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A B S T R A C T

The percentage of generation provided by wind power sites is ever-increasing, bringing with it additional
challenges and benefits. An increasing number of wind generation sites in Great Britain are subject to export
limitation schemes (ELS) that ensure generation does not exceed the rated capacities of distribution network
infrastructure. This leads to reduced generation resulting in loss of revenue and increased costs. This export
limitation is exclusively performed on a site-by-site basis, in contrast to large-scale curtailment to meet national
distribution limits. This paper presents for the first time a study highlighting the increasingly common issue
of ELS restrictions and how the capacity factor at such sites can be enhanced by deploying Flywheel Energy
Storage Systems (FESSs). FESSs can enhance the system performance metrics by storing energy that would
otherwise be wasted and using this to increase the capacity factor of the site. In this paper, a novel model
is demonstrated by showing for the first time how a FESS can be utilised to enhance the performance of a
site subjected to export limitation. A FESS integration and sensitivity analysis performed on a 1MW wind
power site with varying degrees of export limitation in place show that the site could generate an additional
6.1–38.5MWh over the course of a year. Subsequent novel economic analysis of the installations showed that
the system is economically viable across a wide range of scenarios, increasing the Net Present Value of the site
by up to 1.25%. Finally, the performance of the FESS is compared to a Lithium-Ion Battery Energy Storage
System (BESS), highlighting the novel contribution of using a flywheel for this application by showing the
excessive cycling a BESS would experience and the knock-on effect this has on economic viability. This work
can have a significant impact on owners of distributed generation across Great Britain and beyond.

1. Introduction

Export Limitation Schemes (ELSs) are becoming increasingly preva-
lent within the Great Britain electricity market and fall under the
guidelines of Engineering Recommendation G100 [1]. They are used
when the rated export power of a distributed generation site could
exceed local distribution network limits, usually due to insufficiently
sized equipment such as transformers or distribution cables. Many new
wind and solar generation sites are choosing to construct installations
in excess of the local network limit and using ELSs to manage the output
until the local network is upgraded in order to avoid responsibility for
the costs of such upgrades [2]. The main technical specifications of
G100 are described below;

• The ELS must reduce the exported active power to less than or
equal to the agreed export limit within 5 s
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• The system must be fail-safe, both in terms of component failure

and inadvertent breaches of the export limit. This means that

if any component of the export limitation system fails then the

exported active power will be reduced within 5 s.

As the drive towards net zero emissions gathers pace, it is imper-

ative that renewable energy generation sites can be allowed to reach

their full techno-economic potential. With a wide range of companies

offering ELS services, this is commonly achieved in a variety of different

ways ranging from changing the turbine blade pitch to reduce power

capture from the wind to diverting portions of the generated power

into dump loads such as heaters [3]. However, these approaches waste

the extra energy that could have been utilised and decrease the overall

capacity factor of the site, something that could potentially be exploited

by introducing Energy Storage Systems (ESSs).

https://doi.org/10.1016/j.est.2023.107832
Received 12 January 2023; Received in revised form 30 April 2023; Accepted 22 May 2023

https://www.elsevier.com/locate/est
http://www.elsevier.com/locate/est
mailto:ahutchinson1@sheffield.ac.uk
https://doi.org/10.1016/j.est.2023.107832
https://doi.org/10.1016/j.est.2023.107832
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2023.107832&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Energy Storage 68 (2023) 107832

2

A.J. Hutchinson and D.T. Gladwin

The Capacity Factor (CF) is a common metric for measuring the
overall output of a generation site as a proportion of the theoretical
maximum that a continuous peak-rated output of the site would yield
and is calculated as given in Eq. (1) where 𝐸actual is the total amount of
energy generated by the site in MWh and 𝑃rated is the rated power of the
site in MW. Capacity factor has been used extensively as a metric for
improvements to generation sites throughout the literature [4–6]. CF
is one of the most crucial metrics for considering the viability of wind
generation sites, and the work contained here concentrates on increas-
ing this through the use of ESSs, thus increasing the techno-economic
viability of the site.

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝐸𝑎𝑐𝑡𝑢𝑎𝑙

𝑃𝑅𝑎𝑡𝑒𝑑 × 8760
(1)

Literature considering wind generation sites experiencing decreased
capacity factor [7–10] mainly studies the transmission based curtail-
ment of wind where the site is subjected to limitations based on grid
wide levels of electricity supply and demand. This is opposed to export
limitation, where site-specific local equipment sizing (for example,
the size of a local substation) leads to restrictions being placed upon
generation sites. Additionally, the export limitation is constant and is
not affected in any way by the levels of demand and supply on the grid,
with any site subjected to export limitation having their generation
capacity permanently reduced until such a time that local infrastructure
is upgraded. As this is an emerging issue, this paper seeks to highlight
the challenges that it presents and present a detailed assessment on how
energy storage can be used to mitigate its impact for the first time.

1.1. Motivation and impact

As renewable generation continues to reach record levels [11] local
distribution network operators (DNOs) are coming under increasing
pressure to manage local substation capacity. Fig. 1 shows an excerpt
Network Capacity Map for the largest DNO in the United Kingdom
(UK), Western Power Distribution (WPD) [12]. The image shows all
of the substations that do not have any capacity for generation to be
installed in excess of 1 MW. In total, 57% of the substations operated by
WPD are rated as ‘Red’ meaning a connection is unlikely to be achieved
without significant reinforcement.

This information suggests that this issue has the potential to cause
widespread difficulties for the expected rapid increase in distributed
generation sites across Great Britain. If the capacity is not available to
connect a site to the distribution network, then it is highly likely an ELS
scheme will be put in place to restrict the site output in order to allow
the installation to proceed. When considering the number of such sites
in Fig. 1, it becomes apparent that this is not an isolated issue.

Wind generation sites are often subject to large fluctuations in wind
speed and therefore the output of these sites is often highly volatile.
This volatility can cause the site to breach agreed export limits with
local distribution network operators (DNOs) or conversely not fulfil
the full generational potential of the site by setting the pitch to a
conservative value in order to prevent these breaches [9].

Fig. 2 shows how an ELS works in practice, limiting the export of
the site in real-time and preventing it from breaching the agreed limit.
In this example, a site is limited to an export level of 0.2 MW despite
being capable of generating power in excess of this, thus resulting in
a significant reduction in energy exported (14.2% less energy over the
course of the 4000s of operation in this example). When considering
different levels of export limitation, the more limited the system is as a
proportion of its maximum rated output, then the more potential for
increasing the overall Capacity Factor there is. This is due to more
excess energy being available for charging an energy storage device
to then subsequently be discharged when the output drops back below
the export level.

Export limitation on a local scale is only going to become more of
an issue as the demand for more distributed generation installation

increases. The UK Government is currently looking to loosen restric-
tions on the deployment of onshore wind [13,14] which will lead
to increasing levels of deployment of wind generation. This work
presents a timely investigation into allowing new installations to con-
sider additional methods to extract the maximum amount of value from
their existing or proposed generation site. It also allows previously
discounted sites to be considered for the deployment of new onshore
wind generation sites.

The key difference between the research presented in this paper
and the previous extensive body of work that has looked into wind
curtailment is that export limitation schemes are completely local with
no involvement in forecasting or receiving payments for having their
generation forcibly reduced. In essence, it represents a permanent
enforced decrease in the capacity factor of the site. This work repre-
sents a crucial and novel step in increasing the understanding of an
emerging issue and providing a viable energy storage-based solution
for mitigating their impact and raising the capacity factor back to the
intended levels.

1.2. Literature review

It is important to note that this research does not concern the
traditional view of wind curtailment, and whilst some of the principles
will be the same as this extensive body of research, the area of export
limitation on a local scale has received very limited prior research. This
is due to the fact it is still an emerging problem which will become
increasingly relevant as local DNO networks reach their capacities.

1.2.1. ELS mitigation
Of the literature available, a focus is found on strategies for invest-

ing in both DG and DNO network improvements such as found in [15],
which presents a modelling scenario where restriction rules, DNO
incentives and local renewable generators are balanced according to
the game theory principle. Whilst this is an interesting study and raises
some good points about the balance between various stakeholders,
there is no reference to ESSs which could be proposed as part of the
solution. A similar theme is found in [16] where energy trading be-
tween generation sites is proposed as a solution to reducing constraints
on local distribution networks, but once again there is no suggestion of
utilising energy storage to assist in reducing such constraints.

The main previous work in locally limited DG is discussed in [17]
which comments upon the fact that there has been very little explo-
ration of the issues faced by DG sites. It proposes smarter connection
schemes such as the Flexible Plug and Play scheme trialled by UK
Power Networks from 2012 to 2014, which concentrated purely on
connection-based innovation with no focus on deploying energy storage
to assist in relieving distribution-restricted issues beyond a limited
simulation trial [18]. This project was funded for almost £10 m back
in 2011, suggesting that there is significant commercial interest in
managing these issues. Clearly, there is a significant opportunity for
the investigation of the novel use of ESSs to alleviate local distribution
restrictions.

It should also be noted that whilst alternative solutions for alle-
viating local distribution restrictions are possible, this has not been
considered as part of this study. An example of this method of alle-
viation would be increasing the self-consumption of the site with a
process that can be controlled to utilise more power at times when
the export is above the limit. In addition, many studies investigate
ways of increasing the performance of a wind turbine itself such as
in [19], which will also impact upon the ability of wind generation
sites to maximise their capacity factor. However, in the case of the work
undertaken in this study, the turbine would still be subjected to an ELS
and hence these further gains in turbine output would still be limited
by the local distribution restrictions.

Another significant aspect that impacts the deployment of ELSs
is the Dynamic Thermal Rating (DTR) system. This system provides
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Fig. 1. WPD Network Capacity Map showing sites currently rated as ‘Red’ for a capacity of less than 1 MW.

Fig. 2. Example site output showing how ELS affects site productivity for a site limited
to a maximum export of 0.2 MW. The output with ELS exports 14.2% less energy.

the actual current carrying capacity of transmission lines in real-time,
allowing the capacity to be maximised according to environmental

conditions [20]. This study does not include this aspect instead focusing
on sites that have already been subjected to ELSs despite the use of
DTR, or due to aspects unaffected by DTR such as substation trans-
former capacity. Despite this, it is important to consider how ELSs and
the DTR system can complement each other to alleviate further issues.

The studies contained in [21,22] discuss the reliability of a wind-
integrated power system utilising DTR both with and without BESSs
respectively, showing significant improvements in reliability and al-
lowing greater penetration of wind generation. Additionally, [23] also
explores these issues by performing an optimisation on the topology
of a network accounting for the DTR system and BESSs and again
concluding that higher levels of wind generation can be integrated
into the grid when utilising these two aspects effectively. Finally, [24]
discusses peak demand matching utilising BESSs considering the DTR
system and demand response. This study shows that the combination
of technologies can extend the lifetime and reduce the required BESS
energy and power capacities whilst also improving the security of
supply.

Overall, it is clear that the usage of the DTR system is a key part of
the solution to allowing a higher level of wind penetration. Generally,
sites will be subjected to ELSs for a range of different reasons, and if
the primary reason is the transmission line capacity then the use of DTR
can be effective in removing the requirement for an ELS. However, this
work now concentrates specifically on sites that are already subjected
to an ELS and situations where the transmission line is not the limiting
factor. The work reviewed above, along with the work presented in
this study, can work in tandem to provide a more resilient grid, wider
deployment, and more effective utilisation of wind generation.

1.2.2. Energy storage systems for wind generation support

With so little previous work being conducted in the field of locally
drive export limitation, it is important to review the extensive works
undertaken in grid scale wind curtailment as this can help to inform
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and guide the decisions made on a local level. Additionally, the spe-
cific application of FESSs for increasing the capacity factor of a wind
generation site has received minimal prior investigation beyond being a
secondary objective in curtailment studies. Grid scale wind curtailment
in the U.K. is increasing, with more than £500 m spent on paying
wind farms to stop generating in 2021, a significant increase from over
£200 m in 2020 [25].

An important area to note is the work presented by [26], which
focuses solely on the control and operation of a wind turbine to directly
reduce curtailment by variation in torque control in tandem with pitch
angle modifications to good effect. Something that has not been dis-
cussed, however, is utilising this ability to vary the output of a turbine
in order to maximise the effect of an ESS being introduced, combining
the two methods to produce a better techno-economic solution.

In many studies, the aim of introducing an ESS to a wind generation
site is to smooth the power output of the site, an objective that aligns
well with restricting the output of a site to fall in line with export
limitations such as in [27–29].

Firstly, in [27], a BESS integrated with a wind generation site is
minimised in order to reduce costs and increase economic performance,
whilst maintaining the correct level of technical performance. It also
looks into the optimal topology of BESS installation at a large wind
farm, concluding that a BESS that is distributed throughout the site
rather than in one location is more effective. However, it neglects to
discuss the effect that operating this service has on the lifetime of the
BESS, which represents significant scope for further work in this field,
something this thesis will build upon.

Within [29], a FESS is utilised for wind power smoothing. This
study shows a significant benefit to utilising FESSs for wind smoothing
applications, although the smoothing achieved is minimal due to the
objective being more closely related to reducing the power spectrum
variance when exporting to the grid. Despite this though, it shows that
a FESS can effectively provide this type of support and thus warrants
further investigation in this chapter.

In [8], Battery Energy Storage Systems (BESSs) are assessed for the
mitigation of wind curtailment on a large scale and shown to be effec-
tive up to a ceiling cost of $780/kW, where anything above this cost
would not be economically viable. Recently, a study outlined a method
for determining the optimal size of a battery at the design stage of a
hybrid wind-battery system to compensate for power fluctuations [30]
but concluded that the lifetime under two different scenarios was 3–
6 years due to the cycle and calendar ageing rates, which would not
provide a viable economic return.

At a grid-scale level, the work in [7] shows that investment in
energy storage (in the form of an electrolyser) produces a significantly
quicker payback period than investment in the network infrastructure
suggesting there is a potential for economic benefits on a lower scale
as well as the grid level discussed in that study.

1.2.3. Flywheel energy storage systems
Responding to variations in wind power in the seconds-minute

range requires significant amounts of cycling from an integrated ESS,
as discussed previously in [31], with a small-scale wind generation
site shown to require a FESS to be subjected to 350–1000 cycles per
year. This high-intensity cycling would be detrimental to some forms
of energy storage that are more susceptible to cycle-based degradation
such as a BESS, however, a FESS can withstand cycles in excess of
100,000 across its lifetime [32].

For frequency regulation services, FESSs have been found to be a
more cost-effective solution than competitors’ lead–acid and lithium-
ion batteries when considering whole life cycle costs [33]. This is due to
FESSs being able to handle a higher number of cycles than other energy
storage mediums, thus reducing the number of replacements required
during the system lifetime that would incur additional costs. In [8], a
FESS was found to have an annualised life-cycle cost of less than half
of the equivalent cost for lithium-ion batteries.

Table 1
Selection of FESSs either commercially available or in development.

Manufacturer Max C-Rate Energy capacity
per flywheel

Power capacity
per flywheel

Amber kinetics 0.25 32 kWh 8 kW
OXTO energy 13 5 kWh 65 kW
Stornetic 23–65 2–2.3 kWh 60–120 kW
Vycon 240 0.52 kWh 125 kW

Flywheels suffer from a high self-discharge rate compared to other
energy storage systems [34,35]. In applications such as renewable
integration, this becomes less significant. Due to the rapid change of
state between charge and discharge, there are rarely occasions when
the flywheel will be ‘idle’ and hence a limited opportunity for it to
freely self-discharge.

Another key characteristic of FESSs is a high efficiency generally
quoted in excess of 90% and a wide operating temperature range,
both of which lend themselves to the rapid power variations and often
variable weather conditions of a wind generation site [36,37]. Existing
and upcoming commercialised flywheels have a wide range of both
power and energy densities, with selected manufacturers shown in
Table 1.

1.2.4. Application of flywheels
Previous works [31,37–44] have discussed various implementations

of a FESS into renewable energy generation scenarios with all reporting
a positive impact provided by the FESS. [31] provided an initial com-
mentary on a specific case study describing how varying sizes of FESS
could be used to support a site subjected to an ELS and showed that
significant reduction in breaches of the limit could be achieved. The
overview presented in [37] provides a detailed assessment of various
energy storage mediums for integration with renewable energy sources
and demonstrates that the ESS being introduced needs to be specifically
chosen for a given application to avoid negative impacts.

A MATLAB/Simulink simulation [40] shows an effective technique
of ensuring the power and voltage delivered to a load is constant
through flywheel power matching the inverse of the wind power de-
livered in a 30-second simulation and concludes that for short duration
and power quality applications, flywheels can be utilised.

A key challenge in the specification and integration of FESSs into a
wind generation system is ensuring that the chosen configuration will
provide appropriate benefits dependent on the system owners’ require-
ments, with previous studies determining that installing energy storage
in certain scenarios is not cost-effective [45] while some studies have
determined there to be value in introducing hybrid systems [46,47]. A
detailed economic analysis is therefore key in providing value to any
study, to lend context and a real-world perspective.

1.2.5. Economic analysis
A wide variety of studies have been performed to date which

combines both technical and economic analysis of energy storage tech-
nologies [48,49]. They enable the real-world benefits of introducing an
energy storage component into an existing system to be realised and
assessed.

The analysis in [49] specifically concerns energy storage systems
for wind generation sites and provides a techno-economic model for
Australian wind farms. The cost model portion has been produced to
both assess the overall cost of the ESS after 𝑛 years and also to provide
an indication of payback time for that ESS. However, the actual cost
model itself is not presented with only the results of the study being
shown.

Several other studies [50,51] include multiple cost elements of-
ten referred to with different terms such as PCS (Power Conversion
System), BOP (Balance of Plant, defined as the related infrastructure
required for the operation of the ESS such as transformers, foundations,
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cables etc.), storage cost etc. Cost items similar to these are often
quoted throughout the literature, often being encompassed within a
generalised ‘£/kW’ or ‘£/kWh’ figure for the overall ESS [32,33,50,52].

It is important to note the age of many of the available cost
studies to ensure that up-to-date values are referenced as some studies
with an excellent level of cost breakdown can now be considered to
be out-of-date due to advancements in technology and reduction in
costs [53]. It is therefore crucial to consider a range of economic values
to appropriately reflect the variability of these costs.

Net Present Value (NPV) is a metric that seeks to represent the value
of an investment by comparing the current value of cash inflow with
the present value of cash outflow [7]. NPV is calculated using a generic
formula (Eq. (2) and offers a standardised method for comparing the
profitability of an installation which is used widely across different
research areas [54–56]. It offers an easily comparable value for how
economically viable an installation will be under set conditions. The
return on investment required is controlled by changing the discount
rate 𝑑. In this study, the discount rate has been set as 5% in line with
figures used throughout literature [49,57–60].

𝑁𝑃𝑉 =

𝑁
∑

𝑛−1

𝐶𝑟𝑒𝑣𝑒𝑛𝑢𝑒

(1 + 𝑑)𝑛
− 𝐶𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 (2)

where 𝐶investment is the initial investment in the system, 𝐶revenue is
the yearly income (£), 𝑁 is the system lifetime in years and 𝑑 is the
discount rate.

Taking into account these examples, this study will be conducted
by analysing the economic impact of introducing a FESS into the wind
generation system in terms of total NPV Change (NPVC) compared
to the baseline NPV without a FESS and will be considered over a
lifetime of 25 years (𝑁=25 in Eq. (1)). Current literature places the
overall total capital cost (TCC) in £/kW of a FESS in the 500-2500£/kW
range [32,61–64] and a sensitivity analysis on how varying this TCC
effects the NPVC of different FESS systems will also be performed.

1.3. Novel contribution

For the first time, a detailed assessment of using FESSs to alleviate
export limitations caused by local distribution restraints is presented,
an issue that is widespread throughout the GB network and which
prevents wind generation sites from fulfilling their full generation
potential. This enforced capacity factor reduction can be countered
effectively with the results of the study presented here.

Whereas many previous studies regarding the integration of FESSs
with wind generation have looked at short-duration simulations mit-
igating second-to-second oscillations, this study contains a novel use
of extensive wind speed data to accurately model and simulate a FESS
providing capacity factor improvements to a wind generation site over
an extended period of operation for the first time, as well as showcasing
why cycle resistant storage such as flywheels holds an advantage over
storage mediums that are more susceptible to cycle based degradation
like BESSs.

Whilst there has been widespread work conducted in the field of
wind curtailment, there has been little to no activity in the field of
locally driven limitations. This is a significant issue that will only rise
further in prominence as distributed generation (DG) is further de-
ployed. By providing the means to counter these issues at an early stage,
this work represents a significant and timely overview of preventing
export limitations from stopping further DG from being introduced
to the grid. It can help unlock previously discounted sites for wind
generation deployment, and enhance existing sites not reaching their
full potential.

The financial benefits of utilising flywheels in this way are also pre-
sented for the first time. The work in this study can cause a significant
impact on the viability of generation sites across the UK and other parts
of the world.

1.4. Study overview

The key technical metrics that will be assessed within this study are
as follows;

• Capacity Factor Increase (CFI) — For this study, the CF for the
base site has been calculated followed by the CF for the site with
the ESS introduced. The CFI is then determined by calculated the
difference between the two values.

• Limitation Time Proportion (LTP) — The LTP represents the
amount of time that the wind generation site is limited under the
terms of the ELS as a proportion of the total operational time,
as shown in Eq. (3) where 𝑡limited is the duration of time that
the export is limited and 𝑡operational is the total time the system
is operational for. It can be used as a metric to determine how
the introduction of the FESS affects the duration of time the site
is operating without any restrictions.

• FESS Cycles — The total amount of cycles experienced by the
FESS, an important metric to monitor the lifetime of the sys-
tem which has been set as a limit of 100,000 cycles before
replacement for this study.

𝐿𝑇𝑃 (%) =
𝑡𝑙𝑖𝑚𝑖𝑡𝑒𝑑

𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙
× 100 (3)

In this study a 1 MW wind power site is investigated using
real-world wind data to simulate a year of generation in a MAT-
LAB/Simulink model as previously developed and discussed in [31,65].
The wind generation site has been modelled based on 4 co-located
turbines using the publicly available power curves of the WindTechnik
WTN250 [66].

The flywheel model has been developed in coordination with a
flywheel manufacturer using provided performance characteristics. A
sensitivity analysis is then conducted on the level of export limitation
the site is subjected to. This consisted of limiting the output by 5%, 10%
and 20% of the total site output. For instance, a 1 MW site subjected
to 20% export limitation would be allowed to export a maximum
instantaneous power of 0.8 MW. The technical performance of the
system is then assessed when varying the energy-to-power ratio of
the FESS, with three different power capacities considered (0.05 MW,
0.1 MW and 0.2 MW). Throughout this paper, FESSs that are specified
with different power or energy ratings are referred to as different FESS
configurations.

Energy to power ratio is referred to as C-Rate within this paper,
in line with the definition commonly used for Battery Energy Storage
Systems. C-Rate is defined as in Eq. (4), where 𝑃ESS is the power rating
of the ESS in MW and 𝐸ESS is the energy rating of the ESS in MWh.
This value is varied between maximum C-Rates of 1C and 20C.

𝐶𝑅𝑎𝑡𝑒 =
𝑃𝐸𝑆𝑆

𝐸𝐸𝑆𝑆

(4)

Subsequently, an economic analysis is performed to evaluate the
viability of introducing the FESS in terms of real-world benefit. The
income generated by the site has been set as 6 pence per kWh in line
with available data from both existing wind generation sites consulted
as part of this study, and publicly available information [67]. With the
current energy picture being uncertain, this value has been chosen as a
conservative option in order to produce a more robust set of results.
This is an important metric to consider as it can provide guidance
to flywheel manufacturers about the specifications that they will be
required to design products to in order to participate in different
markets.

To demonstrate how the system operates within MATLAB/Simulink,
Fig. 3 shows the simulation output for a 20% limited site, with a 5C
0.2 MW FESS installed to assist with export limitation.

The FESS is seen to be charging whenever the site output power
is exceeding the ELS threshold until it reaches its SOC high limit, at
which point the remaining excess power will be dissipated by an ELS
panel. The FESS then discharges when the output power falls below the
agreed export limit.
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Fig. 3. Example simulation output for ELS site simulation showing (a) Wind Speed (b)
Site output without any ELS scheme in place (c) Site output with ELS and integrated
FESS (d) FESS output power (e) FESS SOC.

Fig. 4. Limitation Time Proportion (%) for different levels of limitation and FESS sizes
over a range of C-Rates including baseline without any FESS for each limitation level.

2. Technical analysis

A sensitivity analysis was performed over a range of C-Rates for the
three power capacities and varying levels of limitation. The first of the
three technical criteria to be assessed is LTP.

2.1. LTP assessment

The results of the LTP assessment are shown in Fig. 4. This metric
gives a good idea of how much the FESS is operating for a given set of
conditions and how sensitive the system is to changes in C-Rate (and
therefore energy capacity as the power is fixed).

From Fig. 4 it is clear that for all three levels of limitation, a
significant reduction in the amount of time spent being limited can be
achieved. It is also clear that regardless of the level of limitation, the
lower C-Rate configurations perform best but then plateaus rapidly to
suggest that increasing the C-Rate further does not have a significant

Fig. 5. Cycles per year experienced by the FESS for different levels of limitation and
FESS sizes over a range of C-Rates including baseline without any FESS for each
limitation level.

detrimental effect on performance, implying that the application could
be taken on by a wide range of flywheel specifications.

When the site experiences a smaller degree of limitation, then the
impact of introducing a FESS becomes more apparent suggesting that
the more oversized the generation in relation to the site export limit,
the less potential there is for improving the site performance through
this method. From a baseline of 8.47% LTP, introducing varying sizes
of FESS reduces this to between 1.23% and 5.10% LTP. At the lowest
point, the LTP of 1.23% suggests that the site is almost operating to
its full potential. Even for higher levels of limitation, there is still a
significant reduction available by using a FESS, with the 20% limitation
level showing a reduction from 15.3% to a range of 10.24% to 13.74%
depending on C-Rate and rated power.

Interestingly, in areas where the energy capacity is equal but with
different configurations (for instance a 4C 0.1 MW FESS has the same
energy capacity as a 2C 0.05 MW FESS) the higher power system
performs better, as a 2C 0.05 MW FESS at a limitation level of 5%
shows an LTP of 3.78% whilst the 4C 0.1 MW FESS at the same level
of restriction has a LTP of 3.57%. This shows that whilst the energy
capacity is important, a higher power rating also allows the system to
contribute more effectively.

2.2. Cycle life assessment

In Fig. 5 the total amount of cycles that the FESS is subjected to
per year is shown. From the literature review, it was found that a FESS
can commonly withstand at least 100,000 cycles before the end of life
whilst in some cases can be subjected to significantly more.

Considering the results with this in mind, it is clear that under
all but 3 of the simulated scenarios, the FESS will not come close to
reaching 100,000 cycles over a 25-year lifetime. However, the three
configurations with a 0.05 MW flywheel would reach between 106,950
and 110,925 cycles within 25 years of operation. Even with these
values, it is likely that a modern FESS would be able to be designed to
withstand these levels of cycling as 100,000 cycles is generally quoted
as the lower threshold of allowable cycles.

2.3. CFI assessment

The final metric to be discussed is CFI. This can give a good
indication of the effect that the changing levels of limitation have on
the overall CF of the site, and will subsequently lead to how much more
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Fig. 6. Capacity Factor Increase (%) for different levels of limitation and FESS sizes
over a range of C-Rates.

income the site can generate. The results of this study are shown in
Fig. 6

The relationship between CFI and the C-Rate of the system repre-
sents different degrees of inverse relationship depending on the level of
limitation and energy capacity installed. However, there is a complex
balance between these two metrics and the technical operation of
the FESS, meaning that within the curve there are some areas where
steeper-than-expected drops or rises in CFI occur from one C-Rate to
the next.

For all of the studied FESS configurations and limitation levels, the
CFI decreases as the C-Rate is increased with a significant decrease
when comparing low C-Rate systems to higher C-Rate ones. However,
after an initial rapid decrease in CFI as the C-Rate is increased from 1C,
all of the configurations experience a plateau where further increasing
of the C-Rate does not result in a significant reduction in CFI, suggesting
again that a wide range of FESS configurations can be suitable for
this application. Additionally, as limitation is increased, all systems
experience immediate reductions in the CFI that they provide although
this feature is again more prominent at lower C-Rates than higher ones.

It is interesting to note that whilst the 0.2 MW FESS achieves the
two best CFI results under the 20% and 10% limitation scenarios, it
is then the 0.1 MW FESS under the 20% and 10% limitation scenarios
that produces the next best results rather than the 0.2 MW FESS under
5% limitation. This suggests that the 5% level of limitation does not
contain a sufficient duration of time where the export is limited to
provide scenarios where the FESS is justified.

At its peak, a CFI of 0.44% can be achieved. Whilst the numbers for
these increases appear small, considering the scale of the site the value
becomes clear. A capacity factor increase of 0.44% for a 1 MW site
would result in an additional 38.5 MWh of generation over the course
of a year. The lowest increase of 0.07% would lead to an additional
6.1 MWh of generation over the course of a year.

3. Economic analysis

In order to verify the real-world viability of the systems being
analysed, an economic analysis was conducted. This economic analysis
is based upon comparing the baseline NPV of the system without an
energy store, and the new NPV after the system has been installed
calculated as shown previously in Eq. (2) over a period of 25 years.

The income generated by the site by exporting energy has been set
at a rate of £0.06/kWh in line with available data from both existing
wind generation sites consulted as part of this study, and publicly
available information [67].

Fig. 7. NPV change for varying FESS and site configurations across a range of different
C-Rates with discount rate of 5% and TCC of £500/kW.

3.1. Initial assessment

For the initial assessment, the Total Capital Cost (TCC) was set at
£500/kW along with a discount rate set at 5%. This TCC has been set
to provide an initial baseline result, with the TCC then varied to show
the ranges of values for TCC that should be targeted by manufacturers
in order to provide an economically viable product. The NPV change
was then calculated for each C-Rate as shown in Fig. 7. The TCC is then
varied to show the ranges of values for TCC that should be targeted by
manufacturers in order to provide an economically viable product.

It is important to consider how the changing C-Rate will affect the
NPV of the site. As the TCC is calculated in terms of £/kW, the kW
rating of the site is determined by multiplying the kWh rating and C-
Rate of the FESS. Thus, an increased C-Rate will lead to a higher power
rating for the same energy capacity, impacting the NPV of the site.

It is clear that the lower end of the C-Rate spectrum creates the most
favourable increase in NPV, before beginning to plateau around the 4–
10C range depending on the configuration being assessed. Across the
range of C-Rates studied, the level of limitation and energy capacity has
a significant impact on which C-Rate will provide the most significant
economic benefit, with the following configurations representing the
greatest increase at the given C-Rate ranges;

• 1C-2C - 0.2 MW FESS (20% limited)
• 3C-7C - 0.1 MW FESS (20% limited)
• 8C-13C - 0.05 MW FESS (20% limited)
• 14C-20C - 0.05 MW FESS (10% limited)

These results are particularly interesting, as it shows that in the
lower C-Rate ranges the larger FESS systems are more favourable, as
well as there being a greater advantage from higher levels of limitation.
However, as the C-Rate is increased the picture changes until at 11C a
lower level of limitation coupled with the smallest FESS power rating
becomes the best-performing configuration. Again these results show
that at this TCC a wide range of different FESS configurations can be
introduced to add value to a site.

However, the picture is not uniformly positive. The 0.2 MW FESS in
a 5% limited system fares particularly badly with only a 1C and 2C FESS
providing a positive NPV change under these conditions. Additionally,
the other two levels of limitation for a 0.2 MW FESS fall into negative
NPV change at different points. Here then we have at one end of the
spectrum a 0.2 MW FESS (20% limited) providing the biggest NPV
increase but at the other end providing a negative change to NPV
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Fig. 8. NPV change for a 0.2 MWM FESS installed at a site limited by 20% based on varying levels of discount rate and TCC for (a) a 1C system (b) a 5C system (c) 10C system
(d) 15C system (e) 20C system.

highlighting the fine line between positive and detrimental effects from
deploying energy storage systems. It is therefore key that they are sized
and deployed correctly to ensure positive outcomes.

3.2. TCC sensitivity analysis

Following this a TCC sensitivity analysis was conducted for the
0.2 MW FESS under 20% limitation, varying the TCC between £200/kW
and £2500/kW and varying the discount rate between 2% and 10%.
The results of this are shown in Fig. 8.

Firstly, consider the varying levels of TCC. An increased TCC will
lead to a lower NPV, with this effect being increased further should the
ESS being studied require replacement during its operational lifetime.
This has a significant impact on the overall level and direction of
NPV change compared to the baseline. If the TCC could be reduced
to as low as £200/kW then the change to NPV would be positive
regardless of the required discount rate or indeed C-Rate. However, all
of the discount rate combinations for £2000/kW and above result in
exclusively negative NPV changes.

An interesting point to note is that the lower the TCC gets the
less vulnerable the system is to changes in discount rate. Taking the
1C system as an example, the £200/kW TCC only varies by 0.176%
between its highest and lowest NPV change whilst the £2500/kW
TCC varies by 3.21%. The discount rate, therefore, becomes a more
important metric as the TCC of the system is increased.

Whilst the NPV increases are generally small, they still represent
a positive impact and are dependent on the level of economic return
that site owners require, as well as the level of risk they are willing
to accept. These results provide the foundation for further analysis in
this field, looking into increasing the impact of ESS deployment and
enhancing the economic impact.

4. Alternative energy storage economic assessment

The most widely deployed energy storage devices behind pumped
hydro energy storage are Li-Ion BESSs [68]. It is therefore prudent to
analyse their economic performance for this application to determine
whether the FESS can provide a legitimate advantage over the generally
cheaper and more commonly deployed Li-Ion BESS.

Fig. 9. NPV change for varying BESS energy capacities under differing levels of export
limitation.

For this assessment, the BESS C-Rate was set as 1C to represent the
most common type of system configuration with the energy capacity
varied between 20 kWh and 200 kWh. The same simulations were
then conducted as in the previous section, with the TCC of the BESS
set as £400/kWh in line with current industry economic conditions,
representing the whole TCC including aspects such as battery cells,
power electronics and integration costs.

Fig. 9 shows the results of this study. Across the range of capacities
studied and over all three levels of export limitation the BESS will
actually cause a negative economic impact on the site apart from under
a small number of specific combinations. This is in sharp contrast to
the results from the FESS study, where multiple different combinations
experienced a positive NPVC across the entire range of C-Rates studied.

When deployed in the lowest level of export limitation, the BESS
does not provide a positive NPVC under any configuration. This is
because the additional income generated does not outweigh the cost
of multiple replacement systems being required over the operational
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Fig. 10. Years of operation before BESS would need replacement due to excessive
cycling.

lifetime due to excessive cycling. Under the 10% limited scenario, the
BESS provides a positive NPVC for energy capacities of 90–110 kWh
and 130–150 kWh, whilst in the 20% scenario a positive NPVC is
provided for 150 kWh and 180–190 kWh. Even when the NPVC is
positive, the peak value achieved is 0.09%, much lower than many
values achieved by the FESS.

Rather than the smooth exponential lines from Fig. 7, the NPVC for
the BESS configurations studied fluctuates significantly as the energy
capacity is increased. This is due to the balance between additional
income from the extra capacity and additional costs from the number
of cycles experienced by the system. Fig. 10 shows the number of years
that the BESS will be operational before requiring replacement.

Clearly, this application places a significant strain upon a BESS
which results in a reduced lifetime. As previously discussed in Sec-
tion 2.2, it is likely that all of the FESS configurations studied would
not need replacement during the 25-year operational lifetime. This is
the key area in which the FESS is shown to be a superior energy storage
medium for use in this application.

However, there are specific scenarios under a 10% and 20% level of
limitation in which a BESS will outperform a FESS. At a 10% limitation
for example, a 140 kWh BESS will outperform a 0.2 MW FESS rated
from 8C and above whilst at a 20% limitation, a 150 kWh BESS will
outperform a 0.2 MW FESS rated from 11C and above.

5. Conclusion

A novel application of FESSs has been introduced and analysed from
both a technical and economical perspective. The scale of the issue
that this work seeks to address has been highlighted, showing how
this application has the potential to generate additional income for
thousands of new and existing sites across GB. Flywheels are ideally
suited to perform this service due to their rapid response time, high
power capabilities and resistance to cycle-based degradation.

In terms of technical performance, increases to the overall capacity
factor of the site can be achieved up to 0.44% for a 1 MW site being
limited by 20%. Additionally, the duration of time that the site is export
limited for can be reduced dramatically under a wide range of FESS
configurations and operational restrictions. The FESS is also shown to
experience a number of cycles that it is more than capable of handling
over the system’s lifetime.

In terms of economic performance, a peak increase to the NPV of
the site of 0.85% was achieved at a £500/kW TCC whilst a sensitivity
analysis conducted shows that the relationship between the discount

rate and TCC and the effect this has on the economic viability of
introducing a FESS. The key takeaway from this section is that as
the TCC is reduced the effect of increasing discount rates on the NPV
change is reduced. From the analysis conducted it is clear that aiming
for a TCC of £500/kW in the short term with an aim to reduce this as
low as possible will provide the greatest range of options for deploying
varying configurations of FESS.

It was also shown that whilst a BESS can provide a positive NPVC
to the site, it can only do so under narrow and specific conditions, in
sharp contrast to the wide range of configurations where a FESS can
provide a positive economic impact. This has been shown to be due to
the excessive cycling required of the BESS for this application, resulting
in lifetimes ranging between 3.2–13.9 years before replacement is
required.

Future work should concentrate on applying these generalised re-
sults to specific case studies, along with performing further analysis on
how larger-scale sites are affected by this issue.
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