2 ﬁ — Cinvestment 2)
n—1

Crevenue 1s calculated using Equation (3) where Ar,, is the availability fee (set as GBP
11.67 as detailed previously), Prgss is the rated power being delivered by the site in MW
and Pr,,r is the performance factor corresponding to the availability calculated for that
period using Equation (1) [9]. The equation is multiplied by 0.5 to represent the calculation
being calculated in half-hourly periods.

Avuil > 95% Practor = 1
60% < Ayaii < 95%  Praetor = 0.75
C = 0.5AFeePrss P, oat factor 3
reveniue Feel’ESS L Factor 100/0Aygil < 600/0 PFﬂctor — 05 ( )
Avail < 10% PFactor =0

The metric Net Present Value Change (NPVC) is used in this analysis to illustrate the
change from the baseline NPV, calculated using Equation (4). where NP Vyy, is the NPV for
the site with a given ESS installed, and NP Vg, is the baseline NPV with no ESS installed.

NPVC = NPVyew — NPVpase (4)

NPV offers an easily comparable value for how economically viable an installation
will be under set conditions [31]. One of the main advantages of using NPV is that it can be
applied across any application where there are associated costs and income, whether that
be generation sites or service-based applications.

3. Novel Contribution

It can be seen from the literature that a significant gap exists for both the provision
of frequency response services by very short-duration storage such as FESSs and for the
hybridisation of these systems with BESS to extract maximum techno-economic benefit.
Whilst some papers have partially explored this area, the main studies conducted so far
either look at the application on a more generic level or do not concentrate on frequency
response services but on a range of other applications.

The main novel contribution of this paper comes in the form of a techno-economic
analysis of a standalone FESS providing DFR, showcasing both the benefits and challenges
that are faced when attempting to use FESSs for this application. These analyses can
have a significant impact on the future research direction for FESSs, giving crucial insight
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into the conditions required for an FESS to be able to compete with more established ESS
technologies in this rapidly growing application.

The study is then evolved into a hybrid study, introducing an element of BESS to
analyse the effect that hybridisation has on the techno-economic performance of the site.
This novel set of analyses shows for the first time the techno-economic conditions under
which an FESS could provide the DFR service, along with the potential for utilising them
in a hybrid scenario. The work gives key conclusions that can inform further works on the
potential of hybrid ESSs for grid-based applications.

This paper represents the most comprehensive analysis of FESS viability for the
provision of frequency response services to date. Using a novel detailed model set informed
by real-world manufacturer data, it highlights for the first time the various configurations
of FESSs that could technically perform such services to the required level whilst also
showing the economic characteristics required to make these systems commercially viable.
The work on hybridisation presented here represents a significant advancement in the
understanding of the fine balance between positive and negative repercussions of installing
ESSs, showing the nuances of how small technical and economic changes can cause an
installation to become unsuitable for deployment.

4. Technical Analysis

In this section, both a standalone FESS and an FESS hybridized with a BESS are
analysed from a technical perspective, producing novel results that highlight the capabil-
ity of such systems to provide frequency response services. The work contained in this
section is important in both exploring the capabilities of standalone FESSs, and empha-
sising the advantages gained by considering hybridisation as an option when delivering
these services.

In this study, the FESS power is kept constant whilst the C-Rate is varied. The C-Rate
represents the charging/discharging speed of an ESS, where a 1C system would charge
from 0% SOC to 100% SOC in 1 h, whilst a 2C would take 30 min. It is calculated using
Equation (5) [59], where Eggg is the energy capacity in kWh and Prgg is the rated power of
the system in kW. Typically, FESSs are considered to be high C-Rate assets, regularly being
specified as 10C and above [13,60,61]. However, some FESS installations are now being
proposed with C-Rates as low as 0.25C [25,62].

Crate = ?j (5)
ESS

For the first part of this study (standalone FESS), the DFR service to be delivered is
set at 1 MW, and the FESS power rating is kept constant at 1 MW. The energy capacity
is then varied by changing the C-Rate of the system. The system is simulated providing
a 24/7 DFR service between November 2020 and October 2021. The chosen C-Rates are
based on representations of FESS systems available in today’s market and are varied from

0.25C to 20C. Table 3 summarises the different configurations used for this study.

Table 3. FESS configurations analyzed in FESS-Only DFR study.

Configuration kWh Rating kW Rating C-Rate
A 4000 1000 0.25

B 1000 1000 1

C 400 1000 25

D 200 1000 5

E 100 1000 10

F 66 1000 15

G 50 1000 20

Availability is the key technical performance metric for systems delivering DFR, where
they are required to be available a minimum of 95% of the service duration, if the availability
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falls below this value then the payment for that period is reduced. If the ESS reaches its
high SOC limit then it is unable to provide any requested charge power, while if it reaches
its low SOC limit, it is unable to provide any requested discharge power. In both of these
scenarios, this would result in the availability for the duration of such an event to be zero.
The equation for Availability has been defined previously in Equation (1) and is the sum
of each second where the system is classed as available over the entire service duration.
Through simulation, the average availability was calculated across the 12 months studied
(November 2020 to October 2021), with the results of this shown in Figure 6.
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N— \
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Figure 6. Availability per month for varying configurations of FESS.

Figure 6 shows the initial results of availability analysis for standalone systems,
with 95% availability achieved for the entire duration when considering configurations A
and B. Configuration C achieves this metric 9 out of 12 months of the year, with perfor-
mance falling further as the C-Rate is increased (and the energy capacity is decreased). This
shows how important energy capacity is for providing this service, and suggests that more
power-centric FESSs may not be suitable as standalone ESSs.

This initial analysis suggests that FESSs in the range of 0.5-2.5C would be viable for
providing this service. Whilst this does suggest the traditional configurations of FESS
would work for providing this service, it does not rule out FESSs generally as there are
similar configurations available on or coming to the market [25,62].

Table 4 highlights two further performance metrics for the range of FESS configu-
rations studied. As the C-Rate is increased, the cycles experienced by the system also
increase significantly from 742 cycles per year for a 0.5C system to 10,138 cycles per year
for a 20C system. At the higher C-Rates, some FESSs may experience reduced lifetime
as a 100,000 cycle limit is quoted across the literature and manufacturers’ information.
However, many manufacturers also quote cycle lifetimes as <500,000, a scenario in which
all configurations would not reach their cycle limit within a 20-year lifetime.

Additionally, it can be seen that the higher C-Rate systems trend towards a lower
average SOC, which is likely a result of the rapid charging and discharging of power
leading to the FESS reaching both high and low SOC limits on a regular basis.
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Table 4. Performance statistics for varying FESS configurations performing DFR.

Configuration Average SOC (%) Cycles per Year
A 77 742

B 61 1322

C 54 2341

D 52 3828

E 51 6292

F 50 8373

G 50 10,138

5. Economic Analysis

For the economic analysis, the FESS TCC was varied between 200 GBP/kW and
900 GBP/kW. This range of values was chosen after an iterative simulation process showed
this range to sufficiently show the financial trends in both directions for analysis purposes.
This range covers the lower end of the spectrum discussed above. The results of calculating
the NPV of the system over an operational period of 20 years for different TCC values and
FESS configurations are shown in Figure 7.
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FESS Cost (£/kW)
Figure 7. NPV for a 20-year lifespan for varying configurations of FESS.

Figure 7 shows that the lower energy FESSs achieve the best economic performance.
For configurations A and B, a TCC of 496 GBP/kW and below would produce a positive
NPV. However, configurations E, F and G only provide a positive NPV at the lowest FESS
cost studied. For these configurations, there is a sharp drop in NPV between 200 GBP/kW
and 300 GBP/kW. This is due to the systems reaching their cycle capacity before the end of
the 20-year lifetime studied, and hence they only begin to counter this additional cost of
replacement at very low TCC values.

5.1. Cycle Limit Sensitivity Analysis

Initially, this study was undertaken with an FESS replacement threshold of 100,000 cycles,
at which point the economic calculations include the cost of replacing the system. However,
as previously discussed, many manufacturers quote their systems as having unlimited life-
times [63-65]. Considering this, the study was repeated with the FESS replacement threshold
set to 250,000 cycles, and the results are shown in Figure 8. The TCC values at which the
NPV of the system becomes negative for all configurations and both cycle thresholds are also
shown in Table 5.
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Figure 8. NPV for a 20-year lifespan for varying configurations of FESS with increased cycle lifetime.

Table 5. TCC at which NPV becomes negative for each configuration and varying cycle limits.

100,000 Cycle Limit (GBP/kW) 250,000 Cycle Limit (GBP/kW)
A 508 508
B 496 496
C 452 452
D 407 407
E 290 353
F 255 317
G 230 283

The results of increasing the cycle limit are seen in Figure 8 where Configurations
E, F and G now perform better economically than at the lower cycle limit as they do not
require replacement during the 20-year operational lifetime. In Table 5, it can be seen
that configuration E now produces a negative NPV above 353 GBP/kW rather than the
290 GBP/kW produced for the lower cycle limit. For any standalone FESS to deliver this
service it is clear that significant reductions in the cost of such systems will need to be
achieved when compared to the costs currently quoted within the literature as all values
fall below the previously discussed TCC of 780 GBP /kW.

This analysis provides a good indication of the TCC values that will need to be met by
different FESS configurations in order to be viable for delivering this service as a standalone
unit. This study has been conducted with a discount rate of 8%; however, increases in
economic performance would be expected if this was lowered, which could be achieved
depending on outside economic scenarios, such as lower inflation or interest rates.

5.2. Discount Rate Sensitivity Analysis

To illustrate this, a discount rate sensitivity study was conducted for configurations B,
C and D which were identified as the most realistic options for FESSs under current market
conditions. The discount rate was varied between 2% and 10% with the results shown in
Figures 9-11.
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Figure 9. Discount and TCC sensitivity analysis for Configuration B.
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Figure 10. Discount and TCC sensitivity analysis for Configuration C.
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Figure 11. Discount and TCC sensitivity analysis for Configuration D.
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Immediately, it becomes apparent that by reducing the discount rate, the viability of
an FESS providing these services is increased. Crucially, even configurations C and D can
provide significant positive NPV scenarios across a much wider range of TCC with lower
discount rates.

The best-performing system is still configuration B, which can provide a positive NPV
for all discount rates when the TCC is 400 GBP/kW or below. When looking at the more
realistic region of 700 GBP/kW, the configuration can still provide a positive NPV across
discount rates ranging from 2 to 4%. The results worsen at 700 GBP/kW for Configuration
C and D, with C providing positive NPV at discount rates of 2-3% and D only providing
positive NPV at 2%.

5.3. Discussion

This sensitivity analysis does highlight that there is a narrow window for providing
a positive NPV and that a significant number of configurations result in a negative NPV.
For Configuration B (the 1C system), 59.7% of the studied combinations resulted in a posi-
tive NPV, whilst for Configuration C (2.5C system), this value is 51.4% and Configuration
D (5C system) it is 44.4%.

The information presented so far details different FESS configuration’s capability
of providing standalone DFR services. However, the energy capacity of the FESS is a
significant disadvantage when considering the higher C-Rate systems. The next section will
investigate whether it is possible to increase the viability of the FESS configurations that
are close to providing the required techno-economic level of performance by considering
the benefits of hybridisation of FESSs and BESSs to attempt to extract further value from
the respective systems.

6. Hybrid Analysis

For this section, Configuration D has been chosen to be studied further in a hybrid
scenario because this configuration represents a fairly common FESS C-Rate specification,
as well as showing promising results without achieving the ideal level of 95% average
availability. For this reason, it is an ideal candidate to take forward to understand the effects
of hybridisation in this way. A high-level representation of the hybrid MATLAB/Simulink
model is shown in Figure 12, which builds upon the previously discussed model, with the
main differences being the addition of a BESS block which contains aspects such as degra-
dation and self-discharge, and modifications to the control block to allow it to decide which
storage system to use.

FESS Block
Variables

Flywheel Capacity

Tq (kWh) —
Flywheel C-Rate
Intial SOC Analysis Block
. Spinning Loss (%/s)
Application Block Charging/Discharging Variables
Input Inverter Block Control Block Effciendies Availability Fee
. Y. £/MW/h
Simulation Clock Variables Variables ?Control + ( "
. Converter Import ; Signals Outputs
Variables Losses State of Charge 2 x
Limits - S o)
Contracted Power (kW) Convl_eg:srezxport Control Algorithm BESS Block A;zl\lli?_:‘ljg((g/;)
Service Envelope (DFR) FESS Cycles
Grid Frequency (Hz) Variables BESS Cycles
BESS D dati
Battery Capacity (kWh) egradation

> Battery C-Rate —
Initial SOC
Self-Discharge Rate
(%ls)
Calender Degradation
(%/month)

Figure 12. High-level diagram of MATLAB/Simulink model of the hybrid FESS/BESS system used
in this study.



Energies 2024, 17, 2577

16 of 23

The control approach assumed for this hybrid system is taken from previous work
presented in [66], and consists of all requests for power from the service being provided by
the FESS if the FESS is within its high and low SOC limits. If the FESS is unable to provide
the required power, the BESS will instead attempt to provide the required power.

A key criterion of the hybridisation scheme is to ensure that the required power
rating of the system (1 MW) is maintained across all configurations. For this reason, two
different approaches have been taken, with the configurations to be studied shown in
Table 6. The first approach, with Configuration H and I, represents an additional quantity
of BESS being introduced on top of the existing FESS that was analysed as Configuration D.
The second approach consists of decreasing the size of the FESS and replacing this with
different amounts of BESS capacity.

Table 6. Hybrid configurations analyzed in HESS DEFR study.

FESS kWh Rating  FESS kW Rating C-Rate BESS kWh Rating BESS kW Rating  C-Rate

D 200 1000 5 - - -
H 200 1000 5 50 50 1
I 200 1000 5 100 100 1
J 190 950 5 50 50 1
K 180 900 5 100 100 1
L 160 800 5 200 200 1

6.1. HESS Technical Analysis

Figure 13 shows the technical performance of the different hybrid configurations.
The average availability over the course of a year increases by at least 1.5% across all
configurations, with the peak increase occurring under Configuration L which achieves an
average availability of 94.1%. The data suggest that were the energy capacities of the BESS
portions to be increased further then this would have a knock-on effect of increasing the
average availability.

780 —94.5
760 Al o940
= M z
= 740 | — 935 E,
> =
2 720 I 930 <
7004/ W—W W W N 925
680k | | : ; d | 920

ESS Configuration

Combined total of imported and —— Availability
exported energy

Figure 13. Average availability and energy throughput across the year for varying configurations of
HESS [9].

Table 7 shows the number of cycles experienced by each ESS under the various
configurations. The number of BESS cycles increases slightly with decreasing FESS size.
This represents the BESS becoming more active as the FESS’s ability to respond to power
requests reduces due to the lower energy capacities. The FESS cycles experienced would
all result in no replacement being required across the operational lifetime.
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Table 7. Number of FESS and BESS cycles from hybrid configuration study.

Configuration FESS Cycles BESS Cycles
D 3828 -

H 3829 434

I 3829 429

J 3973 458

K 4130 477

L 4495 478

The highest number of BESS cycles experienced (for Configuration L) would result
in 9560 cycles being performed over the 20-year operational lifetime. This study assumes
a BESS replacement threshold of 10,000 cycles. However, some of the literature suggests
cycle limits lower than this, and that should be taken into account when considering the
data produced here. The expected number of cycles and the estimated number of cycles
that the ESS can perform before reaching the end of life is critical when considering hybrid
systems, due to the balance between providing increased performance and the economic
cost of cycle-related replacement.

6.2. HESS Economic Analysis

For the economic portion of this analysis, the FESS TCC has been set to 780 GBP/kW
in line with the average found previously in the literature review. From the baseline NPV
for Configuration D at this TCC, further analysis has been undertaken to assess the impact
of the BESS TCC and discount rate on the economic feasibility of hybridisation. The results
of this analysis are shown in Figures 14-16.

This analysis reveals several interesting trends. For analysed TCC values of 800 /kW
and above, Configuration J is the option that consistently performs best. This is due to the
small capacity of BESS required for this configuration, so the benefits provided are affected
less by the higher TCC.

In the other direction, at lower TCC values, Configuration L provides the highest
NPVC again due to the complex balance between an increase in performance and cost.
As the BESS cost drops below the FESS cost, it becomes more beneficial to replace more of
the FESS with quantities of BESS. Thus, there is a balancing act to be achieved depending
on the relevant costs of each component.
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Figure 14. NPV change under different HESS configurations for a discount rate of 4%.
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Figure 15. NPV change under different HESS configurations for a discount rate of 6%.
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Figure 16. NPV change under different HESS configurations for a discount rate of 8%.

Additionally, it is interesting to note that at the lower end of the BESS TCC values,
increasing the discount has a positive effect on the NPVC. This runs counter-intuitively
to the common understanding of NPV; however, it is easily explained by acknowledging
that as the discount rate is changed, the baseline NPV of Configuration D also changes.
Consequently, the effect of hybridisation is having more of a positive effect as a ratio of the
original NPV.

This conclusion now leads us to consider the actual NPV achieved by these systems,
and whether the increases seen under these varying scenarios are sufficient to make the
selected configuration (D) economically viable. To illustrate this, the base NPV values when
using a TCC of 780 GBP/kW for the FESS and the best-performing value of 200 GBP/kW
for the BESS are shown across varying discount rates in Figure 17.

Despite the hybridisation improving the NPV in all of these scenarios, the NPV remains
negative unless the discount rate is reduced to 2%. The main conclusion to draw from this
is that hybridisation can indeed make a positive contribution to the economic viability of
an FESS-providing DFR, it cannot radically improve the NPV and hence it is important to
note that in some scenarios it may not be suitable.

To illustrate this, the effect that hybridisation has on Configuration B and C is now
considered. The analysis previously conducted was repeated for both configurations to
replicate the results shown previously in Figure 17 but for the two new configurations.
Once again, the FESS TCC was set as 780 GBP/kW with the BESS TCC set as 200 GBP/kW
to illustrate the best-case scenario for BESS impact when installing with an FESS of average
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cost. The results of this analysis are shown in Figures 18 and 19. The updated configurations
considered in this analysis are shown in Table 8.

The hybridisation with Configuration B produces the highest overall NPV. However,
the effect of hybridisation still remains minimal, with a negative NPV only turning positive
in one scenario, when considering a 4% discount rate Configuration B can provide a positive
NPV when it is modified to form Configuration Q.

Configuration B and C already perform to a higher economic level than Configuration
D; therefore, there are scenarios where introducing a BESS at a low TCC of 200 GBP/kW
will negatively impact the overall NPV even at the lowest discount rate. This is because,
in these configurations, the addition of the BESS components does not provide a sufficient
technical performance boost to offset the additional economic cost.
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Figure 17. Total NPV under different HESS configurations for varying discount rates from a baseline
of Configuration D.
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Figure 18. Total NPV under different HESS configurations for varying discount rates from a baseline
of Configuration B.
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Figure 19. Total NPV under different HESS configurations for varying discount rates from a baseline
of Configuration C.

Table 8. Further hybrid configurations analyzed in HESS DFR study.

FESS kWh FESS kW FESS C-Rate BESSkWh BESS kW BESS C-Rate

Rating Rating Rating Rating
B 1000 1000 1 - - -
M 1000 1000 1 50 50 1
N 1000 1000 1 100 100 1
o 950 950 1 50 50 1
p 900 900 1 100 100 1
Q 800 800 1 200 200 1
C 400 1000 2.5 - - -
R 400 1000 2.5 50 50 1
S 400 1000 2.5 100 100 1
T 380 950 2.5 50 50 1
U 360 900 2.5 100 100 1
\% 320 800 2.5 200 200 1

7. Conclusions and Future Work

Under current economic conditions, it is unlikely that an FESS could be deployed
as a standalone system providing DFR. The results from this study suggested that as a
standalone entity, a FESS with a low C-Rate will be most effective at providing the service,
as the 0.5C system showed the best overall performance. Realistically, however, FESSs are
rarely specified as high energy assets, and as such further analysis was performed on 1C,
2.5C and 5C systems to determine the conditions under which they can be profitable in
providing DFR.

The conclusion of this further analysis was that under current economic conditions,
it is unlikely that higher C-Rate FESSs would be economically viable for deployment for
this application. Despite this, FESSs up to 2.5C have been shown to be technically capable
of delivering the service in a standalone format, with a 5C system likely to be able to
perform adequately with supplementation from a more energy-dense technology. Across
an in-depth analysis of different FESS configurations and discount rates, only 1C and
2.5C systems could achieve a positive NPV at the lowest discount rate studied. This does,
however, present the research field with a benchmark for future research into FESSs, where
decreasing costs of installation could lead to this technology being economically viable.

To further explore this potential, a hybridisation study was undertaken. Introducing
differing levels of battery energy storage, the study looked at whether this could make
higher C-Rate systems economically viable. The conclusions of this study showed that
whilst there was an improvement in the technical performance of the system, only under
a narrow set of economic conditions would the system achieve a positive NPV. Thus,
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the conclusion to take away from this study is that the limiting factor for FESSs being
deployed in the field of frequency response services is their currently high capital costs.
Reducing this to a competitive level should be a target area of research in the field of
Flywheel Energy Storage.

Future work should look to investigate the possibility of designing services with
shorter-duration technologies in mind, as well as developing further studies on the optimi-
sation of hybrid systems for frequency response.

Author Contributions: Conceptualization, A.J.H. and D.T.G.; methodology, A.J.H.; software, A.J.H.;
validation, D.T.G.; formal analysis, A.J.H.; investigation, A.].H.; writing—original draft preparation,
A.J.H.; writing—review and editing, D.T.G.; supervision, D.T.G.; funding acquisition, D.T.G. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support of the Engineering and Physical
Sciences Research Council (EPSRC) in the form of the ‘Energy Storage Integration for a Net Zero grid’
project under grant code EP/W02764X/1.

Data Availability Statement: The datasets presented in this article are not readily available because
of ongoing studies. Requests to access the datasets should be directed to the authors.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

BESS Battery Energy Storage System

DFR Dynamic Frequency Response
ESS Energy Storage System

FESS Flywheel Energy Storage System
GB Great Britain

NPV Net Present Value

NPVC  Net Present Value Change

NGESO National Grid Electricity System Operator
ROI Return on Investment

S0C State of Charge

TCC Total Capital Cost
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