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ABSTRACT With National Grid ESO introducing a suite of new Frequency Response Services for the GB
electricity market, there is an opportunity to investigate the ability of low-energy capacity storage systems to
participate in the frequency response market. In this study, the effects of varying the response envelope of the
frequency response service on the performance of a standalone Flywheel Energy Storage System is assessed.
In doing so, a new Frequency Response Service that would allow flywheels and other high-power, low-energy
storage devices to participate in the frequency response market as standalone systems is designed. This results
in a 20C FESS achieving a 95% availability over the course of a year of operation, representing an excellent
level of performance under existing market conditions. This work shows that a far wider range of energy
storage mediums have the capability to provide meaningful contributions to grid frequency control than was
previously assumed. It is also shown for the first time that through tailoring a service to the advantages
of a flywheel, significant economic benefits can be achieved, culminating in showing that a 20C FESS
could provide a positive economic performance up to a total capital cost of £3,364/kW under current market
conditions.

INDEX TERMS Flywheels, energy storage, frequency response, economic.

I. INTRODUCTION

DUE to the intermittent nature of most renewable energy,
the balance between demand and generation is becom-

ing more difficult to manage. Many countries offer contracts
for energy storage installations to participate in where they
will either charge or discharge in relation to frequency devia-
tions. In Great Britain, multiple frequency response services
have been introduced to help keep the grid frequency within
operational limits by National Grid ESO (NGESO)who oper-
ate the GB electricity grid.

The extensive publicly available data for the previously
operational Dynamic Frequency Response (DFR) service can
provide an excellent basis to perform suitability assessments
on the ability of energy storage to provide these services [1].
There has been wide-ranging research conducted using
DFR as a benchmark, mainly using Battery Energy Storage

Systems (BESSs) [2] but less commonly exploring different
technologies or distributed resources [3], [4], [5].

To replace DFR, NGESO have introduced a suite of three
new frequency response services, namely Dynamic Con-
tainment (DC), Dynamic Regulation (DR) and Dynamic
Moderation (DM) [6]. These three services are being intro-
duced with different approaches to the objective of stabilising
the frequency at 50Hz. Fig. 1 shows the response envelope
of the services being discussed in this paper. These services
have often been referred to as having been developed with
a view of allowing a wider range of technologies to operate
in the frequency response service market. Some research has
suggested that this is not the case for low energy assets [7],
[8], and therefore an opportunity exists to determine exactly
what manner of service would be required for lower energy
assets to compete in this industry.
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FIGURE 1. Response envelope for dynamic containment high
and low, dynamic moderation, dynamic regulation and dynamic
frequency response.

In many electricity markets worldwide, frequency regula-
tion is referred to in terms of primary, secondary and tertiary
regulation [9]. Primary regulation acts immediately after a
frequency event, in the period of 0.2s-30s after a distur-
bance [10]. Secondary regulation then continues to operate
from this point for several minutes after the disturbance,
often quoted between 2 and 10 minutes. Tertiary regulation
is then utilised in the aftermath of these services to ensure
the frequency is maintained at its target value following the
primary and secondary regulation [11].

It is important to note that the frequency response ser-
vice discussed here does not align with these descriptors of
frequency regulation. Where primary, secondary and tertiary
regulation services are generally considered to operate post-
fault, DFR and the new services DC, DM and DR, are all
intended to be continuously provided regardless of network
conditions to regulate the frequency of the grid under normal
operational conditions due to regular fluctuations in load
and demand. They are most similar to primary frequency
regulation, reacting to the given frequency on a sub-second
basis.

A. NOVEL CONTRIBUTION
This paper expands upon, develops, and presents new
ideas and material on the previously presented conference
paper [12]. In this journal, the bespoke profile previously
presented is further developed, with a novel first-of-its-kind
economic analysis presented on the potential for this bespoke
frequency response service to be implemented for the benefit
of both the GB grid and the asset owners.

Additionally, this paper presents the modular FESS model
developed in MATLAB/Simulink that can provide fast
application-based simulation including flexibility to analyse
a range of different frequency response services rapidly. This
model presents a significant advancement in FESS simulation
due to its fast processing time and modular constructions.

The results presented here have the potential to shape the
future direction of frequency response services by showing
that it is possible for energy-limited assets such as flywheels
to participate and provide excellent techno-economic perfor-
mance, opening up an entirely new discussion around the
potential of underutilised energy storage technologies to be
deployed for this application.

II. BACKGROUND
BESSs are the most widely deployed energy storage medium
that provides these services with BESSs either operational,
under construction or planned totalling more than 16GW of
capacity, compared to an additional 6GW of liquefied and
compressed air, pumped hydro, flywheels and gravity-based
technology [13]. Crucially, they generally have a high energy
capacity enabling them to provide the services for extended
periods of time, therefore generating income over greater
durations [14]. Additionally, for the new response services,
there are stringent state of energy (SOE) requirements that
must be met in order to participate, meaning shorter term
energy storage is now unlikely to be able to participate in the
frequency service market.

The major downside of Li-ion batteries is their suscepti-
bility to cycle based degradation. It is for this reason that
Li-ion systems are often specified with narrow tolerances for
operational regions where operating the system outside of
these zones will result in rapidly decreasing lifetime of the
BESS. Factors such as C-Rate, temperature, energy through-
put, Depth of Discharge (DOD), and SOC have all been
shown in literature to have significant impacts on battery
lifetime [15], [16]. BESSs are generally considered to reach
end of life when their capacity falls to 80% of the original
capacity.

The primary characteristic that makes a FESS suitable for
this set of research is it’s excellent resistance to cycle-based
degradation. Various pieces of literature have quoted the
cycle lifetime of flywheels to be anywhere between 10,000
to 1,000,000 full charge discharge cycles before failure [17],
[18]. The main method of degradation within a FESS is
the wear on mechanical bearings (where present) although
this is reversible with regular, inexpensive maintenance [19].
In terms of calendar lifetime, a figure of 20 years is the most
often quoted statistic but this can vary based onmanufacturers
specifications and warranties.

Another commonly discussed feature of FESSs is their
high levels of self-discharge, often referred to as spinning
losses. With no outside intervention, a flywheel will lose
between 20-100% of it’s stored energy over the course of a
day [20], [21]. It is for this reason that flywheels are gener-
ally most suited to applications where there will be frequent
charge/discharge operations enabling it to spend as little time
as possible in an idle state.

Where an ESS is required to charge and discharge fre-
quently the efficiency of the system is an important aspect.
Throughout the literature a range of different values for
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efficiency are quoted spanning from 80% to over 95%, once
again indicating a dependence onmanufacturer specific infor-
mation to be sure of a systems capabilities. However, it is
generally agreed within the literature that flywheels do have
a high efficiency compared with other mediums [22], [23].

A. STUDY OVERVIEW
The service developed in this paper is represented as a contin-
uous 24/7 service and the effectiveness is determined by the
average availability over a year of the service being provided.
Availability is defined as the total amount of time where the
grid request is met as a proportion of overall operational
time. This is presented as 4 in Section IV-D. Additionally, the
energy throughput of the service has been assessed and com-
pared with that provided by the existing frequency response
services offered by NGESO in order to verify that the system
is operating for a sufficient amount of time to be worthwhile.

The initial analysis is performed on a 1MW/1MWh/1C
FESS system providing a 1MW service. A C-Rate sensitivity
analysis has been performed to assess the effects of vary-
ing the C-Rate on the performance of the system. Finally,
a detailed economic analysis is performed showing for the
first time a comprehensive picture of how a FESS can be
deployed for this application and provide significant eco-
nomic benefits.

Parts of the study presented in this paper were initially
published as part of conference proceedings [12]. The work
presented here includes significant new material, includ-
ing a more detailed methodology, a new literature review,
an expanded novel technical analysis and an entirely new
novel economic analysis section.

III. LITERATURE REVIEW
As these response services have either only just been intro-
duced or are still being developed, there is a significant gap
in completed research. Due to this fact, the closest available
literature is that which investigates frequency regulation in
general. In terms of a standalone FESS system there is min-
imal work available. This is due to the generally low energy
capacity inherent within flywheels along with the proven
track record of BESSs meaning this area is not extensively
explored.

The majority of implementations of FESSs for this appli-
cation consist of systems where the FESS is hybridised with a
BESS, such as in [24] which presents a significant extension
of operational battery life when hybridised with a FESS.
A similar conclusion is reached in [25] which looks at a
hybrid configuration providing frequency reserve services,
showing an extension of life of 6 years for a hybrid system
compared to standalone BESS.

Specifically relating to the new suite of services, the main
piece of completed research comes from [7] with a sensitivity
study looking into the required C-Rates for provision of the
range of new services. This paper determined that DC is
generally a less demanding service than DFR, and that higher
C-Rates (up to 10C) could be utilised effectively to provide

the service. This suggests that there is a significant opportu-
nity for short term energy storage such as flywheels to provide
this service. However, when considering the contract service
delivery terms of DC the paper suggests that the higher c-rate
systems struggle with maintaining compliance due to long
duration frequency events where there is not enough energy
in the ESS.

Additionally, [26] takes amoremarket focused approach to
analysing BESSs being utilised for provision of DC. Rather
than looking at technical performance, the study looks at
the potential economic value in utilising a BESS for this
purpose, concluding that a positive economic impact can be
achieved. However, it is to be expected that BESSs will be
able to adequately perform this service as they are the primary
medium that DC has been designed for, and hence there still
remains a gap for meaningful research into the performance
of energy limited assets.

It is clear from the research conducted that under the
current requirements, very short duration energy storage will
still be unable to meaningfully participate in the frequency
response service market. The work contained in this paper
builds upon this conclusion, looking specifically into the
operation of FESS when considering no operational restric-
tions and using this as a basis to develop a service that can
be effectively provided by very short duration energy storage
without complex state of energy requirements opening up
the opportunity for a much wider range of ESS mediums to
provide such services.

IV. FLYWHEEL MODEL
In this section, a detailed overview of theMATLAB/Simulink
model that has been developed is presented. The most impor-
tant element of the model and one of its key advantages is the
modular subsystems with which it can be built. This enables
it to be easily switched from one scenario to another with
minimal overall adjustments, thus representing a significantly
improved timescale from conceptualisation of a scenario to
producing accurate results.Whilst the core components of the
model are built from simple blocks from the main Simulink
library, they have been brought together in a way that adds
further complexity without sacrificing computational speed.

The developed model can simulate a year of frequency
response provision at a 1-second time step in 2m 30s, allow-
ing for rapid data collection over a variety of scenarios (PC
specifications - Intel Core i7-6700k CPU @ 4GHz). Other
applications such as wind generation support and solar gen-
eration support can be simulated over the same duration and
time-step in 5m 48s and 3m 24s respectively.

The model presented in this section is set up to perform
analysis on a frequency response service.Where variables are
named within the following sections and the related figures,
example values are shown in Table 1. Where applicable,
values have been taken from technical specifications provided
by a flywheel manufacturer.

Each figure in the following section contains indicators
illustrating where the signals from different blocks of the
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TABLE 1. Variables used in Fig. 2-6 when studying a 1MWH/5C
FESS delivering a 1MW service with an availability payment of
£1.83/MW/HR.

FIGURE 2. Application block from simulink model.

model are sent to and from. The main modular components
are detailed below;

A. APPLICATION BLOCK
This block is modified according to the simulated applica-
tion. It will consist of whatever components are necessary
to generate a power-request signal to the FESS. For delivery
of frequency response for example, this would consist of an
input of second-by-second frequency data that can then be
converted into a power request using a lookup table populated
to provide the required response envelope. By modifying the
points in the lookup table the FESS can be set to provide
different services such as DC, DR and DM. The power set
points formulated in this study are utilised to set the response
envelope within this lookup table. The output of this block is
a request to the FESS in kW. The application block as used
in a frequency response simulation is shown in Fig. 2.

It also contains a system which represents the inverter,
calculating the losses experienced by the power electronics
present in the system, accounting for these losses by either
increasing the request in a discharge scenario or decreasing
the request in a charge scenario so that the input/output
demand to the FESS is accurate. These values are set as
decimal values, for instance, if a 95% efficiency on export
was utilised, the value of ExportLoss in Fig. 2 would be set
to 0.05.

B. CONTROL BLOCK
This block consists of a MATLAB function block that con-
trols how and when the FESS charges or discharges. The
inputs are power request, the state of charge (SOC) at the
given time step and any required FESS specifications such as
capacity, C-Rate and SOC limits which can either be specified
as inputs taken from the rest of the model, or within the
MATLAB function. The outputs will be charging power and
discharging power in kW.

FIGURE 3. Control block from simulink model.

FIGURE 4. Control strategy overview.

The Simulink extract is shown in 3, with the function block
code represented diagrammatically in Fig. 4. The function
determines whether the request is for charge or discharge,
and then determines whether the FESS is within the required
SOC range to respond to the request. If this is true, then the
corresponding charge or discharge power is output from the
function, whilst if it is not true then the output of both ports
is zero.

C. FESS BLOCK
The block representing the FESS forms a closed loop with
the control block, receiving its input as a charge/discharge
power from the control block before feeding its output of an
updated SOC back to it for the next second of the simulation.
An overview of this block is shown in Fig. 5.

The flywheel itself is modeled using the ‘Bucket model’
approach, also commonly referred to as a ‘Power-energy
model’. This represents the energy storage as a ‘bucket’ to
which energy is added and removed to simulate charging and
discharging. This approach is based upon 1 where E t is the
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TABLE 2. Flywheel specifications.

energy stored within the flywheel at time t in kWh, Pt is
the instantaneous charge/discharge power delivered by the
flywheel at time t in kW, with this value divided by 3600 to
convert from kW/second to kWh. When discharging, Pt will
be negative and therefore the energy will be subtracted from
E t-1 whilst when charging this value will be positive.

Et = Et−1 +
Pt

3600
(1)

In the ‘Flywheel’ section, the energy capacity and the
initial SOC are used to determine the initial level of stored
energy within the integrator block. This block is then updated
each time step with the instantaneous charge/discharge
power as given in 1, which is adjusted according to the
charge/discharge efficiency blocks. It is then converted to a
SOC, where it is then used for the next time step within the
control block.

Spinning losses are calculated as a % SOC loss per second
but only for simulation steps where the flywheel is idle, with
a switch case block determining whether charge/discharge
power is being delivered before removing the given spinning
loss for that 1-second period if the flywheel is idle.

Cycles are counted by determining the difference between
the current time step SOC and the previous time step SOC
to produce an equivalent partial cycle (EPC) as shown in 2.
This is then summated with every cumulative 100% of SOC
change being counted as one cycle as shown in 3.

EPC =

dSOC
dt

100
(2)

Cycles =

∫ t

0
EPC (3)

The parameters of the system have been taken from tech-
nical specifications provided by a flywheel manufacturer and
are detailed in Table 2. The flywheel is a horizontal axis
steel modular FESS, installed either individually or as sets of
8 flywheels per container. The frequency data utilised within
this work covers the period from November 2020 to October
2021 and was sourced from National Grid at a resolution of
1s [27].

D. METRIC BLOCK
This block takes inputs from the other blocks and converts
them into metrics for export and assessment. In this scenario,
it focuses on calculating the average availability for each
30-minute period of operation and the payment based on this
value. The power electronics system accounts for the reverse
of the calculation performed within the application block

to ensure that the ‘grid’ power seen is correct. Total cycles
are calculated using 3 as an integrator block, whilst average
SOC and average availability are integrated and divided by
simulation time to give average values.

The availability is calculated using a MATLAB function
implementing 4 over rolling 30-minute periods, where Preq is
the power requested by the service,Pdel is the power delivered
by the ESS, and tend is period of operation. Thememory block
stores the count of non-available time-steps and at the end of
each 30-minute period, this value is reset. This is achieved
using the code included in Fig 7.

Av(%) =

∑tend
t=0 x

tend

{
x = 1
x = 0

Pdel = Preq
otherwise

(4)

The payment calculator system takes the service level,
the availability payment in £/MW/hr and a 30-minute step
counter as inputs to a function block. At the end of each 30-
minute period the average availability is used to determine
the level of payment given, which is continuously summed
using the integrator block. This replicates 5 to produce a value
for C r where Af is the clearing price in £/MW/hr, PSER is the
service level in kWandPf is the ratio that determines payment
based on the availability of the system. This is achieved using
the code included in Fig. 8.

Cr = 0.5Af PSERPf


Av > 95% Pf = 1

60% < Av < 95% Pf = 0.75
10% < Av < 60% Pf = 0.5

Av < 10% Pf = 0

(5)

V. CREATING A BESPOKE RESPONSE SERVICE
The main metric for measuring an ESS’s ability to provide a
frequency response service is termed ‘Availability’ and was
previously defined in 4. This metric is utilised for payment
purposes in existing frequency response services, with reduc-
ing payments as the availability drops below 95%.

For this reason, the target for an effective service is that
it should be available for a minimum of 95% of the opera-
tional time. However, the service should also be able to reach
this availability at higher C-Rates with many of the existing
or in-development FESSs having C-Rates in the region of
4-20C. It should also provide a total energy throughput in the
same order of magnitude as that which would be provided by
existing services, which has been chosen as a design criterion
to ensure that the service is operating frequently enough to
contribute meaningfully to the balancing mechanism.

The initial analysis is performed on a 1MW/1MWh/1C
FESS providing a 1MW service followed by a C-Rate sen-
sitivity analysis to assess the effects of varying the C-Rate on
the performance of the system. C-Rate is given as in 6 where
EESS is energy capacity in kWh and PESS is rated power in
kW. In basic terms, it refers to the power-to-energy ratio of the
ESS and can be used to effectively compare different storage
mediums.

Crate =
PESS
EESS

(6)
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FIGURE 5. FESS block from simulink model.

FIGURE 6. Metric Block from Simulink model.

FIGURE 7. Code excerpt for availability calculation in Fig. 6.

A. INITIAL ANALYSIS
The initial analysis of a bespoke frequency response envelope
consisted of varying the 100% power point (P1 and P-1 on
Fig. 9) for both the low and high frequency ends of the
spectrum with a 1MWh/1MW/1C system providing a 1MW
service. The ‘knee points’ Pk and P-k are not used in this
initial analysis with the service being a linear rise from 50Hz
and zero power in either direction resulting in a straight line

FIGURE 8. Code excerpt for payment calculation in Fig. 6.

with no breakpoints. A year-long simulation was conducted
for each combination between 49.5-49.9Hz and 50.1-50.5Hz.
The results of this simulation are shown in Fig 10.

It is immediately apparent that as the 100% power point is
moved further from 50Hz in both directions the average avail-
ability steadily increases. From a symmetrical 49.9/50.1Hz
combination giving an average availability of 91.2%, the
combination of 49.5/50.5Hz provides an average availability
of 97.4% showing a significant improvement.

There is also a degree of asymmetry to the results, with a
higher availability produced when the high frequency 100%
power point is reached sooner than the low frequency 100%
power point. This leads to the maximum availability of 98.5%
being achieved with a combination of 49.5Hz and 50.44Hz.
However, if the asymmetry is increased too far then the
average availability experiences a rapid reduction.

This asymmetry is due to the FESS experiencing spinning
losses. By having a steeper charging curve, the spinning
losses are constantly being countered with more energy being
taken from the grid than discharged back. In this manner,
the response envelope being slightly asymmetric uses the
spinning losses to its advantage.

Taking this assessment as a baseline, the best performing
100% power point combination was used to perform a C-Rate
sensitivity analysis. The C-Rate was increased incrementally
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FIGURE 9. Response envelope example showing the points in
the envelope that are varied within this study.

FIGURE 10. Average availability for varying high and low
frequency 100% power points.

FIGURE 11. C-Rate sensitivity analysis when utilising 100%
power points of 49.5/50.44Hz with a 1MW/1MWh/1C FESS
providing a 1MW service.

up to a value of 20C with the results of this analysis shown
in Fig. 11. There is a significant drop in average availability
as the C-Rate is increased, with only a 1C and 2C system
achieving average availability in excess of the required 95%.
This suggests that the suitability of the envelope to more
common FESS system characteristics like high power and
low energy is poor and needs further tuning to enable it to
perform at higher C-Rates.

FIGURE 12. Heatmap of average availability for varying
combinations of high and low frequency knee points.

Also in Fig. 11 is the total energy throughput of each
individual system in MWh. This metric is intrinsically tied to
that of availability, but the key aspect to note is that even for
a 20C system the energy throughput is still significant with
373.6MWh passing through the FESS over the course of a
year. Compared to the results previously discussed in [12],
at its peak of 690.39MWh for a 1C system the service will
see more usage than all current services bar DR, with a very
similar energy throughput to DFR but with an extra 1.1%
availability across the year, showing that the refinement of
the service to the flywheels advantages is working to enable
it to provide a more reliable service than existing ones.

B. KNEE POINT ANALYSIS
Both DC and DM have ‘Knee Points’ where up to a certain
frequency the power delivery is a small proportion of the
overall contracted service, followed by a linear rise to the
maximum power point. This section of the study focuses on
placing a knee point into the response envelope and how this
effects the average availability.

The maximum power points are set as 49.5Hz and 50.44Hz
(points P1 and P-1 respectively on Fig. 9) as determined in
the previous section, with the power level of the knee-point
set as 0.05% of the overall contracted service, replicating the
setting used by DC and DM. The low and high knee-point
frequencies (points PK and P-K on Fig. 9) are then varied
between 49.85-49.95Hz and 50.05-50.15Hz respectively in
increments of 0.01Hz. The results of this analysis are shown
in Fig 12.

The average availability once again increases as the
knee-point is moved further away from 50Hz before decreas-
ing again after a peak at 49.91/50.09Hz. In 90% of simulated
combinations, the average availability was reduced by adding
in a knee point. Despite this, some of the combinations rep-
resent a significant increase in average availability, peaking
with the combination of knee points at 49.87Hz and 50.12Hz
which provides an average availability of 99.89% across the
year, meaning it will fail to meet the requested power of the
grid for less than 10 hours over the course of the year. This
combination shows again the benefits of small asymmetry
within the response envelope, causing the FESS to charge
slightly more often than it discharges.
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FIGURE 13. Heatmap of energy throughput for varying
combinations of high and low frequency knee points.

TABLE 3. Final bespoke response envelope settings for 1C
system utilising a knee point approach.

The total energy throughput for the year was also mon-
itored during this assessment, with the values ranging
from 518.4MWh (49.95/50.05Hz knee points) to 118.1MWh
(49.95/50.15Hz knee points) as shown in Fig. 13.
For the combination that provided the highest average

availability (49.87/50.12Hz), the total energy throughput was
160.9MWh, which would place it between the levels of
energy provided by DM (83.9MWh) and DC (371.0MWh)
as previously detailed in [12]. This suggests that it operates
sufficiently over the course of a year to be providing a worth-
while service to the GB Grid.

The final knee point settings for the bespoke envelope
have therefore been set at 49.87/50.12Hz, combined with the
earlier high point settings of 49.5/50.44Hz to create the final
bespoke envelope, with these details presented in Table 3. The
response envelope created is most closely aligned with the
existing DC service, but with knee points that cause higher
power to be delivered at an earlier frequency threshold in both
positive and negative directions.

Fig. 14 shows the simulation output of a 1MW/1MWh/1C
FESS providing this service. Frequency data taken from
National Grid at 1s resolution was used for this simula-
tion [27]. The ability of the FESS to provide this service can
be seen in the regular small discharge and charge events inter-
spersed with occasional high-power responses, maintaining a
stable SOC throughout the day.

Following on from introducing a knee point, a second
C-Rate sensitivity analysis was conducted with the results of
this shown in Fig. 15. Compared with the analysis shown in
Fig. 11 there is a much more shallow reduction in availability
as the C-Rate is increased. At 10C (0.1MWh/1MW) there is
still an average availability above 95% whilst still providing
138.54MWh of energy throughput across the year, showing

FIGURE 14. 1MW/1MWh/1C FESS providing a 1MW service under
the bespoke response profile for 1 day in December 2020 using
1s resolution frequency data.

FIGURE 15. C-Rate sensitivity analysis when utilising the
bespoke response envelope.

that it is possible to have a high power, low energy FESS that
can provide an effective frequency response service which is
critical in allowing the more common specifications of FESS
to operate in the frequency response service market.

Again, Fig. 15 also shows the energy throughput across
the year. This time, in contrast with Fig. 11, the energy
throughput stays in a much narrower range across all studied
C-Rates with the lowest throughput being for a 20C sys-
tem (122.04MWh) and the highest being for a 1C system
(160.87MWh). The closest base service in terms of energy
throughput is DC with a value of 83.9MWh (as detailed
previously in [12]), and crucially when compared to the
bespoke designed service there is an improvement of 2.49%
availability (from 97.8% to 99.89%) whilst providing almost
double the energy throughput. This is an excellent indicator of
the advantages gained from designing a service specifically
for a FESS or other very short duration storage rather than
treating all ESS mediums as equal.

Fig. 16 shows the number of cycles experienced per year
under the initial response envelope discussed in Section A
and under the subsequent envelope discussed in this section.
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FIGURE 16. Cycles experienced by the FESS under the initial and
final response envelope for varying C-Rates.

FIGURE 17. Excerpt of average availability based knee-point
optimisation for a 5C system.

When comparing how the two response envelopes translate
into FESS cycles, it is clear that at higher C-Rates the amount
of cycling required by the FESSmay be prohibitive even for a
cycle resistant storage medium such as flywheels. Taking the
lower end of the quoted spectrum of cycle limits as 100,000
cycles, this would mean that all systems with a C-Rate of
9C and above would likely require replacement before the
required 25 year lifespan was achieved (4,254 cycles per year
for 25 years would result in 106,350 cycles experienced for
a 9C system). Of course it is important to note that many
manufacturers quote the cycle life for FESSs as unlimited,
in which case this would cease to be an issue.

Looking at the final bespoke profile however, all of the
C-Rates studied would comfortably fall below even this lower
limit, with the maximum value of 2,439 cycles per year
resulting in just 60,975 cycles. It is clear that at this level of
cycling more traditional ESSs such as Li-ion BESSs would
not be able to deliver the same service as they are most often
quoted with a maximum cycle life of 10,000.

C. HIGHER C-RATE ANALYSIS
A final study was conducted to optimise the response enve-
lope for different FESS C-Rates. The key criteria was
achieving the highest availability possible whilst attempting
to match, or improve upon, the lowest energy throughput
provided by an existing service (83.9MWh - DC) [12].
An example of how this was conducted for a 5C system is
shown in Fig 17 and Fig 18.
This analysis showed that whilst the average availability

can be increased further, the energy throughput would then
be decreased further. The combinations where the energy

FIGURE 18. Excerpt of energy throughput based knee-point
optimisation for a 5C system.

TABLE 4. Results of C-Rate based optimisation of the response
envelope knee points including average availability for each
configuration when performing DC High/Low.

throughput falls below the desired level are discounted, with
the highest availability from the remaining combinations
taken as the best option. This optimisation balances the two
to provide the most suitable overall service for each C-Rate.
It should be noted however that if energy throughput was
removed as a constraint then further increases in average
availability could be achieved, albeit with the system provid-
ing less energy to and from the grid. For instance, in Fig 17
and Fig 18, a higher average availability could be achieved
using the combination of 49.77/50.2Hz but would result in a
loss of 4.03MWh of energy throughput across the year, for
just a 0.13% increase in average availability.

The results of the study for a 5C, 10C, 15C and 20C
system are shown in Table 4, with the 1C results determined
previously included for reference.

These results show that for different C-Rates slight vari-
ations on the high and low knee points are required to
extract the best combination of average availability and
energy throughput. By tailoring the knee points to the C-Rate
being considered, a 20C system was able to achieve a 95%
availability, albeit with a slightly lower energy throughput
than desired. The outcome of this study shows that with a
small amount of versatility in response envelope, much higher
C-Rate systems can provide standalone frequency response
services.

The key conclusion to be drawn from Table 4 is when com-
paring the average availability achieved under the bespoke
profile with the availability achieved when performing the
combined DC high and low service. Whilst there is mini-
mal improvement at the 1C configuration, it is in the more
commonly found higher C-Rates that the true breakthrough
of this research is realised. For a 20C FESS, the average
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TABLE 5. Availability for varying FESS C-Rates across differing
years of frequency data using response envelopes from Table 4.

availability that it can provide whilst running 24/7 is 11.60%
higher for the bespoke profile jumping from 83.40% to 95%.
Across all of the higher C-Rate systems studied, the FESS can
now provide a much more reliable and worthwhile service all
whilst delivering levels of energy throughput either in excess
of or very close to that provided by a 1C system delivering
DC High/Low.

The bespoke envelope has been optimised for the fre-
quency data from November 2020 to October 2021. Varia-
tions in frequency data from one year to the next could lead
to differences in average availability, therefore to increase
confidence in the developed response envelope the profiles
determined in Fig. 4 were simulated over 5 years of fre-
quency data. This allows an assessment to be made on the
designed profiles suitability for ongoing services and allows
for greater confidence in the bespoke profiles suitability when
accounting for year-to-year variation. In Table 5 it is shown
that similar levels of availability are maintained across the
5 years analysed. The results show that the designed profiles
hold these levels of availability across multiple years, with
an expected variance from year to year that is minimal. The
average availability over 5 years for a 20C system experiences
the biggest variance from that produced in Table 4, with a
small drop from 95% to 94.86%.

VI. ECONOMIC CASE STUDY
For the economic analysis, the following assumptions have
been made to ensure the study falls in line with real world
conditions and maintains consistency with other studies con-
ducted in this area such as [28];

• It is assumed that the payment mechanism will be made
on a sliding scale with full payment for half-hour periods
where the availability exceeds 95% and reduced pay-
ments below this. This is a reasonable assumption as it
is unlikely that a bespoke payment mechanism for this
service would be worthwhile.

• The availability payment will be calculated as a value of
£/MW/hr, replicating the current arrangement for exist-
ing services.

• The average clearing price for availability payments will
be within the same range as found within the market
in recent conditions. The average clearing price over
2023 for DC, DM and DR was £1.83/MW/hr [29].

• Discount rate is set as 8%. The discount rate has been set
to a higher value to represent a slightly higher risk level
of the investment.

• Each FESS system uses the optimum settings for the
response envelope outlined previously in Table 4.

• Where a FESS Total Capital Cost (TCC) is set as a fixed
value, it has been set to £780/kW in line with previous
findings from this work [3].

NPV has been calculated using 7 where C investment is the
initial investment in the system, C r is the yearly income (£)
as determined in 5, N is the system lifetime in years and d is
the discount rate [30].

NPV =

N∑
n−1

Cr
(1 + d)n

− Cinvestment (7)

The main objective of this section is to analyse the required
level of availability payment that would result in a typical
FESS system achieving a positive Net Present Value (NPV)
under current economic conditions. Using the same approach
as the previous section, the systems studied will consist of a
1MW FESS with varying C-Rates between 5C and 20C to
reflect typical FESS systems.

When considering these results it is important to contex-
tualise them by comparing with values produced in similar
studies. In [31], which looks at a combined wind battery
system providing frequency response, shows the system
achieving a NPV of £7.865m with a discount rate of 8%.
Values varying between £1-40m NPV are achieved in [32],
which looks at the optimal placement of BESS within the
UK to provide frequency response services. Finally, in [33],
a BESS providing a frequency response service is able to
achieve NPV in the region of £12.9-18.2m when operating
in an isolated power system.

To investigate the effect of the current economic conditions
on the viability of a FESS for delivering the bespoke service,
a sensitivity analysis was performed to determine the highest
Total Capital Cost (TCC) at which the system could provide a
positive NPV. To do this, the availability payment was set as
£1.83/MW/hr in line with the average clearing price for 2023.
The TCC is then varied between £200/kW and £5,000/kW
and the results are shown in Fig. 19

Across a significant range of TCC values, all four differ-
ent FESS configurations can provide a significantly positive
NPV under these conditions. The highest threshold value is
£4,159/kW for a 5C system providing a positive NPV, which
means any system cheaper than this will produce in excess
of 8% return on investment. The lowest threshold on the
other hand is still a value of £3,364/kW for a 20C system.
In previous works the average TCC of a FESS has been found
to be £780/kW [3], and at this value the NPV achieved ranges
between £3.38m for a 5C system to £2.58m for a 20C system,
values which fall within the range expected from other studies
discussed earlier in this section. The 10C and 15C systems
achieve an NPV at £780/kW TCC of £3.08m and £2.75m
respectively.

Following on from this, the TCC of the system was set at
£780/kW, and the clearing price varied between £0.01/MW/hr
and £3/MW/hr to determine how resistant the designed
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FIGURE 19. Sensitivity analysis on varying FESS TCC and
C-Rate for bespoke response profile.

FIGURE 20. Sensitivity analysis on varying clearing price and
C-Rate for bespoke response profile.

profile would be to variations in the clearing price. The results
of this analysis are shown in Fig. 20.

Fig. 20 shows that a 5C system performing the profile
determined in Table 4 would produce a positive NPV at
any clearing price above £0.35/MW/hr, with a 20C sys-
tem requiring clearing prices above £0.43/MW/hr. The 10C
and 15C systems achieve a positive NPV at £0.37/MW/hr
and £0.41/MW/hr respectively. This shows that the designed
profiles would be able to provide a positive economic perfor-
mance even at much lower clearing prices than experienced
in recent years. This leads to the conclusion that there is
significant potential for a large range of FESS costs and con-
figurations that can be deployed to provide positive economic
results.

Finally, a sensitivity analysis was performed on the fre-
quency data utilised for this study. As in Table 5, frequency
data was used for years 2019 to 2023 with an NPV analy-
sis carried out for a FESS with a TCC of £780/kW and a
clearing price of £1.83/MW/hr. Fig. 21 shows that for the four
C-Rates studied, there is a small variation from year to year,

FIGURE 21. Sensitivity analysis on varying years of frequency
data for bespoke response profile with a TCC of £780/kW and
clearing price of £1.83/MW/HR.

with 2022 producing the largest NPV and 2020 producing
the smallest. The yearly variation for each C-Rate is mini-
mal, with the greatest variation between the minimum and
maximum NPV achieved being £0.17m for a 20C system,
whilst for a 5C system this variation is £0.05m. This suggests
that utilising different frequency data periods does not signif-
icantly impact the expected techno-economic performance of
the systems considered in this study.

VII. CONCLUSION AND FUTURE WORK
In this study, a novel FESS model has been introduced and
detailed, showing the modular arrangement that enables rapid
simulation of varying applications. This model has then been
utilised to design a bespoke frequency response service.
When considering a baseline 1MW/1MWh/1C sytem provid-
ing a 1MW service, a peak average availability of 99.89% can
be achieved when delivering the bespoke envelope detailed in
Table 3.

Subsequently, this response envelope has been investigated
for different FESS C-Rates. It has been shown that different
FESS C-Rates require slightly different response profiles in
order to extract maximum performance benefits. By using
these small modifications to the response profile, a 20C FESS
can achieve an average availability of 95%.

Finally, the economic implications were assessed showing
that a FESS delivering the bespoke profile can provide a
positive NPV up to a TCC of between £3,364 and £4,159
depending on the C-Rate of the system. Additionally, at the
current market TCC of a FESS and recent ancillary ser-
vice market conditions, a 5C FESS can provide an NPV of
£3.38m. The NPV that was achievable under varying sce-
narios was shown to be competitive with values found in
literature for BESSs. It was also shown that when delivering
the bespoke profiles, a 5C FESS could provide a positiveNPV
at a clearing price as low as £0.35/MW/hr.

The research presented in this study has the potential
to open up the frequency response market to a much
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wider range of energy storage mediums such as FESSs and
Super-capacitors than has been previously been suggested.
Future works should build upon these results, looking into the
potential impact on the stability of the grid from large-scale
deployment, as well as exploring bespoke profiles for other
storage technologies.
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