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Energy storage systems (ESSs) are a potential solution to the rising issues of electricity price volatility and
curtailment of British wind energy. This study performs an extensive and knowledge graph supported
investigation into 47 potential wind farm ESS co-location sites. While all ESSs achieved payback due
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Broader context

Throughout the globe energy systems and networks are undergoing a monumental transition. A vast expansion of variable renewable energy (VRE) generation
from wind and photovoltaic solar lies at the centre of this change. The British grid is no exception to these trends, with vastly expanded VRE capacity
(particularly from wind) there have also been increased difficulties for the transition network (despite expansions) and energy market. An increased adoption of
battery energy storage systems (BESSs) is one potential solution to address these difficulties. If the integration of increased VRE generation into the grid cannot
be addressed, then market challenges such as price volatility, and network challenges which may result in curtailment will hinder the uptake of VRE, and by
extension require demand continue to be met by energy technologies with poorer environmental impacts. By techno-economically studying the viability of ESS
attachments at British wind farms, a greater understanding of the environmental impacts of these storage systems and their role in the energy network may be
achieved. This of importance to not only the academic community, but also to industry and energy policymakers who are presently investigating the role of
expanded energy storage systems in many of their proposed transition pathways.

1 Introduction

To meet their climate objectives, various countries including
the United Kingdom (UK) have undertaken an energy
transition." Historically, this has included the expansion of
variable renewable energy (VRE) generation infrastructure. In
the UK, onshore and offshore wind has accounted for the
primary VRE source; a trend which is projected to continue.?
To compensate for the increasing use of non-dispatchable
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generation, an expansion of energy storage systems (ESSs) is
included in these expansion forecasts.

Throughout this expansion, transmission curtailment has
grown as a source of energy loss in Britain, preventing the
export of particularly Scottish wind power to the grid. Curtail-
ment and grid stability in high VRE environments are examined
across a variety of countries.’ Mitigating these losses through
interconnection, storage, or the conversion of otherwise cur-
tailed energy into heat or hydrogen have all been suggested as
potential solutions.? Without dispatchability or compensation,
periods of high VRE penetration and lower prices (due to
cannibalisation®) lower the financial returns of VRE sites. To
later export energy which would have been curtailed or exported
at a low price, numerous British wind farms expect to construct
co-located ESSs.°

While the topic of VRE expansion has been widely investi-
gated, the effect on prices and price volatility varies
between case studies.”” "> Based on the comparative timing of
VRE penetration relative to demand peaks, for example, an
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investigation of Germany and Denmark found increased renew-
able penetration to have resulted in increased price volatility in
the former country, but not the latter."® In Britain, price
volatility has increased in recent years for a number of reasons,
with VRE (particularly wind) penetration being greater during
periods of lower energy price; which presents an opportunity
for arbitrage."*™'°

British wind energy curtailment is clearly documented, and
is concentrated in Scottish wind farms; primarily due to trans-
mission constraints.'*'” Were this energy to be stored, it may
later be exported to generate additional revenues and poten-
tially displace emissions intensive generation.'®'® This pro-
vides an economic and environmental incentive to potential
ESS attachments in addition to the potential for arbitrage.

On a national level, such as in the UK as a whole, expansions
of storage are determined to be a requirement of increased VRE
penetration,”®* though comparative studies suggest signifi-
cant national differences.>® Large scale studies also recom-
mend expansions of storage technology.’*>® These may
investigate shorter or longer term storage, though lithium-ion
technology presently dominates over’® competing battery
chemistries.’® This is to the extent that particular attention
has been paid to the supply chain, and economy of scale
recycling of lithium-ion batteries.** Other technologies of
note in these studies include hydro, hydrogen/ammonia,
geothermal, biomass, and compressed air.®*3*3> Further
demand scheduling and related approaches include electric
vehicle (EV) charging, smart industry, household applications,
and renewable fuel production.*®™*°

As ESSs are often planned, and have their energy returns on
investment calculated on a site by site basis, studies are also
performed on an individual farm basis; including in Britain.®*'
Current literature examines curtailment mitigation for Scottish
wind farms (Whiteley and Gordonbush).*" By only investigating
a limited number of sites, the investigation of broader trends
remains an open question. Large scale investigations into ESS
model input factors such as price volatility and geospatial
curtailment, however, identify trends of their own.*>

A larger scale analysis which considered a variety of wind
farms would be required for such an inquiry. This scale would
extend to the number of farms, their placement onshore or
offshore, their locations in Britain given regional influence on
transmission constraints which cause curtailment,** and the
flexibility of their modelling such that both price arbitrage and
curtailment mitigation are permitted. The investigation of ESS
attachments throughout Britain would therefore be of great
interest to examine the potential for storage solutions.

This paper performs a study of this scale. Using a knowledge
graph framework, this investigation accordingly expands upon
existing literature by considering 47 wind farms throughout
Britain for comparison. A linear optimisation model for battery
attachments, a common approach in power modelling,* is
used to determine the economic returns of co-located storage
units. Using a flexible methodology which permits both price
arbitrage and curtailment mitigation, this study provides an
integrated investigation into ESS behaviour. These results are

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science

used to determine the economic viability of wind farm co-
located ESSs.

By specifically considering the replacement of marginal
generator emissions from the imbalance market, this paper
develops and utilises a decarbonisation estimation method
suitable to the investigation of individual site ESS attachments;
where existing literature may instead make assessments on an
aggregate or bus network basis, but is comparably lacking in
site specific analyses.***> This method is calculated on a site
specific basis, and applied to curtailment reductions. The
purpose of this study is therefore to determine the economic
and decarbonisation performance (via curtailment reduction)
of ESS attachments throughout Britain. From these results,
broader trends are investigated and limitations are discussed.
Leading wind farm co-location sites are identified with
respect to payback time and decarbonisation (via curtailment
reduction).

2 Literature review

A variety of storage technologies exist to compensate for VRE
non-dispatchability by meeting imbalances, arbitraging price,
and lowering curtailment. Depending on the specific applica-
tion desired, different ESS types may be more suitable. For
example, the viability of different storage methods may depend
on the storage timescale (short term vs. long term); from an
energy return on investment perspective.*®*”

2.1 Storage data in Britain

In Britain national assessments consider different storage
durations,”***° while site specific analysis focuses on short-
term storage.*’ Curtailment, price, and export data is provided
by the Balancing Mechanism Reporting Service (BMRS) on a
site specific basis, with a half-hourly time resolution.'* ¢ A
knowledge graph framework will be used to facilitate BMRS
data and ESS modelling.

2.2 Storage technologies and British installations

While electro-chemical ESS types, such as lithium ion batteries,
will likely be well suited to this application, a review of other
storage technologies will be performed for completeness and to
define a clear scope for this investigation. These will be
discussed in the context of short (daily) and long (seasonal)
term storage solutions. Parameters of the selected technology
types will be used as inputs by this paper’s ESS model.

For rapid response times, capacitor, superconducting mag-
netic, and flywheel energy storage systems exist,”>*® though
electro-chemical batteries are more common. The chemistry of
these include lead acid, lithium ion, sodium (e.g. NaS, NaNiCl),
and redox flow (e.g. V-Redox, ZnBr, Zn-air) types.*’

Lithium ion batteries are the most commonly deployed
design in the context of VRE co-located storage. The UK
Government’s Renewable Energy Planning Database includes
entries for co-located battery units.® Here, lithium ion batteries
are extensively used as the ESS technology type of choice.>*™>®
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The capacities of these batteries vary from 0.1 to 40 MWh, with
a size of 1 MWh being the most common.

Other solutions exist to fulfil longer term (larger scale)
storage requirements. In Britain re-pumped hydro is the most
widely used.>® Further technologies include compressed air,
hydrogen (made from water or natural gas, using electrolysis,
thermolysis, etc.), and synthetic natural gas energy storage.”*>”
Ammonia conversion may also be used to expand the applica-
tions of hydrogen storage (including with VRE co-location);** >
though this is more applicable to seasonal storage or long
distance fuel transport via shipping.®***

In addition to the aforementioned planned lithium ion
attachments, large volumes of hydro storage also exist in
Britain.”> Their placement, however, is more geographically
restricted, and thus these reserves are more suitable to long
term, rather than the short term co-location applications this
paper will focus on. Co-location not only particularly suitable to
addressing curtailment (especially curtailment resulting from
grid constraints),*’ but is also recommended by a Monte Carlo
simulation by the University of Exeter, which concluded co-
location to result in more uniform storage device operation.®®
British Wind Farm and ESS studies may be conducted on a site
specific basis,*"** or with a simulated grid.®® Various curtail-
ment and frequency control studies focus specifically on site
specific investigations.*"®”®® Furthermore, the dispatch of
wind farm co-located ESSs, such as into the balancing market,
is also studied on a site specific basis.®

Research from ETH Zurich, using IEA data, confirms the
dominance of lithium ion and pumped hydro outside of the UK
as well. By comparison far more negligible shares were found
for vanadium redox flow, lead-acid, and sodium-sulfur bat-
teries, as well as compressed-air and other storage types.*° This
was projected to continue (with increasing lithium ion invest-
ment in net and proportional terms) through to 2030.%° Speci-
fications of these storage technologies were also provided, and
are broadly consistent with previous literature such as that
summarised by Cardiff University in a review of their own.>*
Capital expenditure figures therein also fall within the price
ranges of cost specific projections by MIT and the National
Renewable Energy Laboratory.”®”*

2.3 Storage specifications

Given the literature’s indication of the clear suitability of
lithium ion to wind farm co-located storage applications in
Britain, the specifications of these co-attachments should be
determined. Numerous sources exist which provide ESS
specifications.>***7>7* Those from the aforementioned ETH
Zurich study shall be primarily used.>® The optimal depth
of discharge (DOD) and charge/discharge rate are obtained
from a recent Nanyang Technological University publication
(Table 2.1.1 therein).”> While the battery size is configurable,
the earlier discussed most common size of 1 MWh shall be
used.® Specifications are as follows:

e Size: 1 MWh.°

e Charge/discharge rate: 0.5C (i.e. 2 hours for full charge/
discharge).”
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View Article Online

Paper

e Efficiency: 95%.%°

e Lifespan: 12 years, and 4996 cycles (at optimal DOD

e Optimal DOD: 80%.”*

e Cost: 316000 USD per MWh.*® Using the 2021 USD/GBP
exchange rate of 1.162995,” this is 271712 GBP per MWh.

The above efficiency will consider round-trip and inverter
losses, but not transmission or distribution losses. As ESS
attachments will be co-located, it is assumed that all transmis-
sion and distribution losses will only occur after energy is
exported from a site, as would be the case if it were simply
exported from a wind farm directly.

For the purposes of economic modelling, a discount rate of
10% will be used, as is consistent with existing literature.”
Future investigations should also be aware of the potential for
falling costs,”® though this paper will use the above existing
battery specifications from recent literature. Changes in the
market prices of future years would also impact these results as
this modelling assumes market exposure to live prices.

)‘30

3 Methodology

Individual, market exposed, 1 MWh co-located ESS attachments
will be modelled for numerous British wind farms. Policy
makers may consider these in isolation, or as a component of
a larger ESS attachment or storage strategy. ESS specifications
will be as per Section 2.3, however, a broader framework exists
to facilitate data collection, along with the behaviour of the
simulated ESSs themselves.

3.1 Wind farm and market data

The Balancing Mechanism Reporting Service (BMRS)'® reports
extensively on British energy and energy market data. This
includes market data such as energy prices and bidding,"*””
as well as generator data such as exports,” curtailments,"* and
further unit data.>® Time series data is therein reported at a
half-hourly frequency. Using EIC data,”® and validating using
background information from DUKES,”® this information is
mapped and stored in a knowledge graph. The capacity and
installation of these farms varies, so for the sake of this paper
2021 wind farm information for mapped sites with capacities
>50 MW was used. This resulted in a selection of 47 wind
farms throughout Britain.

3.2 Emissions intensity rates

Emissions rates will be used in the analysis of the imbalance
market, and displaced emissions intensities. National Grid ESO
reports on UK emissions by generation type. These are used to
determine the marginal seller’s emissions intensity rate and are
shown in Table 1.2°7% A forecasting partnership between
Environmental Defence Fund Europe, WWF, and National Grid
ESO, using Met Office weather data, provide a summary of
these emissions intensities.®* Emissions intensities (such as
that of the imbalance market) are calculated via the propor-
tional contribution of the generation types’ carbon intensities.

This journal is © The Royal Society of Chemistry 2023
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Table 1 (UK) National Grid ESO Emissions Intensities®*
Fuel type Carbon intensity (gCO, per kW h)
Biomass 120

Coal 937

Gas (Combined cycle) 394

Gas (Open cycle) 651

Hydro 0

Nuclear 0

Oil 935

Other 300

Solar 0

Wind 0

Pumped storage 0

French imports Approx. 53
Dutch imports Approx. 474
Belgium imports Approx. 179
Irish imports Approx. 458

While this study utilises generation emissions in accordance
with the reporting of the above sources, it should be noted for
future investigations seeking to investigate lifecycle emissions,
that more sources may be considered. These include upstream
emissions from mining and extraction, including the emission
of more potent greenhouse gasses such as methane. Emissions
associated with the mining, refining, and manufacturing of
ESSs may also be of interest. Due to its shorter time-span, these
sources fall out of the scope of this investigation, but are still
noteworthy.

3.3 Knowledge graph framework

A knowledge graph approach is used to create digital twin ESS
models. Digital twins may be used to model changes in the real
(base) world.”” Data to and from these simulations may
be organised via a knowledge graph, including in ESS
applications.®

By using this unique approach a variety of data sources and
agents may be coordinated, allowing more sophisticated ana-
lyses to be performed. In this manner data on electricity
exports, electricity curtailment, electricity price, and the speci-
fic station or generators supplying this energy is collected and
stored. This is combined with further information on batteries
and emissions taken from other sources. Finally, an intercon-
nected ESS agent is utilised to simulate ESS attachments. The
outputs of this simulation serve as the basis for this investiga-
tion’s conclusions.

This paper proposes two main data framework expansions
to facilitate its analysis.

The first of these is a representation of the output (export
and curtailment) of energy/power. This may be seen in Fig. 1.

Fig. 1 displays an ontology structure which breaks down
generated electricity in terms of:

e Generation infrastructure: power plants may consist of
multiple power generators, which generate electricity. These
may be identified based on their registered resource names
(RRNs) or energy identification code (EICs).

e Generated electricity: this generation is split into its active
and reactive components, which may be quantified in terms of
power or energy.

This journal is © The Royal Society of Chemistry 2023
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e Curtailed/exported electricity: active power/energy (as
equivalent data isn’t known or required by this investigation
for reactive power/energy) is further divided into curtailed and
exported sub-classes.

e Stored data: the values of this generated electricity are
stored as time-series datasets with associated units. This
includes curtailed and exported electricity values, which inherit
these properties as sub-classes.

Secondly, the properties of the ESS attachment may also be
represented, as is shown in Fig. 2. This builds upon the
ontology developments of prior literature.®® Fig. 2 stores infor-
mation for energy storage systems and a broader energy system
(with respect to its point of grid connection) in terms of:

e Energy system (grid connection):

- Energy flows: energy exported (negative if imported)
is defined for energy systems as a time-series dataset, with
defined units.

- Contract: the remaining properties are defined in terms of
an energy contract. These include export/import limits (with
units), and export/import prices (time-series datasets with
units).

e Energy storage system:

- Energy storage system properties: a variety of properties
are defined for energy storage systems including capacity,
efficiency, charge/discharge limits, and minimum/maximum
states of charge. Where applicable these have defined units.

- Energy storage system time-series values: energy discharge
(negative value when charging) and the state of charge are also
defined. These have defined units and have their values stored
as time-series datasets.

3.4 ESS model

A linear optimisation model is created using Python’s PuLP
library.?® Using time series data (half-hourly) for the energy
price, wind farm energy exports, and wind farm energy curtail-
ments, the revenue maximising behaviour of the ESS is calcu-
lated. ESS configurations (see Section 2.3) are also required as
inputs. This model was run on fortnightly windows for the year
of 2021 for each wind farm to schedule their charging and
discharging. A full year was selected given the significance of
price and price spread seasonality between summer and winter
months. The configuration of this model is as follows.

3.4.1 Objective. The objective of the optimisation is to
maximise financial returns as per the function:

n
obj: >l x EFT —mt x B (1)

n=1

where:

e The set of time instances are defined as ¢t € T, from ¢t =1 to
t = n, with ¢ = 0 being the time-step prior to the set over which
the optimisation occurs (time periods in this investigation
being half an hour in length);

e ¥ and =§ are price of buying and selling energy at time
t, and,
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Fig. 1 Ontology of generated power/energy. Boxes represent categories/items while the colour coded lines between them represent instances/

relationships.

o E5% and E¥Y are respectively the purchased/injected
energy volumes into the grid (MWh) at time ¢.

3.4.2 Energy balance. To ensure the conservation of
energy, inflows and outflows must be matched, as is described
by the following equation:

0 :E%d + E;gdf +E§ss+ _ E?SS7 +E\t/re _ Ei _ Eg

(2)

where:

o E{*" and E{**” respectively represent energy (MWh) dis-
charged/charged by the storage system at time ¢;

e E/™ symbolises the variable renewable energy (VRE) output
(MWh) at time ¢ (in this study, these are from onshore and
offshore wind farms), including curtailments as per output =
export + curtailment;

o E! represents the load (MWh) at time ¢ (local loads were
not attached to any ESS, so these are all 0 in this investigation,
though the model was designed as such for future
investigations), and,

4024 | Energy Environ. Sci., 2023, 16, 4020-4040

e I represents energy curtailed at time ¢ (MWh), specifically
the model output, rather than the initial level of curtailment
before the addition of the attachment.

3.4.3 State of charge. The energy values balanced in eqn (2)
are ‘grid side’ (or system side), rather than ‘ESS side’. The state
of charge (SOC) of an ESS unit (‘ESS side’) is subject to the
inefficiencies of charging and discharging. This SOC is calcu-
lated as per the below equation:

SOC; = SOC,_y + (n°°°7 x Ef*™ — Ef*'In®%") x 100/E°* (3)

where:

e SOC, denotes the ESS’s state of charge (%) at time ¢;

e 1" and °*°” respectively symbolise the ESS discharge/
charge efficiency (factor), and,

e E° is the ESS storage capacity (MWh).

Initial and final states of charge are defined, and set to equal
one another (SOC,, = SOC.,,).

3.4.4 Limits. Various limits are also enforced for the mini-
mum and maximum values permitted for variables. These are
listed below.

This journal is © The Royal Society of Chemistry 2023
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ESS flow limits are:

Ss+ €SS
0 < E* < Emax

(4)
(5)

where ESS charge and discharge limits (MWh) are defined as
Emin and Es
State of charge (SOC) limits are:

0 < Ef™ < Eqnh

SOCSS, < SOC; < SOCSS,

(6)

where minimum and maximum states of charge (%) of the ESS
(used to enforce optimal DOD) are SOCg, and SOCqia,.
Grid limits are:

0 < E¥" < EBL,

(7)
(8)

where the grid import/export limits (MWh) are E&%, and ES%,
respectively. This limit is not reached in operation (with
curtailments being handled separately), however it is still
enforced.

3.4.5 Conditional mathematical formulation. While EY
from eqn (2) represents the calculated curtailment level after
the optimisation of ESS behaviour, the pre-ESS attachment level
of VRE curtailment (MWh) at time ¢ is represented as E;"°. In

0 < E¥ < E%,

This journal is © The Royal Society of Chemistry 2023

this study, these curtailments are from onshore and offshore
wind farms.

For each time period ¢, if curtailment exists (E{/*° # 0), then
an additional grid constraint is enforced. Under this constraint,
the new amount exported from the system cannot exceed the
previous amount exported during the period of curtailment
(EY™® — E[™), i.e. curtailed energy can either be stored by the
ESS during this time period, or continue to be curtailed. This
yields the following constraint:

0< E§d+ _ E%cl— + E;/re o E\t/reC).

)

3.4.6 Further configuration in mathematical formulation.
The ESS model also has further configuration, such as the
ability to disable charging of the ESS from the grid. Given the
significance of curtailment to this study, which is highly
influenced by transmission constraints, the ESS shouldn’t
place additional strain on the grid for simplicity. Furthermore,
this study is particularly interested in ESSs as co-located
attachments, rather than independent units which charge
and discharge from the grid to smoother price or demand. As
such a constraint is required. This constraint ensures the ESS
cannot charge by more than the amount of energy produced by
the wind farm to which is co-located:
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0 < E{™ + E{*" — Ef*S~ (10)

It is recommended that the impact of <0 energy prices be
validated, particularly in studies without limitations such as
that described in eqn (10). For example, ESS degradation may
be encouraged by repeatedly charging and curtailing (which
may not be an intended behaviour).

Furthermore, during periods of 0 GBP energy prices, all
energy which can be exported, is exported (to prevent distor-
tions in results from a financial indifference between curtailing
or exporting during these periods). Finally and most impor-
tantly, for the effect of the ESS attachment to be properly
understood, simulations are run with and without (no capacity)
an ESS. This is because the ESS script would save money by
curtailing exports during periods of negative price (which could
occur), which would be counted as a financial gain, even
though the ESS is not responsible for it. By running the model
with and without an ESS, the results/returns specifically from
the ESS may be determined.

Using this methodology, an ESS model is created which
maximises financial returns. These financial returns are gen-
erated via the export of energy from the site (wind farm and/or
ESS), with curtailment subsidies or fees not being considered.
This model is run with and without an ESS to determine
changes made by its co-location with the wind farm, as opposed
to other motivated changes by the model. Potential additional
strain on the grid by charging the ESS from the power network
is prohibited, with co-location being the topic of interest, and
permitted export levels are capped at their current levels during
periods of curtailment. Using the outputs of this simulation,
the financial returns, and curtailment reductions resulting
from the ESS attachments are calculated. An example run using
sample data may be found in the ESL¥

4 Results

For the 47 selected British wind farms and other datasets such as
price and marginal generator type, figures are obtained for the year
of 2021. To determine the effect of adding an ESS, systems with and
without an attached ESS are compared for the differences in their
outputs to be obtained. Results may be divided on the basis of
flows (comparative systems inflows and outflows, with and without
an ESS), payback (comparative system returns, with and without an
ESS), and emissions (emissions intensity in the imbalance market,
in which the ESS will operate).

4.1 Flows

The ESS model was run for the year of 2021 to simulate a
1 MWh ESS attachment on the wind farms listed in Table 2.

Geographic site locations may be found in the ESI.{

While later analysis will consider financial gains and emis-
sions reductions from simulated installations, these initial
results will simply display the net flow differences between
running the model with and without an ESS for each wind
farm. ESS behaviour was optimised to maximise financial
returns, which are achieved through two means.

4026 | Energy Environ. Sci., 2023, 16, 4020-4040
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Table 2 For UK wind farms in 2021 this table displays the inefficiency
losses from arbitrage (charging, discharging, conversion), curtailment
reduction gains (otherwise curtailed) subject to losses, and their net effect,
due to the attachment of a 1 MWh co-located ESS at each site

Farm Loss Gain Net
Name (MWh) (MWh) (MWh)
Aberdeen —69.2 0 —69.2
Arecleoch —66.51 26.22 —40.29
Baillie —66.19 50.22 —-15.97
Beatrice —69.88 64.18 —5.69
Beinneun —67.28 1.96 —65.32
Bhlaraidh —61.28 66.04 4.75
Blackcraig —70.05 0.82 —69.23
Black Law —57.97 22.25 —35.73
Black Law II —51.45 24.63 —26.82
Barrow —71.39 2.78 —68.61
Burbo Extension —72.32 10.14 —62.18
Braes of Doune —60.02 51.86 —8.16
Berry Burn —69.21 51.52 —17.68
Corriegarth —59.64 48.51 —11.13
Clyde (Central) —69.32 30.56 —38.76
Clyde (North) —69.47 38.78 —30.69
Clyde (South) —66.54 24.58 —41.96
Crystal Rig II —58.46 6.38 —52.07
Dudgeon 1 —78.22 0 —78.22
Dersalloch —64.65 41.9 —22.75
Dunmaglass —66.4 32.22 —34.18
East Anglia One —79.59 16.89 —62.71
Fallago Rig —67.87 27.18 —40.69
Galawhistle —57.34 22.94 —34.39
Gunfleet Sands 1 & 2 —73.93 2.46 —71.46
Greater Gabbard —79.62 5.24 —74.38
Griffin —58.91 58.93 0.02
Hadyard Hill —63.23 19.72 —43.51
Humber Gateway —75.55 11.19 —64.36
Hornsea 1 —78.84 21.85 —56.99
Harestanes —62.25 34.59 —27.66
Kilbraur —63.35 59.95 —3.4
Kilgallioch —66.86 59.63 —7.23
Lochluichart —61.09 38.29 —22.8
Millennium —63.29 45.28 —18.01
Mark Hill —63.92 13.65 —50.26
Race Bank —76.58 12.56 —64.01
Rampion —76.56 0 —76.56
Robin Rigg East —63.34 0 —63.34
Robin Rigg West —63.86 0 —63.86
Stronelairg —69.8 28.76 —41.03
Strathy North —61.48 87.99 26.51
Whitelee —67.25 36.89 —30.36
Walney 1 & 2 —74.93 2.46 —72.47
Walney 3 —72.05 21.65 —50.4
Walney 4 —68.34 21.68 —46.66
Westermost Rough —77.25 4.1 —73.15

The first is to charge during periods of lower energy prices
and export during periods of higher energy prices, i.e. arbitrage.
Due to the charging and discharging of the ESS this incurs
losses due to inefficiency of the battery. An efficiency loss due to
price arbitrage, however, is not inherently negative, as may
promote price stabilisation, mitigate dispatchable fossil fuel
use in the imbalance market, or enable the expansion of wind
energy infrastructure by lowering the risk of cannibalisation.

The second mechanism for increasing revenues is to charge
the ESS using curtailed energy. As with energy exports, energy
curtailments are also recorded for the year of 2021. Instead of
curtailing wind energy, this may instead be stored for later

This journal is © The Royal Society of Chemistry 2023
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export. By doing so the system may export more energy than it
otherwise would have. Both the systems with and without the
ESS were permitted to curtail energy to ensure a fair test in
comparing their financial results (i.e. if the plant exported
during a period of negative price by default, this was permitted
to be curtailed by the non-ESS system, as financial benefits due
to this curtailment in the ESS system would be the result of
permitting curtailment, rather than due to the ESS attachment
itself).

View Article Online

Energy & Environmental Science

In Table 2 only the Strathy North, Bhlaraidh, and Griffin
wind farms obtained a net positive energy output to the grid
due to prevented curtailment losses exceeding price arbitrage
operation efficiency losses. These three wind farms unsurpris-
ingly had the respectively largest curtailment rates for 2021. A
net gain or loss does not explicitly imply a positive or negative
ESS performance, but rather gives an indication of the relative
price stabilisation vs. curtailment reduction roles performed by
an ESS attachment. Conversely, wind farms without recorded

Greater Gabbard
East Anglia One
Hornsea 1
Dudgeon 1
Westermost Rough
Rampion

Race Bank
Humber Gateway
Gunfleet Sands 1 & 2
Walney 1 & 2
Burbo Extension
Barrow
Blackcraig
Walney 3
Whitelee
Aberdeen

Clyde (Central)
Beinneun

Clyde (North)
Arecleoch
Stronelairg
Fallago Rig
Walney 4

Clyde (South)
Berry Burn
Kilgallioch
Robin Rigg West
Mark Hill
Dunmaglass
Robin Rigg East
Baillie
Dersalloch
Hadyard Hill
Millennium
Harestanes
Kilbraur

Crystal Rig Il
Black Law

Braes of Doune
Lochluichart
Bhlaraidh
Beatrice

Strathy North
Corriegarth
Griffin
Galawhistle
Black Law Il

Wind Farm

o

20 40

60 80 100 120 140

2021 Revenue Increase (Thousand GBP)

Onshore Scotland

I Offshore Scotland

I Offshore England/Wales

Fig. 3 2021 revenue increases modelled for an ESS attachment at various wind farm sites. No Onshore England/Wales wind farms are considered in this

paper.
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curtailment instances in 2021 had no curtailments to mitigate,
and thus only arbitraged price.

4.2 Returns

The revenue increase estimated by the model is calculated for
the wind farms from Table 2. These increases, due to ESS
attachments, are displayed in Fig. 3.

These returns differ on a site by site basis. Relatively lower
curtailment English/Welsh offshore wind farms tend to be the
best performers. A breakdown of these factors is performed in
the ESI.T While these factors (onshore vs. offshore, Scottish vs.
English/Welsh) can’t fully explain the differences between
individual wind farms on a site specific level of granularity,
some broad trends are observed.

As was noted with respect to Table 2, the role of price
arbitrage tends to be more significant than curtailment
reduction. Given that the ESS may only charge using locally
generated energy, which is more consistently produced by
English/Welsh offshore wind farms (enabling more opportu-
nities for price arbitrage), these sites generate superior returns.
Conversely, Scottish sites (which tend to be curtailed at higher
rates) generate lower returns (though predictably higher cur-
tailment reduction as noted in Table 2).

4.3 Emissions intensity

ESS participation in energy market could be as a marginal
seller, due to its dispatchability. To identify the emissions
reduction potential of this partial involvement the emissions
intensity of this market for the examined year of 2021 should be
determined. By mapping the majority of marginal sellers in the
market, categorising them by type (Fig. 4), and applying the
pollution levels (Table 1), this may be determined.

The most common marginal seller, and therefore generation
type to be displaced if marginal selling was instead performed

Gas
87.9%

View Article Online
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by an ESS, is combined cycle gas. The emissions intensity of gas
is 394 gCO, per kW h. By comparison, the average marginal
seller emissions rate is 396.45 gCO, per kW h.

Specific emissions rates may be determined on a site by site
basis. When an ESS exports energy into the grid, the marginal
seller type in the imbalance market (which sets the spot price of
energy from the grid due to being the marginal generator, and
may similarly be regarded as a marginal emitter which the ESS
may displace) may be recorded. A breakdown similar to that of
Fig. 4 may be performed, but on an ESS specific basis rather
than for the entire grid. Thus, emissions reduction intensities
may be estimated for each ESS attachment. More detail is
provided in the ESL}

Fig. 5 displays a breakdown of the marginal seller type
during periods of ESS export. This may be used to determine
site specific emissions (reduction) intensities; used later. The
average composition across sites is 83.49% gas, 4.47% coal,
11.63% hydro, and 0.41% wind. This results in an average
emissions (reduction) intensity of 370.84 gCO, per kW h. Site
specific intensities used for later analysis are noted in the ESL
This lower rate compared to the marginal seller average
(though still significantly greater than that of the overall energy
market) is primarily due to the higher proportion of hydro as
the marginal seller when the ESS exports energy into the grid.
These trends hold for each specific site.

In Fig. 5 the higher rate of hydro marginal selling during
periods of ESS export, compared to the average rate of hydro
marginal selling in imbalance market, may be seen. Using
these results, Fig. 6 displays the emissions intensity of the
average marginal seller for each site. As mentioned earlier, each
of these may be seen to fall below the average marginal seller
emissions intensity, due to attachments being more likely to
export during periods of hydro marginal selling (which has a 0
2CO, per kW h emissions intensity). While hydro (e.g. pumped)

.50/

——  \\/ind

Coal

Hydro

Fig. 4 Percentage of the time each generator type was the marginal seller in the imbalance market in 2021.

4028 | Energy Environ. Sci., 2023, 16, 4020-4040

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01355c

Open Access Article. Published on 05 August 2023. Downloaded on 3/30/2026 7:10:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Paper

View Article Online

Energy & Environmental Science

Aberdeen
Arecleoch
Baillie

Beatrice
Beinneun
Bhlaraidh
Blackcraig
Black Law

Black Law Il
Barrow

Burbo Extension
Braes of Doune
Berry Burn
Corriegarth
Clyde (Central)
Clyde (North)
Clyde (South)
Crystal Rig Il
Dudgeon 1
Dersalloch
Dunmaglass
East Anglia One
Fallago Rig
Galawhistle
Gunfleet Sands 1 & 2
Greater Gabbard
Griffin

Hadyard Hill
Humber Gateway
Hornsea 1
Harestanes
Kilbraur
Kilgallioch
Lochluichart
Millennium
Mark Hill

Race Bank
Rampion

Robin Rigg East
Robin Rigg West
Stronelairg
Strathy North
Whitelee
Walney 1 & 2
Walney 3
Walney 4
Westermost Rough

Wind Farm

0 20

40 60 80 100

Marginal Seller Type during ESS Export Period (%)

e Gas

[ Coal

B Hydro EEE Wind]

Fig. 5 Marginal seller type (percentage of the time) during the ESS exports at each site. These percentages are labelled for each type besides wind (to

save space), though these may be seen in the ESI.{

is used for longer term storage applications than batteries,
some competition evidently exists between the dispatching
recommended by this model, and actual hydro deployment in
the grid as the marginal seller.

5 Analysis

As the primary focus of the ESS model is to maximise financial
returns from ESS attachments, the returns of these ESSs should
be analysed in terms of estimated payback. Furthermore, given

This journal is © The Royal Society of Chemistry 2023

the emissions breakdown and data from the imbalance market,
emissions reduction may also be considered.

5.1 Aggregate curtailment mitigation

By summing the results of Table 2 by country you obtain the
results shown in Table 3. Though Scottish figures are broadly
higher on account of the scale of built capacity, it is clear that
proportional Scottish curtailment mitigation is far higher,
owing to a higher (percentage) rate of curtailment which may
be abated.
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Fig. 6 Estimated imbalance market emissions intensity during ESS energy export periods for each wind farm gCO, per kW h. Energy imbalance market
average (396.45 gCO, per kW h) is marked by the blue line. Overall energy market average (200.06 gCO, per kW h) is marked by the red line.

5.2 Payback

Given the revenue increase results from Section 4.2, do any of
these attachments achieve payback, and if so, how long does
take? For 2021 a 1 MWh ESS was estimated to cost 271,712 GBP,
meaning no ESS would achieve payback within the studies year
alone. If the year of 2021 is repeated, with revenues subject to a
10% annual discount rate, then the payback of the attachments

4030 | Energy Environ. Sci., 2023, 16, 4020-4040

may be estimated. Literature used to obtain specifications™
notes lithium-ion batteries to have a 12 year and 4996 cycle
lifespan (at optimal DOD, which was taken to be 80%,”> and
which the model enforced). If payback cannot be achieved
within these limits, then it is not achieved. By maximising
returns, the ESS model used by this paper primarily addresses
the lifespan constraint by achieving payback as quickly as

This journal is © The Royal Society of Chemistry 2023
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Table 3 Summed results of Table 2 by country

Loss Gain Net
Country (MWh) (MWh) (MWh)
Scotland —2117.36 1116.43 —1000.89
England —1055.17 133 —922.16

possible. The cycle limit, however, may still be taken as a
constraint for its own consideration.

Payback times are given in Table 4. Here, all ESS attach-
ments are shown to achieve payback. All but three of these do
so in 3000-3500 cycles, and all but two do so in 2-3 years.
Attachments with higher returns (Fig. 3) naturally obtained
faster paybacks (which the model attempts to minimise),

Table 4 Number of years/cycles to achieve ESS payback by wind farm
site

Farm Name Years to payback Cycles to payback

Aberdeen 2.31 3250
Arecleoch 2.33 3168
Baillie 2.48 3343
Beatrice 2.64 3754
Beinneun 2.33 3195
Bhlaraidh 2.64 3301
Blackcraig 2.27 3242
Black Law 2.61 3086
Black Law II 3.99 4167
Barrow 2.24 3252
Burbo Extension 2.22 3261
Braes of Doune 2.61 3206
Berry Burn 2.39 3365
Corriegarth 2.68 3256
Clyde (Central) 2.32 3278
Clyde (North) 2.33 3294
Clyde (South) 2.38 3222
Crystal Rig II 2.56 3049
Dudgeon 1 2.05 3252
Dersalloch 2.50 3295
Dunmaglass 2.42 3269
East Anglia One 2.03 3274
Fallago Rig 2.34 3245
Galawhistle 3.18 3719
Gunfleet Sands 1 & 2 2.11 3168
Greater Gabbard 2.01 3247
Griffin 2.71 3263
Hadyard Hill 2.51 3244
Humber Gateway 2.10 3216
Hornsea 1 2.04 3258
Harestanes 2.52 3202
Kilbraur 2.56 3310
Kilgallioch 2.39 3262
Lochluichart 2.62 3272
Millennium 2.51 3249
Mark Hill 2.41 3150
Race Bank 2.07 3225
Rampion 2.07 3217
Robin Rigg East 2.43 3142
Robin Rigg West 2.41 3143
Stronelairg 2.34 3320
Strathy North 2.64 3310
Whitelee 2.31 3156
Walney 1 & 2 2.16 3288
Walney 3 2.29 3360
Walney 4 2.37 3294
Westermost Rough 2.06 3227

This journal is © The Royal Society of Chemistry 2023
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however as a result there is no strong trend between a quick
payback and a payback in the minimum number of cycles.

As such, quick paybacks (primarily due to price arbitrage)
are noted for all attachments, though this is contingent on the
limiting number of cycles specified for attachments. The spe-
cifications of this limit, however, vary between sources, so
although the specifications taken from literature an inputs
for this analysis proved sufficient, these results would vary
based on advised changes in ESS specifications including their
performance and lifespan.

5.3 Emissions change

In the context of this investigation, a reduction in the carbon
intensity of the energy system may be achieved primarily
through the reduction of fossil fuel use. ESS operations in the
imbalance market are noted to overwhelmingly displace gas.
This may occur through either of the two functions facilitated
by the ESS: price arbitrage, and curtailment reduction.

The broader effects of price arbitrage, and its price stabilis-
ing behaviour (and potential complementary role alongside
existing and new VRE deployments via reduced cannibalisa-
tion) are not investigated in this analysis. Instead, this paper
investigates ESS performance on a site by site basis, thereby
focusing instead on the returns generated by arbitrage rather
than secondary effects. Other impacts, such as the impacts on
hydro storage behaviour via the disproportionate competition
with battery attachments, also fall out of the scope of this study.
Curtailment reduction, however, may be more directly under-
stood on a site by site scale.

Emissions reductions estimated by this paper, therefore, are
calculated using the site specific emissions rates from Section
4.3 and the wind farm curtailment reductions from Section 4.1.
Due to similarity across sites in the results of Fig. 6, these
reductions are primarily the result of the volume of curtailment
reduction. These estimated emissions reductions may be seen
in Fig. 7.

The emissions reductions shown in Fig. 7 refer only to
reduced curtailment volumes multiplied by the average imbal-
ance market emissions intensities for each ESS. The decarbo-
nisation role of ESSs is much more extensive, with this study
focusing on direct and site specific flows (such as curtailment
reduction).

5.4 Site recommendations

Battery attachments perform two main roles in this analysis:
price arbitrage, and curtailment reduction. Price arbitrage
stores generated energy to be exported during another time
period, incurring inefficiency losses, but generating the bulk of
financial returns (increasing system returns). Curtailment
incurs these same inefficiency losses, but on energy that could
have otherwise been wasted entirely (increasing exported
energy volumes).

The sites where battery attachments have most increased
financial returns or system exports, differ. This may be visually
represented by mapping the top 10 sites with respect to the
criteria of shortest payback time, and emissions reduction via
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Fig. 7 2021 carbon emissions reduction via curtailment mitigation, using site specific emissions displacement intensities, as determined by the
difference between an ESS which can and can't charge using curtailed energy.

curtailment mitigation. Fig. 8 displays these sites alongside
operation/under construction wind farm battery attachments.
These operation/under construction ESSs are taken from the
Renewable Energy Planning Database® list, where numerous
‘Co-located with RE’ batteries are listed for wind, solar, hydro,
and biomass. Of these, those co-located (or planned to be) with
wind farms were used.

Other assets are also provided by this database, such as
rejected batteries, and ESSs in earlier stages of planning.
Energy storage projects which are not co-located with genera-
tors are also provided. This analysis, however, does not permit

4032 | Energy Environ. Sci., 2023, 16, 4020-4040

ESSs which increase demand (i.e. charge from the grid), and as
such only co-located batteries (which may charge from the wind
farms to which they are attached) are considered.

Fig. 8 shows the leading curtailment reducing (and by
extension, directly CO, mitigating) ESS co-location sites to be
in Scotland. Conversely, the batteries which achieved the
quickest paybacks are located off the English/Welsh coast.
When examining constructed, or under construction ESSs
which are co-located with wind farms, however, deployments
can be seen to have been made in both locations (though there
only 5 examples).
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Fig. 8 The markers on the map show the top 10 model recommended locations for 1 MWh ESSs to be collocated with wind farms. These
recommendations are determined based on sites with the greatest CO, reduction (from exporting otherwise curtailed energy) and quickest payback
times (partially achieved via the export of otherwise curtailed energy, but primarily from price arbitrage). Constructed and under construction co-located
battery attachments with wind farms reported externally are also displayed.®°° Circle markers are scaled by ESS size (with modelled ESSs all being
1 MWh). Offshore wind farm ESSs are shown on site, while in practice they may be placed near a coastal point of connection.

For ESSs co-located with wind farms in 2021, however, two
key clusters are visible. In England/Wales, ESSs co-located with
high capacity factor offshore wind farms had more opportu-
nities to arbitrage energy prices. Note that ESSs in this study
were permitted to charge only from their co-located generators.
Given that price arbitrage was found to be more economically
significant than curtailment reduction, these sites achieved the
quickest payback times.

In Scotland, where more curtailment exists, so too is there
more curtailment reduction. The financial benefit of exporting
curtailed energy was less significant than price arbitrage,
though these farms also achieved payback. In three instances,
curtailment reductions were high enough to exceed energy

This journal is © The Royal Society of Chemistry 2023

losses from battery inefficiency. This is despite most ESS
operations being the result of charging and discharging due
to price levels, rather than charging using curtailed energy. ESS
curtailment reduction at Strathy North, Bhlaraidh, and Griffin
was therefore significant enough, in a price optimising model
framework, to result in a net increase in energy exports. For the
remaining sites, storage behaved more typically, by dispatching
in response to price, but at a loss due to inefficiency.

5.5 Further curtailment analysis

Given the significance of regional curtailment differences in
determining which farms achieved greater emissions reduction
rates via curtailment mitigation, the curtailment rates are
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provided in Fig. 9. Here curtailment rates are graphed using
data obtained from BMRS, as well as from the Renewable
Energy Foundation. Given that Moray East and Beatrice consist
the vast majority of offshore Scottish wind capacity and fall
within onshore Scottish curtailment rates, it can clearly be seen
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that Scottish wind farms exhibit higher rates of curtailment
(onshore or offshore).

More detail on curtailment, with respect to geographic site
placements and differing curtailment rates in different sources,
may be found in the ESL
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Table 5 Annual Return of ESSs of different sizes (Thousand GBP per
MWh)

Name 1 MWh 2 MWh 3 MWh 4 MWh
Greater Gabbard 144 143 143 143
East Anglia One 143 143 143 142
Hornsea 1 142 142 142 142
Dudgeon 1 141 141 141 140
Westermost Rough 141 141 140 139
Race Bank 140 140 140 139
Rampion 140 140 139 139
Humber Gateway 139 138 137 136
Gunfleet Sands 1 & 2 138 137 137 136
Walney 1 & 2 135 135 134 134

5.6 ESS size sensitivity

Batteries sized at 1 MWh were selected as these are the most
common size in practice.*° It is important, particularly for the
sites recommended for payback time in Fig. 8, that this does
not have a distortions effect on ESS returns.

Table 5 displays the payback per MWh for these sites.
Results therein are extremely consistent, with only minimal
diminishing returns observed. This indicates modelled ESSs
were suitably sized for the purposes of this study, with ESS size
not distorting the results. As costs are linear, these differences
similarly have a negligibly effect on payback times.

6 Discussion

By evaluating the performance of ESS attachments to UK wind
farms this study assesses the viability of batteries on a site by
site basis. By modelling a variety of these sites for the year of
2021, recommendations were made based on the ability of ESSs
to generate an economic return and reduce curtailment. Clos-
ing discussion is warranted with respect to the comparative
economic and environmental impacts of these batteries, as well
as consideration of the limitations of this study and how future
investigations may expand upon this research.

The output of these economic dispatch simulations are
analysed with respect to their economic and environmental
impacts. Opportunities for economic returns are made possible
by price arbitrage and exporting (selling) otherwise curtailed
energy at a later time. For economic returns, and therefore
payback, price arbitrage was more significant. Emissions
reduction is made possible by the combination of curtailment
reduction and the emissions intensity (determined from imbal-
ance market marginal selling) of displaced generation. With
emissions intensities being relatively similar, curtailment
reduction volumes are the most significant factor for these
carbon emissions reductions via marginal generator
displacement.

6.1 Economic performance

Due to significant economic returns from price arbitrage, all
ESSs achieved payback. Depending on the farm this was
possible in 16.75-33.25% of the quoted 12 year battery
lifespan.*® Though cycles were simply taken as a limit, with

This journal is © The Royal Society of Chemistry 2023
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quicker payment times being optimised for by the model, as a
consequence of maximising returns, it should be noted for
completeness that payback was achieved in 61.03-83.41% of
the quoted 4996 cycle limit (at the model’s enforced 80%
DOD’?).

Given the significance of deferring wind energy exports
during periods of lower energy prices, to periods with higher
energy prices, exploiting these fluctuations has been the main
source of ESS returns. While returns were generated by redu-
cing curtailment, these were less significant from price arbit-
rage returns, to the extent that English/Welsh offshore wind
farms, which have some of the lowest curtailment rates,
achieved the fastest payback times. ESS performance is there-
fore primarily dependant upon price volatility providing oppor-
tunities for price arbitrage.

6.2 Environmental performance

As this paper focused on the investigation of individual sites,
the broader effects of ESS implementations are not investigated
as thoroughly as their direct effects. This topic is particularly
complex with respect to emissions reduction, with this paper
focusing on curtailment reduction. Certain conclusions, how-
ever, are drawn from the modelling performed by this study.
Given the dispatchability of batteries, their exports are consid-
ered with respect to the imbalance market. By considering the
average emissions intensity of the marginal seller in the imbal-
ance market, the emissions displacement for ESS exports is
estimated. These rates are found to be considerably higher than
the emissions intensity of the overall market, as would be
expected given the greater fossil fuel use in the imbalance
market. Compared to the average emissions intensity of the
imbalance market, however, their emissions intensities are
lower due to competition with hydro (which also serves an
energy storage role in the grid). Finally, these emissions inten-
sity rates are broadly consistent with one another.

ESSs are broadly used for demand and price smoothing in
grids, rather than to directly increase energy levels. Given the
ability of attached ESSs to reduce curtailment, however,
increased exports made available via curtailment reduction
represent a direct increase in system energy output volumes.
These volumes were used to determine the emissions reduction
(via curtailment reduction) potential of each site. In three cases
this effect was significant enough for ESS attachments to result
in net energy volume export increases. In the remaining cases,
however, while curtailment reductions could occur, losses from
price arbitrage exceeded curtailment reduction. While the
environmental impacts of this smoothing fall outside this
paper’s scope, which investigates emissions reduction via low-
ered curtailment in particular, their study is recommended in
the context of future techno-economic VRE construction
examinations.

6.3 Price arbitrage vs. curtailment reduction

As is summarised in Fig. 8, Scottish sites exhibited greater
curtailment reduction and thus direct emissions displacement
on the imbalance market, while English/Welsh installations
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achieved quicker payback times by having more opportunities
to arbitrage the energy price. By performing both roles, ESSs
otherwise incapable of achieving payback by only performing
curtailment reduction could achieve payback using the returns
from price arbitrage.

Taking the ESS which accomplished the greatest curtailment
reduction, Strathy North, for example, payback from curtail-
ment reduction alone would be insufficient. Strathy North
reduced curtailment by 87.99 MWh, with an average export
price of 168.81 GBP per MWh. If this were repeated for its
12 year lifespan at a 10% discount rate then it would only
return 39.23% of its initial investment cost, i.e. payback would
not be achieved. An average export price of 430 GBP per MWh
would instead be required to break even using exclusively
curtailment mitigation. By simultaneously performing the role
of price arbitrage, payback was instead achieved in 2.64 years.

6.4 Future investigations

While this paper’s individual site focus provides detailed and
granular results using real market data, broader effects of
battery installations fall out of scope. Investigating these effects
using market and farm data would therefore be of great
interest, particularly in determining the potentially diminish-
ing returns of battery installations. Analysis in other applica-
tions such as providing ancillary services would also be of
interest, as this can be both lucrative for ESSs and work in
conjunction with wholesale operations. Forecasting, and asso-
ciated markets (futures, day-ahead, pre-dispatch, etc.) would
also be of interest such that the role of uncertainty is better
understood.

This analysis concluded ESS installations would dispropor-
tionately compete with hydro-power in the imbalance market.
Just as cannibalisation remains a topic of interest for future
energy expansions, so too would this competition (with hydro,
as well as batteries and other ESSs such as hydrogen, ammonia,
compressed air energy storage, etc.) also be of interest. Though
storage technologies dispatchable, as price smoothing would
be an expected consequence of increased competition for price
arbitrage, this may affect the payback times of battery units.
Individual units modelled in this study were of a smaller
1 MWh size, but at larger scale these effects, such as lowering
the peak spot prices of electricity would be expected to become
more pronounced.

In addition to further modelling the economic impact of
increased ESS applications in the imbalance market, the envir-
onmental consequences of price smoothing would also be a
topic of future interest. If price smoothing reduced VRE price
cannibalisation, for example, then it may enable further VRE
expansion. Depending on the emissions opportunity cost of
charging and discharging the battery, the lower emissions
intensity scheduling of nuclear, hydro (or other, technologies),
may also be facilitated such that net emissions were reduced
despite losses to battery inefficiency. This paper, however,
focuses on ESS scheduling and its role as a marginal seller,
rather than broader changes in the expansion of or scheduling
of other technologies. The environmental impacts of price
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arbitrage (positive or negative) are not assessed by this study,
with only curtailment reduction being considered. As such the
quantification of these questions in a market data framework
remain of continued interest as generation and market changes
continue.

Given the framework of this study permits both price
arbitrage and curtailment reduction, ESSs may only be placed
on site, and may only be charged from their local sites to
minimise potential transmission constraint problems caused
by these systems, particularly with respect to curtailment con-
cerns. Studies with access to grid constraint data may consider
placement options which are not co-located, or which charge
externally. While this paper investigated lithium-ion batteries,
given their projected dominance in existing literature, other
existing and future technologies would still serve as a possible
direction of expanded inquiry.

Finally, while this paper uses a uniquely extensive volume of
data in its investigation of British wind energy storage, further
detail may continue to be derived from new or more extensive
data in future years. These same questions could also be
examined with regards to other curtailed generation technolo-
gies such as solar, or even dispatchables such as gas where
applicable.

7 Conclusion

This study modelled lithium-ion battery attachments at 47 UK
wind farm sites for the year of 2021 on a half-hourly time
resolution. It was determined that:

o All ESSs achieved payback, primarily due to price arbitrage,
which comprises the vast majority of ESS operations, as
opposed to curtailment reduction.

e English/Welsh offshore wind farm attachments achieved
quicker paybacks, but lower curtailment reductions relative to
Scottish wind farm battery attachments.

e At 3 of the 47 sites, curtailment reduction was significant
enough for a net increase in energy exports to occur using an
economic return optimising model framework.

e Scheduled ESS discharges to the grid disproportionately
occurred during periods of time where hydro-power was the
marginal seller. This resulted in lower average emissions dis-
placement intensities than the average intensity of the imbal-
ance market (though still much higher than the overall
market).

e Due to these similar emissions intensities, adjusted emis-
sions reductions resulting from mitigated curtailment closely
tracked curtailment reductions themselves. A distinction there-
fore exists between farms with quicker payback, and those with
greater emissions reduction due to lowering curtailment levels.

Policy makers in Britain and in countries with comparable
energy systems should therefore be advised of the following.
Price-exposed batteries are incentivised by market forces to
complement the expansion of renewables and compete in the
disproportionately fossil fuel dominated imbalance market. As
a result, however, competition amongst storage technologies

This journal is © The Royal Society of Chemistry 2023
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would also be expected. Finally, present returns make these
projects financially viable.

Research data

Raw data, such as that obtained from BMRS can be obtained
using the references made within this paper. Code associated
with this project may be found under version control at: https://
github.com/cambridge-cares/TheWorldAvatar. A summary of
the DUKES/BMRS mapping (used in conjunction with BMRS
data) may be found in the following repository: DOI: https://doi.
0rg/10.17863/CAM.92517.

Nomenclature

BESS Battery energy storage system

BMRS Balancing mechanism reporting service

C C-rate

CREATE Campus for research excellence and technological
enterprise

DOD  Depth of discharge

DUKES Digest of UK energy statistics

EIC Energy identification code

EPSRC Engineering and physical sciences research council
ESO Electricity system operator

ESS Energy storage system

ETH Eidgendssische technische hochschule
EV Electric vehicle

GBP Great british pound(s)

IEA International energy agency

MIT Massachusetts institute of technology
MW Megawatt(s)

RE Renewable energy

RRN Renewable energy

SOC State Of charge

UK United Kingdom

VRE Variable renewable energy

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was supported by the National Research Founda-
tion, Prime Ministers Office, Singapore under its Campus for
Research Excellence and Technological Enterprise (CREATE)
programme. Part of this work was also supported by Towards
Turing 2.0 under the EPSRC Grant EP/W037211/1. The authors
would further like to thank and acknowledge the financial
support provided by the Cambridge Trust. M. Kraft gratefully
acknowledges the support of the Alexander von Humboldt
Foundation.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Energy & Environmental Science

References

1 Department for Business, Energy & Industrial Strategy,
Annex L: Total electricity generating capacity, 2019, https://
assets.publishing.service.gov.uk/government/uploads/sys
tem/uploads/attachment_data/file/931211/Annex-L-total-
capacity__EEP2019_.ods, Accessed 4 July 2022.

2 Department for Business, Energy & Industrial Strategy,
Annex K: Total cumulative new electricity generating capacity,
2019, https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/931210/
Annex-K-total-cumulative-new-capacity__ EEP2019_.ods,
Accessed 4 July 2022.

3 M. Z. Jacobson, A. K. von Krauland, S. J. Coughlin, E. Dukas,
A.J. H. Nelson, F. C. Palmer and K. R. Rasmussen, Low-cost
solutions to global warming, air pollution, and energy
insecurity for 145 countries, Energy Environ. Sci., 2022,
DOI: 10.1039/D2EE00722C.

4 M. Z. Jacobson, The cost of grid stability with 100% clean,
renewable energy for all purposes when countries are iso-
lated versus interconnected, Renewable Energy, 2021, DOI:
10.1016/j.renene.2021.07.115.

5 J. Lopez Prol, K. W. Steininger and D. Zilberman, Genera-
tion management using batteries in wind farms: Econom-
ical and technical analysis for Spain, Energy Econ., 2020,
31(1), 126-139, DOI: 10.1016/j.enpol.2008.08.012.

6 Department for Business, Energy and Industrial Strategy,
Renewable Energy Planning Database (REPD), 2022, https://
www.gov.uk/government/publications/renewable-energy-
planning-database-monthly-extract, Accessed 21 Novem-
ber 2022.

7 A. Rai and O. Nunn, On the impact of increasing penetra-
tion of variable renewables on electricity spot price extremes
in Australia, Econ. Anal Policy, 2020, 67, 67-86, DOI:
10.1016/j.eap.2020.06.001.

8 B. Aust and A. Horsch, Negative market prices on power
exchanges: Evidence and policy implications from Ger-
many, Electr. J., 2020, 33(3), DOI: 10.1016/j.tej.2020.106716.

9 T. Mobius and F. Musgens, The effect of variable renewable
energy sources on the volatility of wholesale electricity
prices—A stylized full cost approach, IEEE, 2015, DOI:
10.1109/EEM.2015.7216772.

10 P. P. da Silva and P. Horta, The effect of variable renewable
energy sources on electricity price volatility: the case of
the Iberian market, Sustainable Energy, 2019, 794-813,
DOI: 10.1080/14786451.2019.1602126.

11 C. B. Martinez-Anido, G. Brinkman and B.-M. Hodge,
The impact of wind power on electricity prices, Renewable
Energy, 2016, 94, 474-487, DOIL 10.1016/j.renene.
2016.03.053.

12 C. Ballester and D. Furio, Effects of renewables on the
stylized facts of electricity prices, Renewable Sustainable
Energy Rev., 2015, 52, 1596-1609, DOI: 10.1016/
j-rser.2015.07.168.

13 T. Rintamaki, A. Siddiqui and A. Salo, Does renewable
energy generation decrease the volatility of electricity

Energy Environ. Sci., 2023, 16, 4020-4040 | 4037


https://github.com/cambridge-cares/TheWorldAvatar
https://github.com/cambridge-cares/TheWorldAvatar
https://doi.org/10.17863/CAM.92517
https://doi.org/10.17863/CAM.92517
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/931211/Annex-L-total-capacity__EEP2019_.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/931211/Annex-L-total-capacity__EEP2019_.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/931211/Annex-L-total-capacity__EEP2019_.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/931211/Annex-L-total-capacity__EEP2019_.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/931210/Annex-K-total-cumulative-new-capacity__EEP2019_.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/931210/Annex-K-total-cumulative-new-capacity__EEP2019_.ods
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/931210/Annex-K-total-cumulative-new-capacity__EEP2019_.ods
https://doi.org/10.1039/D2EE00722C
https://doi.org/10.1016/j.renene.2021.07.115
https://doi.org/10.1016/j.enpol.2008.08.012
https://www.gov.uk/government/publications/renewable-energy-planning-database-monthly-extract
https://www.gov.uk/government/publications/renewable-energy-planning-database-monthly-extract
https://www.gov.uk/government/publications/renewable-energy-planning-database-monthly-extract
https://doi.org/10.1016/j.eap.2020.06.001
https://doi.org/10.1016/j.tej.2020.106716
https://doi.org/10.1109/EEM.2015.7216772
https://doi.org/10.1080/14786451.2019.1602126
https://doi.org/10.1016/j.renene.&QJ;2016.03.053
https://doi.org/10.1016/j.renene.&QJ;2016.03.053
https://doi.org/10.1016/j.rser.2015.07.168
https://doi.org/10.1016/j.rser.2015.07.168
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01355c

Open Access Article. Published on 05 August 2023. Downloaded on 3/30/2026 7:10:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

prices? An analysis of Denmark and Germany, Energy Econ.,
2017, 62, 270-282, DOI: 10.1016/j.eneco.2016.12.019.
BMRS, ELEXON, NationalGridESO, Detailed System Prices,
2022, https://www.bmreports.com/bmrs/?q=balancing/detail
prices, Accessed 18 April 2022.

BMRS, ELEXON, NationalGridESO, Actual Aggregated Gen-
eration Per Type, 2022, https://www.bmreports.com/bmrs/
?q=actgenration/actualaggregated, Accessed 18 April 2022.
BMRS, ELEXON, NationalGridESO, BMRS API AND DATA
PUSH: User Guide, 2022, https://www.elexon.co.uk/docu
ments/training-guidance/bsc-guidance-notes/bmrs-api-and-
data-push-user-guide-2/, Accessed 19 April 2022.
Renewable Energy Foundation, Energy Data, 2022, https://
www.ref.org.uk/energy-data, Accessed 20 June 2022.

C. J. Barnhart, M. Dale, A. R. Brandt and S. M. Benson, The
energetic implications of curtailing versus storing solar- and
wind-generated electricity, Energy Environ. Sci., 2013, 6,
2804-2810, DOI: 10.1039/C3EE41973H.

T. Terlouw, C. Bauer, R. McKenna and M. Mazzotti, Large-
scale hydrogen production via water electrolysis: a techno-
economic and environmental assessment, Energy Environ.
Sci., 2022, 15, 3583-3602, DOI: 10.1039/D2EE01023B.

B. Frew, B. Sergi, P. Denholm, W. Cole, N. Gates, D. Levie
and R. Margolis, The curtailment paradox in the transition
to high solar power systems, joule, 2021, 5(5), 1143-1167,
DOI: 10.1016/j.joule.2021.03.021.

T. Roulstone and P. Cosgrove, Intermittency and Periodicity
in Net-Zero Renewable Energy Systems with Storage, Pre-
print available, 2022.

T. Roulstone and P. Cosgrove, UK energy systems for zero-
carbon in 2050, 2022, Accessed 26 January 2022.

B. Steffen and C. Weber, Efficient storage capacity in power
systems with thermal and renewable generation, Energy
Econ., 2013, 36, 556-567, DOIL: 10.1016/j.eneco.2012.11.007.
A. Zerrahn, Long-run power storage requirements for high
shares of renewables: review and a new model, Renewable
Sustainable Energy Rev., 2017, 79, 1518-1534, DOI: 10.1016/
j-rser.2016.11.098.

M. Beuse, B. Steffen, M. Dirksmeier and T. S. Schmidyt,
Comparing CO, emissions impacts of electricity storage
across applications and energy systems, Joule, 2021, 5(6),
1501-1520, DOI: 10.1016/j.joule.2021.04.010.

A. K. Chowdhury, R. Deshmukh, G. C. Wu, A. Uppal, A. Mileva,
T. Curry, L. Armstrong, S. Galelli and K. Ndhlukula, Enabling a
low-carbon electricity system for Southern Africa, joule, 2022,
6(8), 1826-1844, DOI: 10.1016/j.joule.2022.06.030.

M. S. Zantye, A. Gandhi, Y. Wang, S. P. Vudata,
D. Bhattacharyya and M. M. F. Hasan, Optimal design and
integration of decentralized electrochemical energy storage
with renewables and fossil plants, Energy Environ. Sci., 2022,
15, 4119-4136, DOI: 10.1039/D2EE00771A.

O.]. Guerra, J. Zhang, J. Eichman, P. Denholm, J. Kurtz and
B.-M. Hodge, Optimal energy storage portfolio for high
and ultrahigh carbon-free and renewable power systems,
Energy Environ. Sci., 2020, 14, 5132-5146, DOIL: 10.1039/
D1EE01835C.

4038 | Energy Environ. Sci., 2023, 16, 4020-4040

29

30

31

32

33

34

35

36

37

View Article Online

Paper

A. Chatzivasileiadi, E. Ampatzi and I. Knight, Characteris-
tics of electrical energy storage technologies and their
applications in buildings, Renewable Sustainable Energy
Rev., 2013, 25, 814-830, DOI: 10.1016/j.rser.2013.05.023.
M. Beuse, B. Steffen and T. S. Schmidt, Projecting the
Competition between Energy-Storage Technologies in the
Electricity Sector, Joule, 2020, 4(10), 2162-2184, DOL:
10.1016/j.joule.2020.07.017.

X. Wang, G. Gaustad, C. W. Babbitt and K. Richa, Econo-
mies of scale for future lithium-ion battery recycling infra-
structure, Resour., Conserv. Recycl., 2014, 83, 53-62, DOIL:
10.1016/j.resconrec.2013.11.009.

K. Richa, C. W. Babbitt, G. Gaustad and X. Wang, A future
perspective on lithium-ion battery waste flows from electric
vehicles, Resour., Conserv. Recycl., 2014, 83, 63-76, DOI:
10.1016/j.resconrec.2013.11.008.

E. A. Olivetti, G. Ceder, G. G. Gaustad and X. Fu, Lithium-
Ion Battery Supply Chain Considerations: Analysis of
Potential Bottlenecks in Critical Metals, Joule, 2017, 1(2),
229-243, DOI: 10.1016/j.joule.2017.08.019.

M. A. Pellow, C. J. M. Emmott, C. J. Barnhart and
S. M. Benson, Hydrogen or batteries for grid storage? A
net energy analysis, Energy Environ. Sci., 2015, 8, 1938-1952,
DOI: 10.1039/C4EE04041D.

E. Barbour and D. Pottie, Adiabatic compressed air energy
storage technology, joule, 2021, 5(8), 1914-1920, DOIL:
10.1016/j.joule.2021.07.009.

M. Millinger, P. Tafarte, M. Jordan, A. Hahn, K. Meisel and
D. Thrén, Electrofuels from excess renewable electricity at
high variable renewable shares: cost, greenhouse gas abate-
ment, carbon use and competition, Sustainable Energy &
Fuels, 2021, DOI: 10.1039/D0OSE01067G.

C. Heuberger, P. Bains and N. MacDowell, The EV-olution of
the power system: A spatio-temporal optimisation model to
investigate the impact of electric vehicle deployment, Appl.
Energy, 2019, 257, DOI: 10.1016/j.apenergy.2019.113715.

38 J. Dixon, W. Bukhsh, C. Edmunds and K. Bell, Scheduling

39

40

41

42

43

electric vehicle charging to minimise carbon emissions and
wind curtailment, Renewable Energy, 2020, 161, 1072-1091,
DOI: 10.1016/j.renene.2020.07.017.

E. K. Hart and M. Z. Jacobson, The carbon abatement
potential of high penetration intermittent renewables, Energy
Environ. Sci., 2012, 5, 6592-6601, DOI: 10.1039/C2EE03490E.
D. Parra, Emerging Market of Household Batteries, Future
Lithium-Ion Batteries, 2019, DOI: 10.1039/9781788016124-
00335.

S. Canbulat, K. Balci, O. Canbulat and I. S. Bayram, Techno-
Economic Analysis of On-Site Energy Storage Units to Miti-
gate Wind Energy Curtailment: A Case Study in Scotland,
Energies, 2021, 14(6), DOIL: 10.3390/en14061691.

M. Joos and I. Staffell, Short-term integration costs of
variable renewable energy: Wind curtailment and balancing
in Britain and Germany, Renewable Sustainable Energy Rev.,
2018, 86, 45-65, DOI: 10.1016/j.rser.2018.01.009.

H.-K. Ringkjob, A review of modelling tools for energy and
electricity systems with large shares of variable renewables,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1016/j.eneco.2016.12.019
https://www.bmreports.com/bmrs/?q=balancing/detailprices
https://www.bmreports.com/bmrs/?q=balancing/detailprices
https://www.bmreports.com/bmrs/?q=actgenration/actualaggregated
https://www.bmreports.com/bmrs/?q=actgenration/actualaggregated
https://www.elexon.co.uk/documents/training-guidance/bsc-guidance-notes/bmrs-api-and-data-push-user-guide-2/
https://www.elexon.co.uk/documents/training-guidance/bsc-guidance-notes/bmrs-api-and-data-push-user-guide-2/
https://www.elexon.co.uk/documents/training-guidance/bsc-guidance-notes/bmrs-api-and-data-push-user-guide-2/
https://www.ref.org.uk/energy-data
https://www.ref.org.uk/energy-data
https://doi.org/10.1039/C3EE41973H
https://doi.org/10.1039/D2EE01023B
https://doi.org/10.1016/j.joule.2021.03.021
https://doi.org/10.1016/j.eneco.2012.11.007
https://doi.org/10.1016/j.rser.2016.11.098
https://doi.org/10.1016/j.rser.2016.11.098
https://doi.org/10.1016/j.joule.2021.04.010
https://doi.org/10.1016/j.joule.2022.06.030
https://doi.org/10.1039/D2EE00771A
https://doi.org/10.1039/D1EE01835C
https://doi.org/10.1039/D1EE01835C
https://doi.org/10.1016/j.rser.2013.05.023
https://doi.org/10.1016/j.joule.2020.07.017
https://doi.org/10.1016/j.resconrec.2013.11.009
https://doi.org/10.1016/j.resconrec.2013.11.008
https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1039/C4EE04041D
https://doi.org/10.1016/j.joule.2021.07.009
https://doi.org/10.1039/D0SE01067G
https://doi.org/10.1016/j.apenergy.2019.113715
https://doi.org/10.1016/j.renene.2020.07.017
https://doi.org/10.1039/C2EE03490E
https://doi.org/10.1039/9781788016124-00335
https://doi.org/10.1039/9781788016124-00335
https://doi.org/10.3390/en14061691
https://doi.org/10.1016/j.rser.2018.01.009
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01355c

Open Access Article. Published on 05 August 2023. Downloaded on 3/30/2026 7:10:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

Renewable Sustainable Energy Rev., 2018, 96, 440-459, DOI:
10.1016/j.rser.2018.08.002.

A. W. Bizuayehu, A. A. Sanchez de la Nieta, J. Contreras and
J. P. S. Cataldo, Impacts of Stochastic Wind Power and
Storage Participation on Economic Dispatch in Distribution
Systems, IEEE Trans. Sustain. Energy, 2016, 7(3), 1336-1345,
DOI: 10.1109/TSTE.2016.2546279.

A. A. Ahmad, R. Sirjani and S. Daneshvar, New hybrid
probabilistic optimisation algorithm for optimal allocation
of energy storage systems considering correlated wind farms,
J. Energy Storage, 2020, 29, DOI: 10.1016/j.est.2020.101335.
O. J. Guerra, J. Eichman and P. Denholm, Optimal energy
storage portfolio for high and ultrahigh carbon-free and
renewable power systems, Energy Environ. Sci., 2021, 14,
5132-5146, DOI: 10.1039/D1EE01835C.

A. Clerjon and F. Perdu, Matching intermittency and elec-
tricity storage characteristics through time scale analysis: an
energy return on investment comparison, Energy Environ.
Sci., 2018, 12, 693-705, DOIL: 10.1039/CSEE01940A.

T. Roulstone, The Need for Energy Storage, Preprint avail-
able, 2021, DOL: 10.13140/RG.2.2.27188.27524.

T. Roulstone, Variable renewable energy curtailment from
OECD (2019), 2021, https://www.researchgate.net/figure/
Variable-renewable-energy-curtailment-from-OECD-2019_
fig2 348307076, Accessed 30 June 2022.

T. Roulstone, UK Need for Energy Storage in 2050, Preprint
available, 2021, DOI: 10.13140/RG.2.2.32473.03680.

BMRS, ELEXON, NationalGridESO, Actual Generation Output
Per Generation Unit, 2022, https://www.bmreports.com/
bmrs/?q=actgenration/actualgeneration, Accessed 20 May
2022.

BMRS, ELEXON, NationalGridESO, Installed Generation
Capacity Per Unit, 2022, https://www.bmreports.com/bmrs/
?q=foregeneration/capacityperunit, Accessed 9 May 2022.
K. R. Pullen, The Status and Future of Flywheel Energy
Storage, Joule, 2019, 3(6), 1394-1399, DOI: 10.1016/
j.joule.2019.04.006.

Vattenfall, Battery@PyC Believed to be the UK’s largest co-
located battery with an onshore wind farm, 2018, https://
group.vattenfall.com/uk/what-we-do/our-projects/battery-
pyc, Accessed 10 October 2022.

New Power, Gridserve delivers first:bifacial solar farm for
Warrington Council, 2020, https://shorturl.at/jzCE1,
Accessed 10 October 2022.

Bioenergy International, E.ON completes ‘UK-first’ battery
installation at Blackburn Meadows biomass CHP plant, 2017,
https://rb.gy/hafyr, Accessed 10 October 2022.

A. Boretti, J. Nayfeh and A. Al-Maaitah, Hydrogen Produc-
tion by Solar Thermochemical Water-Splitting Cycle via a
Beam Down Concentrator, Front. Energy Res., 2021, 9, DOI:
10.3389/fenrg.2021.666191.

R. M. Nayak-Luke and R. Banares-Alcantara, Techno-
economic viability of islanded green ammonia as a
carbon-free energy vector and as a substitute for conven-
tional production, Energy Environ. Sci., 2020, 13(9),
2957-2966, DOI: 10.1039/DOEE01707H.

This journal is © The Royal Society of Chemistry 2023

59

60

61

62

63

64

65

66

67

68

69

70

71

72

View Article Online

Energy & Environmental Science

N. Salmon and R. Banares-Alcantara, Impact of grid con-
nectivity on cost and location of green ammonia produc-
tion: Australia as a case study, Energy Environ. Sci., 2021,
14(12), 6655-6671, DOI: 10.1039/D1EE02582A.

N. Salmon and R. Banares-Alcantara, A global, spatially
granular techno-economic analysis of offshore green ammo-
nia production, J. Cleaner Prod., 2022, 367, DOIL: 10.1016/
j-jclepro.2022.133045.

M. Tawalbeh, S. Z. Murtaza, A. Al-Othman, A. H. Alami,
K. Singh and A. G. Olabi, Ammonia: A versatile candidate
for the use in energy storage systems, Renewable Energy,
2022, 194, 955-977, DOIL: 10.1016/j.renene.2022.06.015.

S. Giddey, C. Munnings, A. Kulkarni, H. Ju, G. Paul,
L. Wibberley, R. Lippi, D. Alexander, W. J. Lee, T. Huynh,
S. Barnes, B. Muir, G. Brent, G. Conroy and M. Rayson,
CSIRO Hydrogen to Ammonia R&D Project, 2020, https://
arena.gov.au/assets/2021/03/csiro-hydrogen-to-ammonia-
july-2020.pdf, Accessed 24 October 2022.

S. Giddey, S. P. S. Badwal, C. Munnings and M. Dolan,
Ammonia as a Renewable Energy Transportation Media,
ACS Sustainable Chem. Eng., 2017, 5(11), 10231-10239, DOIL:
10.1021/acssuschemeng.7b02219.

T. Brown, Round-trip Efficiency of Ammonia as a Renewable
Energy Transportation Media, 2017, https://shorturl.at/jrD47,
Accessed 11 October 2022.

D. K. Panda and S. Das, Economic operational analytics for
energy storage placement at different grid locations and contin-
gency scenarios with stochastic wind profiles, Renewable Sustain-
able Energy Rev., 2021, 137, DOL 10.1016/j.rser.2020.110474.

N. Wade, P. Taylor, P. Lang and P. Jones, Evaluating the
benefits of an electrical energy storage system in a future
smart grid, Energy Policy, 2010, 38(11), 7180-7188, DOL:
10.1016/j.enpol.2010.07.045.

L. Johnston, F. Diaz-Gonzalez, O. Gomis-Bellmunt,
C. Corchero-Garcia and M. Cruz-Zambrano, Methodology
for the economic optimisation of energy storage systems for
frequency support in wind power plants, Appl. Energy, 2015,
137, 660-669, DOI: 10.1016/j.apenergy.2014.09.031.

S. Vaca, C. Patsios and P. Taylor, Enhancing frequency
response of wind farms using hybrid energy storage sys-
tems, IEEE, 2020, DOI: 10.1109/ICRERA.2016.7884560.

G. Bathurst and G. Strbac, Value of combining energy
storage and wind in short-term energy and balancing mar-
kets, Electr. Power Syst. Res., 2003, 67(1), 1-8, DOIL: 10.1016/
$0378-7796(03)00050-6.

W. J. Cole and A. Frazier, Cost Projections for Utility-Scale
Battery Storage, U.S. Department of Energy: Office of Scientific
and Technical Information, 2019, DOI: 10.2172/1529218.

M. S. Ziegler and J. E. Trancik, Re-examining rates of lithium-
ion battery technology improvement and cost decline, Energy
Environ. Sci., 2021, DOI: 10.1039/DOEE02681F.

S. Somasundaram, S. Y. Chiam and M. C. Lin, Energy Storage
Systems Technology Roadmap for Singapore, 2020, https://
www.ntu.edu.sg/docs/librariesprovider60/publications/ess-
technology-roadmap-singapore.pdf?sfvrsn=c91c9ae8_2,
Accessed 23 August 2022.

Energy Environ. Sci., 2023, 16, 4020-4040 | 4039


https://doi.org/10.1016/j.rser.2018.08.002
https://doi.org/10.1109/TSTE.2016.2546279
https://doi.org/10.1016/j.est.2020.101335
https://doi.org/10.1039/D1EE01835C
https://doi.org/10.1039/C8EE01940A
https://doi.org/10.13140/RG.2.2.27188.27524
https://www.researchgate.net/figure/Variable-renewable-energy-curtailment-from-OECD-2019_fig2_348307076
https://www.researchgate.net/figure/Variable-renewable-energy-curtailment-from-OECD-2019_fig2_348307076
https://www.researchgate.net/figure/Variable-renewable-energy-curtailment-from-OECD-2019_fig2_348307076
https://doi.org/10.13140/RG.2.2.32473.03680
https://www.bmreports.com/bmrs/?q=actgenration/actualgeneration
https://www.bmreports.com/bmrs/?q=actgenration/actualgeneration
https://www.bmreports.com/bmrs/?q=foregeneration/capacityperunit
https://www.bmreports.com/bmrs/?q=foregeneration/capacityperunit
https://doi.org/10.1016/j.joule.2019.04.006
https://doi.org/10.1016/j.joule.2019.04.006
https://group.vattenfall.com/uk/what-we-do/our-projects/battery-pyc
https://group.vattenfall.com/uk/what-we-do/our-projects/battery-pyc
https://group.vattenfall.com/uk/what-we-do/our-projects/battery-pyc
https://shorturl.at/jzCE1
https://rb.gy/hafyr
https://doi.org/10.3389/fenrg.2021.666191
https://doi.org/10.1039/D0EE01707H
https://doi.org/10.1039/D1EE02582A
https://doi.org/10.1016/j.jclepro.2022.133045
https://doi.org/10.1016/j.jclepro.2022.133045
https://doi.org/10.1016/j.renene.2022.06.015
https://arena.gov.au/assets/2021/03/csiro-hydrogen-to-ammonia-july-2020.pdf
https://arena.gov.au/assets/2021/03/csiro-hydrogen-to-ammonia-july-2020.pdf
https://arena.gov.au/assets/2021/03/csiro-hydrogen-to-ammonia-july-2020.pdf
https://doi.org/10.1021/acssuschemeng.7b02219
https://shorturl.at/jrD47
https://doi.org/10.1016/j.rser.2020.110474
https://doi.org/10.1016/j.enpol.2010.07.045
https://doi.org/10.1016/j.apenergy.2014.09.031
https://doi.org/10.1109/ICRERA.2016.7884560
https://doi.org/10.1016/S0378-7796(03)00050-6
https://doi.org/10.1016/S0378-7796(03)00050-6
https://doi.org/10.2172/1529218
https://doi.org/10.1039/D0EE02681F
https://www.ntu.edu.sg/docs/librariesprovider60/publications/ess-technology-roadmap-singapore.pdf?sfvrsn=c91c9ae8_2
https://www.ntu.edu.sg/docs/librariesprovider60/publications/ess-technology-roadmap-singapore.pdf?sfvrsn=c91c9ae8_2
https://www.ntu.edu.sg/docs/librariesprovider60/publications/ess-technology-roadmap-singapore.pdf?sfvrsn=c91c9ae8_2
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01355c

Open Access Article. Published on 05 August 2023. Downloaded on 3/30/2026 7:10:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

73

74

75

76

77

78

79

80

81

L. Li, P. Liu, Z. Li and X. Wang, A multi-objective optimiza-
tion approach for selection of energy storage systems,
Comput. Chem. Eng., 2018, 115, 213-225, DOIL: 10.1016/
j-compchemeng.2018.04.014.

OFX, Yearly average rates: GBP to USD, 2022, https://www.
ofx.com/en-gb/forex-news/historical-exchange-rates/yearly-
average-rates/, Accessed 2 November 2022.

B. K. Jo, S. Jung and G. Jang, Feasibility Analysis of Behind-
the-Meter Energy Storage System According to Public Policy
on an Electricity Charge Discount Program, Sustainability,
2019, DOI: 10.3390/su11010186.

0. Schmidt, S. M. Amd Adam Hawkes and I. Staffell, Pro-
jecting the Future Levelized Cost of Electricity Storage
Technologies, joule, 2019, 3(1), 81-100, DOI: 10.1016/
j.joule.2018.12.008.

BMRS, ELEXON, NationalGridESO, System Sell
System Buy Prices, 2022, https://www.bmreports.com/bmrs/
?q=balancing/systemsellbuyprices/historic, Accessed 18
April 2022.

National Grid ESO, GB Electric EIC Library (External), 2021,
https://www.nationalgrideso.com/document/167131/down
load, Accessed 9 May 2022.

Department for Business, Energy & Industrial Strategy,
Power stations in the United Kingdom (DUKES 5.11), 2021,
https://shorturl.at/tPS37, Accessed 9 May 2022.

National Grid ESO, Historic Generation Mix & Carbon Inten-
sity, 2022, https://www.nationalgrideso.com/future-energy/
our-progress/carbon-intensity-dashboard, Accessed 30
August 2022.

National Grid ESO, Carbon Intensity, 2022, https://data.natio
nalgrideso.com/data-groups/carbon-intensityl, Accessed 30
August 2022.

and

4040 | Energy Environ. Sci., 2023, 16, 4020-4040

82

83

84

85

86

87

88

89

90

91

92

View Article Online

Paper

National Grid ESO, Carbon Intensity Dashboard, 2022,
https://data.nationalgrideso.com/carbon-intensity1/historic-
generation-mix, Accessed 30 August 2022.

National Grid ESO, Carbon Intensity API, 2022, https://www.
carbonintensity.org.uk/, Accessed 30 August 2022.
National Grid ESO, Carbon Intensity National Methodology,
2022, https://github.com/carbon-intensity/methodology/raw/
master/Carbon%?20Intensity%20Forecast%20Methodology.
pdf, Accessed 30 August 2022.

DRAX, Electric Insights UK: Drashboard, 2022, https://electricinsights.
co.uk/#/dashboard?_k=c21yhp, Accessed 30 August 2022.
DRAX, Electric Insights UK: Methodology and Sources, 2022,
https://reports.electricinsights.co.uk/methodology/, Accessed
30 August 2022.

H. Boyes and T. Watson, Digital twins: An analysis frame-
work and open issues, Comput. Ind., 2022, 143, DOI:
10.1016/j.compind.2022.103763.

L. Ong, G. Karmakar, J. Atherton, X. Zhou, M. Q. Lim, A. Chadzynski,
L. Li, X. Wang and M. Kraft, Embedding Energy Storage Systems
into a Dynamic Knowledge Graph, Industrial & Engineering Chemistry
Research, 2022, DOIL: 10.1021/acs.iecr.1c03838.

PuLP, Optimization with PuLP, 2022, https://coin-or.github.
io/pulp/, Accessed 1 March 2022.

British Geological Survey, Coordinate converter, 2022,
https://webapps.bgs.ac.uk/data/webservices/convertForm.
cfm#bngToLatLng, Accessed 21 November 2022.
Renewable Energy Foundation, Balancing Mechanism Wind
Farm Constraint Payments, 2022, https://www.ref.org.uk/con
straints/indexbymth.php, Accessed 21 July 2022.
Renewable Energy Foundation, Constraint Payments to Wind
Power in 2020 and 2021, 2022, https://www.ref.org.uk/ref-
blog, Accessed 22 July 2022.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1016/j.compchemeng.2018.04.014
https://doi.org/10.1016/j.compchemeng.2018.04.014
https://www.ofx.com/en-gb/forex-news/historical-exchange-rates/yearly-average-rates/
https://www.ofx.com/en-gb/forex-news/historical-exchange-rates/yearly-average-rates/
https://www.ofx.com/en-gb/forex-news/historical-exchange-rates/yearly-average-rates/
https://doi.org/10.3390/su11010186
https://doi.org/10.1016/j.joule.2018.12.008
https://doi.org/10.1016/j.joule.2018.12.008
https://www.bmreports.com/bmrs/?q=balancing/systemsellbuyprices/historic
https://www.bmreports.com/bmrs/?q=balancing/systemsellbuyprices/historic
https://www.nationalgrideso.com/document/167131/download
https://www.nationalgrideso.com/document/167131/download
https://shorturl.at/tPS37
https://www.nationalgrideso.com/future-energy/our-progress/carbon-intensity-dashboard
https://www.nationalgrideso.com/future-energy/our-progress/carbon-intensity-dashboard
https://data.nationalgrideso.com/data-groups/carbon-intensity1
https://data.nationalgrideso.com/data-groups/carbon-intensity1
https://data.nationalgrideso.com/carbon-intensity1/historic-generation-mix
https://data.nationalgrideso.com/carbon-intensity1/historic-generation-mix
https://www.carbonintensity.org.uk/
https://www.carbonintensity.org.uk/
https://github.com/carbon-intensity/methodology/raw/master/Carbon%20Intensity%20Forecast%20Methodology.pdf
https://github.com/carbon-intensity/methodology/raw/master/Carbon%20Intensity%20Forecast%20Methodology.pdf
https://github.com/carbon-intensity/methodology/raw/master/Carbon%20Intensity%20Forecast%20Methodology.pdf
https://electricinsights.co.uk/#/dashboard?_k=c21yhp
https://electricinsights.co.uk/#/dashboard?_k=c21yhp
https://reports.electricinsights.co.uk/methodology/
https://doi.org/10.1016/j.compind.2022.103763
https://doi.org/10.1021/acs.iecr.1c03838
https://coin-or.github.io/pulp/
https://coin-or.github.io/pulp/
https://webapps.bgs.ac.uk/data/webservices/convertForm.cfm#bngToLatLng
https://webapps.bgs.ac.uk/data/webservices/convertForm.cfm#bngToLatLng
https://www.ref.org.uk/constraints/indexbymth.php
https://www.ref.org.uk/constraints/indexbymth.php
https://www.ref.org.uk/ref-blog
https://www.ref.org.uk/ref-blog
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01355c



