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Can battery deployment avoid network reinforcement 
in an unbundled electricity system?  A Great Britain 
case study.

Abstract 
By 2024, significant quantities of batteries, 3-4 GW, had been deployed on Great Britain (GB)’s 
electricity networks, and approaching 100 GW of battery projects have been proposed.  Batteries 
are independently owned, and can engage in a number of activities, including wholesale trades.  

Using three case study periods, this study simulates the behaviour of a short-duration battery, 
engaged in wholesale trades, to explore whether it reduces peak flows across GB’s electrical 
networks, and thus would reduce or defer the need for network reinforcement.  

The effect of battery activity on distribution network congestion is investigated at three locations in 
Scotland, including demand- and wind generation-dominated networks.  This study found that 
simulated batteries’ trades reduced peak network flows, at times, but more often, the battery 
activity exacerbated both maximum import and maximum export flows. 

The effect of battery trading on transmission network congestion was also investigated, across the 
whole of Scotland.  Scotland has over 11 GW of wind generation capacity, commonly curtailed at 
times of high wind because of transmission constraints.  This work found that battery exports would 
occur even during times of high wind generation, adding to transmission congestion at such times.  

In short, this work has found that GB’s single price area encourages battery actions which sometimes 
fit poorly with conditions on a local, regional and even national scale.  Network owners should thus 
consider the possibility that batteries and other flexible assets may not always reduce, but in fact 
may add to maximum network flows and reinforcement needs. 
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 Under current arrangements, batteries cannot substitute for network reinforcement

Graphical abstract 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5928567

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



3

1. Introduction 
The electrical power system in Great Britain (GB), like many others, is on a decarbonisation journey, 
with targets for “Clean Power” (i.e. less than 5% of energy from unabated fossil fuels) brought 
forward to 2030 [1].

Having significant resources of wind and solar, both of which are weather dependent, additional 
sources of demand and generation flexibility, including storage, are recognised by UK Government 
as being of benefit to the system [2], [3].  

Much is written in academic literature about the potential for deployment of storage assets to 
perform a multitude of system services [4]–[7].  Among these, the ability to reduce peak flows 
through networks, on a timescale of minutes to hours, arising from both demand and renewable 
generation, is expected and in some cases found to reduce necessary capacity of connections, and 
thus to reduce or defer needs for network reinforcement in some cases (elaborated below).   

Batteries and other storage assets can engage in a number of activities, as described in Section 3.3.  
Among these activities is participation in wholesale trades, i.e. purchase of electricity at times of low 
price and sale of electricity at times of higher prices.  It might be expected that at times of high 
renewables outputs, the wholesale price of electricity will fall, thus incentivising storage assets to 
import electricity and relieve export-dominated network flows.  Conversely, the price may rise at 
times of low renewable outputs, when thermal generators must meet a much greater share of 
system demand, thus incentivising storage assets to export.  However, the price of electricity is 
affected by a number of factors besides renewables outputs, including system demand and the price 
of gas, so the above assumptions might not hold.    

This work investigates the research questions:

Will deployment of battery energy storage, engaged in wholesale trading, reduce peak flows 
across Great Britain’s electrical networks, and thus reduce or defer the need for network 
reinforcement?

Or, conversely, might deployment of batteries add to maximum network flows and reinforcement 
needs?

A brief literature review is given in Section 2, followed by, in Section 3, a description of current 
conditions in Great Britain’s electrical power system1: storage deployment; and credible activities a 
battery might engage in, with a few examples of real grid-scale batteries having different patterns of 
activity at different times.  The section concludes by stating three case study seasons, based on 
observations from the system in 2022, selected for detailed study. 

Section 4 describes the method for simulating a credible pattern of wholesale trades that a battery 
could be expected to engage in, further elaborated in Appendix 1.  The later sections describe the 
effect that such trades could have on flows through electrical power networks.  Section 5 describes a 
study of three distribution network locations, all in southern Scotland, and the effect that credible 

1 This work covers the large island of Great Britain, and does not extend to the power system of Northern 
Ireland.  Northern Ireland is politically part of the UK, but geographically part of the island of Ireland: its 
electrical power system is part of the synchronous system of the whole island of Ireland, which consists of the 
Republic of Ireland and Northern Ireland. 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5928567

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



4

battery trading activity could have on flows at the highest distribution voltage, 33kV2,3 , in these 
networks.  Section 6 describes the effect that battery trades could have on transmission network 
flows, if the battery was located in Scotland, in the north of GB.  The findings are discussed in Section 
7, and conclusions stated in Section 8. 

Appendix 1 gives details of the battery simulation model, and Appendix 2 describes the model’s 
validation by comparison of its outputs with activities of some actual operational batteries in Britain. 

2. Prior literature on the impact of energy storage on the need for 
network reinforcement  

Several studies have identified the potential for deployment of batteries or other types of storage 
asset to substitute for additional network capacity, either as a temporary or longer term measure, 
on both small scale MV / LV situations [8]–[17], and considering transmission networks [18]–[21].  
These studies found storage assets could effectively reduce maximum network flows, though results 
investigating the economic viability of storage deployment, compared to traditional reinforcement, 
were mixed. These studies all assume that batteries and other storage assets would be at the 
disposal of a system or network operator, and scheduling would be done to assist system operation, 
such as by relieving network constraints.  

However, GB has an unbundled system, in which network owners, with few exceptions 4, may not 
own “generation” [22], which GB rules define as including energy storage assets.  Thus, batteries and 
other storage assets are required to be independently owned, and so must be economically viable as 
a standalone asset.  Thus, the assumption that a network operator will  schedule the batteries is not 
normally applicable. However, network owners are allowed to contract with owners of storage and 
other flexible assets for provision of services, during which times a network owner may instruct an 
asset’s actions.  

Some North American studies are of particular interest, also being in a context of an unbundled 
system. [23]–[25] simulated behaviour of a rational storage asset, in case studies where large 
windfarms are located very distant from major demand centres.  These studies simulated storage 
behaviour, firstly aiming to maximise renewable penetration and reduce network congestion; and 
secondly aiming to maximise the overall revenue of the storage assets through participation in 
wholesale trades.  These studies found storage will behave differently according to ownership 
scenarios.  They concluded that storage, under a “stand-alone” ownership model, engaging in 
wholesale trades, cannot substitute for network reinforcement, because the applicable trading 
prices would incentivise storage to trade in ways that sometimes increase network congestion.  

2 Distribution voltages in GB are “low voltage (LV)”, nominally 400 V, “high voltage (HV)”, normally nominally 
11 kV, and “extra-high voltage (EHV)”, normally 33 kV, with 66 kV branches in some locations.  132 kV is a 
distribution voltage in England and Wales, but is a transmission voltage in Scotland.
3 In southern Scotland, windfarms of capacity up to around 50 MW can connect to 33 kV distribution networks; 
windfarms of around 2-10 MW can connect at either 11 kV or 33 kV level.  Larger windfarms (and also some 
smaller ones) connect to transmission networks. 
4 Exceptions where a network owner may own a storage asset include: storage assets on geographical islands 
(other than mainland GB); storage assets for a “specific authorised activity” such as uninterruptible power 
supply or emergency response (such assets being expressly prohibited from engaging in any market activity); 
and cases specifically authorised by the regulator. [56]
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3. Britain as a case study – introducing GB’s system 

3.1.GB system: size, generation mix, and location of generation 
The power system of the island of Great Britain is a single island synchronous system, with maximum 
demand of 50-60 GW [26]. 

The UK Government has encouraged renewable deployments via several policy instruments 
(including the Renewable Obligation, Feed-in Tariffs, and Contracts for Difference  5) and the 
capacity of wind and other renewables has significantly expanded over the last two decades.  The 
generation mix varies across the system, with a significant quantity of wind deployment in Scotland, 
the northernmost nation of GB, and the bulk of thermal and solar generation further south 
(elaborated later). 

Electricity is traded largely in bilateral trades, with spot market platforms enabling further trades 
day-ahead and in-day.6  There is a single system-wide pricing area i.e. power prices do not change 
with location, though some network charges are location-sensitive.  

3.2.Battery in GB: quantities deployed and “in pipeline” 
Battery deployment in Britain has increased dramatically, from a negligible volume in 2016, to over 3 
GW of installed capacity of stand-alone batteries by the end of 2023, as shown in Table 1, overtaking 
the capacity of pumped hydro storage.  As of November 2024, there were over 90 GW of proposed 
battery projects with connection agreements granted or awaited, most of which are on distribution 
networks, as shown in Table 2.  Even allowing for likely project attrition7, such a large volume of 
anticipated battery connections presents opportunities to networks, to manage constraints and 
provide other services, but also potential challenges, including predicting batteries’ likely activity 
patterns, and assessing whether batteries may even add to network congestion at times.  

Table 1 Grid scale battery and pumped hydro storage deployment in the UK8, MW.  DUKES 2024 table 5.16. [27]

Year 2015 2016 2017 2018 2019 2020 2021 2022 2023

PHS 2,744 2,744 2,744 2,744 2,744 2,744 2,744 2,744 2,744

Battery 0 0 108 487 676 914 1,280 1,933 3,465

Table 2 Current and projected capacity of grid-scale batteries in GB, by development status and connection type, Nov 24 

5 A brief overview of support mechanisms is found here: [57]; details of individual schemes can be found on UK 
Government and the energy regulator Ofgem’s webpages
6 The interested reader may refer to [58], [59] for further information.
7 The System Operator is undertaking a major “connections reform” exercise during 2025-26, to reduce the 
length of the connections queue and prioritise the most necessary new connections, hence high attrition rates 
may be expected [60].  
8 DUKES figures include Northern Irish as well as GB-located assets.  
9 All figures are for projects of capacity 1 MW or greater.  The DNO Embedded Capacity Registers (ECRs) list 
only two project statuses: “Connected” and “Accepted to connect”.  “Accepted to connect” refers to 
agreement with the DNO, not Planning authorities.  The totals listed here use ECR column “Maximum Export 
Capacity (MW)” for “Connected” aggregate capacity, and column “Accepted to connect registered capacity 
(MW)” for “Accepted to connect” aggregate capacity.

Aggregate battery capacity, MW
Transmission-

connected [28]
Distribution-connected 

[29]–[34]9
Total

Operational / Connected 706 3,279 3,985
Under construction, connection or other 
consents agreed, or awaiting consents 11,276 82,042 93,318
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3.3. Battery activities 
Battery deployment began at scale in 2017, following the Electricity System Operator’s (ESO’s) 2016 
auction for the first frequency response service, “Enhanced Frequency Response (EFR)” , requiring 
response within one second [35].  All EFR provision was met by batteries [36].  Since then, batteries 
have participated in other frequency response services, and are among providers of the ESO’s more 
recently-introduced “end-state” frequency response services – “Dynamic Containment (DC)”, 
“Dynamic Moderation (DM)” and “Dynamic Regulation (DR)” 10 – which together manage frequency 
deviations both pre- and post-fault.  DC and DM require sub-second response times, a timescale 
which batteries are well-suited to deliver within [37]–[39]. 

Market clearing prices for DC, DM and DR response services rose during early 2022, peaking during 
the summer, then fell dramatically later in the year, as greater volumes of batteries connected and 
offered services.  Figure 1 displays day-total incomes for two of these services, “Dynamic 
Containment – Low (DCL)” and “Dynamic Regulation – Low (DRL)”.  

(a) Dynamic Containment Low (DCL) (b) Dynamic Regulation Low (DRL)

Figure 1 Day totals of market clearing prices for frequency response services (a) DCL, (b) DRL. Sept 2021 – Nov 2023 [40]. 

With falling prices for frequency response services, by the end of 2022, incomes from other 
activities, including wholesale trades, became increasingly attractive.  Batteries can also participate 
in the Balancing Mechanism (BM), the near-real-time mechanism by which the ESO balances the 
system and avoids transmission network congestion, though during 2022 batteries were only 
occasionally selected for such services by the ESO.  Astute owners move between services and 
markets, even in-day, to seek the best prices [41].  Other potential revenue streams include Capacity 
Market, and Use of System credits for exports at times of high system demand, both of which can 
potentially be combined with other activities. 

Examination of activity by grid-connected batteries during 2022 shows that several did indeed 
engage in wholesale trades.  Several also changed patterns of activity, presumably switching 

10 DC, DM and DR are provided in six 4-hour long “Electricity Forward Allocation” (EFA) blocks, starting at 23:00 
clock time the preceding day.  EFA block 1 runs from 23:00-03:00, EFA block 2 03:00-07:00, and so on.  EFA 
block 5, 15:00-19:00 covers times of usual maximum system demand.   The three services have “high” and 
“low” variants, which respond to containment of high and low frequency events, respectively. 
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between wholesale trading and other activities, as illustrated in Figure 2 and Figure 3.  Such changes 
in activity present challenges for system planners in anticipating likely battery behaviour.
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Figure 2 Timeseries of exports and imports of three GB grid-connected batteries during 2022: Final Physical Notifications 
(FPNs), (in orange); and Balancing Mechanism (BM) actions (in dark green). Source: Balancing Mechanism data11

11 The accompanying datasets include full Balancing Mechanism (BM) data for batteries during 2022. BM data 
for individual Balancing Mechanism Units (BMUs) (i.e. individual generators etc.) can be found here [61] 

(a) Pen y Cymoedd battery (b) Kemsley battery

(c) West Burton B battery 41
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Figure 3 Timeseries of export and import Final Physical Notifications (FPNs) of Pen y Cymoedd battery, over 2 weeks in 
May-June 2022, showing regular and irregular trading patterns. Source: Balancing Mechanism data

In short, there are several credible activities a battery may engage in, and wholesale trades are an 
attractive option at least some of the time.

3.4.Case study periods
In order to investigate potential for battery actions to affect network congestion, in either “helpful” 
or “problematic” ways, three different case study periods were selected for detailed study.  

These case study periods were all 5 weeks long, chosen from different times of year (and called 
“seasons”), and during dates which illustrated different types of weather and wind output patterns, 
and also different conditions of both wholesale electricity prices, and of electricity demands.

Table 3 Dates of cases study periods

Season Dates (inclusive)
“Summer” 26 May – 29 June 2022
“Autumn” 25 Sept – 29 Oct 2022
“Winter 17 Nov – 21 Dec 2022

4. Battery wholesale trades simulator 
This section synthesises credible timeseries of energy imports and exports for a battery engaged in 
wholesale trades during the above case study periods.  Initially batteries of 1 MW capacity were 
modelled, with variants on this size considered later in Section 5.  As mentioned in Section 3.1, the 
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battery location does not affect the wholesale price signal it would be exposed to, so such a battery 
could be sited anywhere in GB. 

4.1.Simulations overview 
A rational12 battery or other storage asset engaged in wholesale trades would buy electricity and 
increase its State of Charge (SOC) at times of low electricity price, and would sell electricity at times 
when the price is high.  

For this work battery actions were simulated in an agent-based model, details of which are given in 
Appendix 1.  [42] reports median durations13 of deployed lithium ion (and also lead-acid) batteries of 
between 1 and 2 hours, and 25th-75th percentile ranges of durations between 0.7 and 4 hours for 
both technologies, based on US Department of Energy data [43].  Thus, most simulations used 
battery durations of 2 hours.  Total round-trip losses were set at 15% for most simulations, in order 
to represent typical battery chemistries such as lithium-ion, together with ancillary equipment.  The 
model uses two additional parameters, together termed “trading scenarios”, which set its appetite 
for trading (i.e. how high or low the wholesale electricity price must be, for an energy sale or 
purchase, respectively, to be instructed), and foresight of forthcoming prices.  The trading scenarios 
which resulted in the highest overall net revenue, over the whole 35 day case study period, were 
selected for further investigation. 

Hourly day ahead spot market prices14 from Nordpool, one of the GB power exchanges, were used to 
drive battery behaviour.  

4.2.Simulation results
4.2.1.Timeseries charts 

Examples of timeseries of simulated battery actions, for a 1 MW / 2 MWh i.e. 2hr- duration battery, 
of 85% round-trip efficiency, are shown below, together with wholesale price and accumulated net 
revenue.  

12 The term “rational” means the battery is engaged in activities intended to and effective in gaining revenue, 
and is not prevented from doing so by a lack of foresight of forthcoming wholesale prices (as elaborated in 
Appendix 1) nor from operational restrictions or warranty conditions. 
13 The “duration” is taken to be the time during which a fully charged battery can export at full power, 
assuming “fully charged” and “fully discharged” states are those which the battery can safely cycle between 
without sustaining damage.  
14 Prices were manually transcribed and thus may contain transcription errors
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(a) Summer (b) Autumn

(c) Winter
Figure 4 Wholesale electricity prices15; battery export/import actions; and battery accumulated net revenue, during 
summer, autumn and winter 2022 case studies

For clearer inspection, single weeks of the “autumn” and “winter” case studies are shown in Figure 
5.

15 Note electricity prices briefly exceeded £800/MWh on 4 occasions during the winter case study period

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5928567

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



12

(a) Autumn week 2 (b) Winter week 3
Figure 5 Two 1-week plots of battery simulation, illustrating regular patterns of trades.  (a) Autumn, 2rd week, regular 2 
cycles / day, and (b) Winter, 3rd week, regular 1 cycle / day.  

In Figure 4 and Figure 5, a battery “export”, i.e. a delivery of power, is shown as a power flow above 
zero, and a battery “import”, i.e. the battery’s drawing of power to recharge its energy store, is 
shown as a below zero power flow. 

4.2.2.Diurnal patterns 
Figure 6 shows aggregated actions of the simulated battery, base case (2 hour), split by Settlement 
Period (SP), over the whole of each 35-day case study time period.  Plots for the “best cashflow” 
scenarios for each season are shown in Figure 6.

As the available price data are of 1-hr resolution, the timestep is one hour, so data are only available 
on odd-numbered half-hourly SPs.  

In the event that the 1 MW simulated battery imported or exported at the same time every day 
during the 35-day case study, that import or export peak would touch the “max possible” horizontal 
line, set at 35 MWh.  Import and export peaks at lower levels indicate actions do not occur every day 
at the same time.  

(a) Summer (b) Autumn (c) Winter
Figure 6 Simulated aggregate battery activity by time of day (Settlement Period), over the whole of each case study 
season. 1 MW / 2 MWh, 85% round-trip efficiency battery, most lucrative trading scenario 
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All case studies show a clear night-time import, and a clear late afternoon or early evening export.  
Summer and autumn case studies show clear “2-cycles per day” behaviour, with an additional 
morning export around 8am followed by an import peak around 1pm.   In winter, morning exports 
and midday imports only occurred on a few days over the whole of the simulation.

4.3.Sensitivity: battery duration 
Simulations for batteries of 1 hour and 4 hour duration yielded broadly similar timeseries results to 
those for batteries of 2 hour duration, i.e. trading at similar times of day and similar frequency, 
though for differing durations.  Simulated batteries of 12 hour duration showed some very different 
behaviour to short-duration batteries.  Increasing battery duration yielded diminishing returns in 
terms of additional overall net revenues per MW of battery capacity, and reducing incomes per 
MWh of energy capacity.  

    

Figure 7 Average daily net revenue of a 1 MW, 85% round-trip battery, vs duration (in hours) of the battery, for the 
“summer”, “autumn”, and “winter” case studies, illustrating diminishing returns with increasing battery duration.  “Flow 
battery” scenario is a 12-hour battery of 70% round trip efficiency. 

4.4.Main findings of battery simulations
These simulations find that a rational battery, engaged in wholesale trading, could be expected to 
import and export energy according to a diurnal pattern, on many days, a pattern which is affected 
by seasons and the weather.  The following section explores the effect that such patterns of battery 
activity would have on power flows through distribution networks in three case study locations, in 
order to see whether such a battery will reduce maximum power flows and reinforcement needs. 16 

16 These simulations also indicate that “longer duration energy storage” would make less revenue per MWh 
from trading than batteries which can fully discharge in 1 or 2 hours.  Thus, if a System Operator or 
Government desires deployment of storage capable of operating for longer timescales, additional markets or 
support may be necessary.  The UK Government is indeed preparing to deliver a “Long Duration Electricity 
Storage” scheme [62], which will support storage assets capable of delivering electricity at full power for at 
least 8 consecutive hours. 
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5. Distribution network case studies

5.1.Method and data sources 
5.1.1.Data sources 

Timeseries data for 11 kV demand flows measured at substations were obtained from the ‘Open 
Data Portal’ of SP Energy Networks (SPEN), one of Britain’s Distribution Network Operators (DNOs), 
for Sept 2022 to Aug 2023. Data were “cleaned” to remove apparent errors and “dropouts”17 prior 
to use.  In all cases “Monitored Flow (MW)”, the dataset of measured demand flows net of any 
generation, was used. 

Data were not available before Aug 2022, so for the “summer” case study period, data for the same 
dates during 2023 (adjusted by 1 day to preserve the same day of the week) were used as a proxy 
for 2022 demand data.  

Three locations were selected, summarised in Table 4 with locations shown in Figure 8.

Table 4: Distribution network case studies

Location Description Peak demand (MW)18, 19 Generators and
Peak Generation (MW) 20

Stevenston Town 13.3 No generator connected:   0
Lochan Moor Two small villages 5.0 North Rhinns wind farm: 22
Largs Town 8.4 Kelburn B wind farm:       14

Halkshill hydro:                    1.34

Figure 8 Map showing locations of distribution network case study sites. Map © Google, 2023; annotated

17 Apparent data errors included: occasional timesteps of missing data;  data “flatlining” i.e. the exact same 
values over several hours or even days; and sudden anomalous drops to zero or another low value.  For such 
instances of up to two hours’ duration, data “cleaning” involved replacement with the average values of the 
preceding and following timesteps.  For some longer duration instances, a credible diurnal pattern was created 
using preceding and following days’ data values.  Occasional sudden anomalous short duration rises in 
Monitored Flow were considered likely to be electrical faults, and were not “cleaned”; neither were suspected 
errors of small magnitude. The accompanying datasets give further details. 
18 Highest value of “Monitored Flow (MW)” for each location, during Sept 2022-Aug 2023.  
19 For Stevenston only, this value excludes anomalously-high values, on 17 Oct 2022 during 19:00-20:30, which 
were considered likely to be a fault. 
20 Generators’ capacity as listed on SP Energy Networks’ Embedded Capacity Register
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For Largs and Lochan Moor, each having a substantial 33 kV-connected windfarm (of 14 MW and 22 
MW connected capacity, respectively), no timeseries wind output data were available.  Thus, in both 
cases, a nearby Balancing Mechanism-participating windfarm was used as a proxy, scaled according 
to connected capacity.  Final Physical Notifications (FPNs) were used, which are the windfarms’ 
declared expected generation values 1 hour ahead of real time, prior to any curtailment instructions 
from the ESO via the Balancing Mechanism. 

Thermal capacity of overhead lines and 33/11 kV transformers were listed on SPEN’s Long Term 
Development Statement Statement(LTDS) document suite. 

5.1.2.Method 
This study examines the effect of battery activity on 33 kV flows at all the sites. 

Network diagrams for case study sites are shown in Figure 9 21.

Flows on 33 kV overhead lines (OHLs) were calculated from the 11 kV “Monitored Flow (MW)”, 
showing demand at the substation, net of any outputs from 11 kV-connected generators, where 
present.  All datasets were of half-hourly resolution; they were smoothed to hourly resolution to 
display with simulated battery data, which was based on hourly prices.    

The simulated battery was connected at the 33 kV level, sharing a bus with windfarm, where 
present.  The battery was sized to 3 MW / 6 MWh in all cases. 

21 The “GSP” on the figures are Grid Supply Points, which are points of connection between the electricity 
transmission and distribution networks. 
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(a) Stevenston, with added battery (b) Lochan Moor, with added battery

(c) Largs, with added battery
Figure 9 Schematic network diagram for (a) Stevenston, (b) Lochan Moor and (c) Largs), all with added battery

5.2. Network flows without battery 
Figure 10 shows the timeseries of demand drawn at Stevenston, i.e. the aggregate flows through 
both 33 kV lines, during the winter case study period.  Similar, but slightly lower flows occurred 
during the autumn and summer case study periods. 
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Figure 10 Timeseries of network flows at demand-only Stevenston, winter case study

Here, the network flows all have values above zero, and are termed “imports”, i.e. a flow of power 
from the transmission system, via the Grid Supply Point (GSP) and 33 kV lines and 11 kV bus to the 
town.

Figure 11 shows the timeseries of network flows at Lochan Moor during the autumn period.  

Here, the red trace depicting total 11 kV flows at the two villages is always above zero, showing 
power imports to the villages.  The grey line showing “negative” power flows from the windfarm 
represents generation flows, called “exports”, i.e. power flows from the windfarm via the 
distribution network and the GSP onto the transmission system.  The blue trace shows the calculated 
overall flows through the 33 kV line: at times of high wind, the resultant 33 kV flows are net exports; 
on occasions of low or zero wind, 33 kV flows are net imports. 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5928567

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



18

Figure 11 Timeseries of network flows at wind-generation-dominated Lochan Moor. Autumn case study

Figure 12 shows network flows through Largs during the summer case study period, showing regular 
diurnal demand pattern, in red, periods of high and low wind, in grey, and the blue trace being the 
calculated resultant net 33 kV flows, importing from or exporting to the transmission system.  
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Figure 12 Timeseries of network flows at Largs, circuit with both significant demand and wind generation flows.  Summer 
case study

5.3.Results: effect of battery activity on network flows. 
Simulated battery activities were added to the calculated network flows.  Examples of three kinds of 
results are given here. 

5.3.1. Good alignment of battery activity and network flows. Winter 
In the middle part of the winter case study period, there was an episode of cold weather with little 
wind, lasting around 10 days.  

At demand-only site Stevenston, Figure 5 (b) shows that the daily peak in wholesale prices would 
incentivise a daily battery trade.  During this time, battery imports occurred at night when demand 
was low, and battery exports in late afternoon, when demand was high, as previously illustrated in 
Figure 6 (c).  These actions fitted well with network flows, as shown in Figure 13: an appropriately-
sized battery would reduce network flows. 
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Figure 13 Winter case study, week 3. Timeseries of network flows at Stevenston, with battery. Battery flows aligning well 
with network flows

Similar results were found at this time from Largs. 

5.3.2.Summer and autumn: poor alignment of battery activity and network flows – increased 
imports

However, during the summer and autumn case studies, the battery actions did not fit so well with 
network flows. 

Section 4.2 shows that on many days in the summer and autumn, the battery would engage in two 
trades a day, often with imports both at night, and around midday, in both cases times when prices 
were relatively low.   At night, demands were low, but at Stevenston, there is little if any dip in 
demand around midday.  Thus, a battery import at this time, though avoiding the evening peak 
import flows, would still serve to exacerbate the high daytime import flows, as shown in Figure 14.  
Similar results were also found during low-wind periods during the summer and occasionally the 
autumn at Largs, as shown later in Figure 16. 
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Figure 14 Autumn case study, part of weeks 1-2. Timeseries of network flows at Stevenston, with battery. Battery flows 
aligning poorly with network flows, exacerbating maximum imports

5.3.3. Poor alignment of battery activity and network flows – times of high wind outputs 
The autumn case study period had frequent episodes of high wind, during which overall flows via the 
33 kV network were export dominated at Lochan Moor, and to a lesser extent also at Largs.  The 
battery would usually continue to trade once or twice daily throughout: battery exports would add 
to already high export flows, as shown for Lochan Moor in Figure 15.
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Figure 15 Autumn case study, part of weeks 1-2. Timeseries of network flows with battery, Lochan Moor.  Battery actions 
aligning poorly with network flows, exacerbating export flows.

Battery imports at times of high wind would reduce network flows.  However, the duration of wind 
events was normally far longer than that of a full-power battery import, so overall battery imports 
did little to reduce export flows via the 33 kV line.  

Figure 16 shows all above behaviours at “mixed site” Largs during the summer case study.  This 
demonstrates that contrary to the expectation that batteries might act to relieve network 
congestion, battery imports sometimes exacerbate network imports at times of low wind, and 
battery exports sometimes exacerbate overall exports at times of high wind.  

Even though this study finds that battery activity would, at times, reduce overall flows via the 33 kV 
lines, such activity would not reduce the need for network reinforcement, if, as is found in this study, 
battery activity would increase network congestion at other times: network reinforcement is driven 
by increases in maximum network flows.     
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Figure 16 Summer case study, week 1.  Timeseries of network flows with battery, Largs.  Battery actions at times aligning 
poorly with network flows, exacerbating some import and export flows. 

6. Transmission network case study

6.1.Overview
This study now moves to investigate the effect of battery trading on large-area network flows in 
Scotland, Great Britain’s northernmost nation.  Scotland has good wind resource and large areas of 
sparse population, and had over 11 GW of installed wind capacity at the end of 2022 [44]Table 6, 
encouraged by UK Government policy instruments cited in section 3.1. The “Connect and Manage” 
framework allowed large windfarms to connect to the transmission system with firm connection 
rights22, in advance of sufficient transmission capacity, in order to accelerate the adoption of 
renewables, but with the consequence that Scottish windfarms have historically been subject to high 
levels of network-related curtailment.   Scotland’s electrical demand peaks at around 5 GW [45], 
compared to around 50 GW for the GB system as a whole, so at times of high wind, Scotland is a net 
exporter of power to England and Wales.  Transmission connections from Scotland leading south 
have expanded, though not at the same pace as wind deployment. Further expansion is planned [46] 
but curtailment volumes are expected to increase until around 2035 [46].   

22 Firm connection rights means the entitlement to be compensated for curtailment of production in the event 
of lack of network capacity or for whole system balancing reasons.
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At times of output from wind and other inflexible generators, less Scotland’s demand, exceeding 
transmission network capacity, the ESO curtails generators, historically usually wind generators [46], 
though a roll-out of batteries presents opportunities for batteries themselves to be curtailed in the 
BM [47].  This study examines occasions of curtailment and total wind generation from farms that 
are Balancing Mechanism Units (BMUs) during the case studies, to explore the effect that a battery – 
if located in Scotland – may have on the need for curtailment of windfarms, or other generators, in 
Scotland.  

6.2.Method
Balancing Mechanism data were interrogated to find the FPNs and degree of curtailment (Bid and 
Offer Accepted Volumes) for BMU windfarms during the case study periods.  BM-participating 
windfarms in Scotland account for the majority of wind generation in Scotland, as show in Table 5 
[44], [48].

Table 5 Scottish windfarm capacity, 2022

Total Scottish 
windfarm capacity, 
end 2022, GW

Total Scottish BMU windfarm 
capacity, GW, 2022

Source Energy Trends, 2024, 
Table 6.1 [44]

BM data.
Sum of max FPN of each Scottish 
BMU windfarm during 2022

Onshore 9.02 5.92
Offshore 2.17 1.95
Total 11.19 7.87

FPNs and net curtailment timeseries data were smoothed from half-hourly to hourly, to plot 
together with simulated battery imports and exports. 

6.3.Results – curtailment and wind 
Curtailment of windfarms occurs almost entirely during windy conditions, occurring commonly at 
aggregate Scottish wind FPNs above 3-4 GW in summer, 4-5 GW in autumn, and 4-6 GW in the 
winter case study period, as well as occasionally at lower wind levels, as shown in Figure 17 and 
Figure 18.  

(a) summer (b) autumn (c) winter
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Figure 17 Scatterplot of Scottish aggregate windfarm curtailment (net BAVs23) vs Scottish BMU windfarm availability (total 
FPNs).  (a) Summer case study, (b) Autumn case study, (c) Winter case study

(a) summer (b) autumn

(c) winter
Figure 18 Timeseries of Scottish aggregate windfarm availability (total FPNs) and Scottish aggregate windfarm curtailment 
(net BAVs)24. (a) Summer case study, (b) Autumn case study, (c) Winter case study 

6.4.Results – effect of battery activity on windfarm curtailment in Scotland
Figure 19 shows timeseries of Scottish BMU wind FPNs and windfarm curtailment, together with 
simulated battery imports and exports. 

23 “net Bid Accepted Volumes (net BAVs)” for every settlement period (SP) are Bid Accepted Volumes (BAVs) 
minus Offer Accepted Volumes (OAVs) at that SP. (Net BAVs are also referred to as Bid-Offer Accepted 
Volumes (BOAs).) 
24 Net BAVs (the sum of Bid and Offer Accepted Volumes) are also referred to as “BOAs”. 
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(a) summer (b) autumn

(c) winter
Figure 19 Timeseries of Scottish aggregate windfarm availability (total FPNs) and Scottish aggregate windfarm curtailment 
(net BAVs) (upper charts) and simulated battery exports and imports (lower charts), all for 35 days. (a) Summer case study, 
(b) Autumn case study, (c) Winter case study

Battery imports and exports occur throughout all the case study periods, including at times of high 
wind, and including at times of windfarm curtailment.  Battery exports at such times would add to 
overall transmission network congestion, and would be likely to necessitate further ESO curtailment 
instructions to windfarms or other generators. 

7. Discussion

7.1.Batteries, demand flows and solar generation 
Section 5.3.1 finds that during the middle of the winter case study period, activity of a suitably-sized 
battery would reduce network flows at demand-only site Stevenston, as the timings of battery 
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activity fitted well with network flows.  Battery behaviour of this kind could potentially reduce the 
need for network reinforcement.

However, during the summer and autumn case study periods, battery activity at times served to 
increase import flows, generally by importing around midday.  At Stevenston, network flows were 
fairly high throughout the day, and thus any import by a battery would increase import flows. 

Figure 20 shows timeseries of electricity price and the ESO’s estimate of “National Demand”25, 
estimated from metered generation, less flows from interconnectors and pumped storage.  In 
excerpts from summer and the autumn case studies, the daily midday dip in “National Demand”, 
coincides with, and is likely to contribute to the midday price dip.  However, most of the midday dip 
in “National Demand” is due to the presence of solar generation rather than an actual drop in 
estimated “gross demand” (i.e. “National Demand”, plus the ESO’s estimates of embedded solar and 
wind).  The daily profile of estimated “gross demand” (“National Demand”, plus embedded wind and 
solar) is in fact close to that of case studies Stevenston and Largs.  Thus, the absence of significant 
connected solar generation at these case study sites contributes to a local demand profile which 
differs from the “national”, GB-wide demand profile.  These results suggest that in locations lacking 
significant solar generation, in contrast to the GB system as a whole, a rational battery’s imports 
may, at times, exacerbate local maximum imports.  Thus, in such a location, a battery could not be 
used to relieve network constraints at all times, and could not substitute for network reinforcement, 
under current pricing and market arrangements.

25 The ESO uses term “National Demand” to describe GB-wide demand. 
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(a) summer (b) autumn
Figure 20 5-day excerpts from summer and  autumn case studies, illustrating “two peaks a day” price and GB power system 
“national demand” patterns most days in summer and autumn.  The lower charts show the midday dips in “National 
Demand” arise mostly from solar generation.  

7.2.Batteries and wind generation 
Section 5.3.3, which describes the local case studies, found that battery imports and exports would 
be expected under all conditions of wind.   

Battery imports would of course also occur at times of high wind and, while importing, they would 
reduce congestion.  However, short duration batteries, of 1-4 hours, are able to import at full power 
for significantly shorter durations than most wind events, and so overall, would have limited 
effectiveness in relieving wind generation congestion and enabling use of otherwise curtailed wind 
power, a finding also reported by [19] in Northern Ireland and [25] in the USA.

On distribution networks where networks flows are dominated by wind generation, any battery 
exports at times of high wind would exacerbate maximum flows.  Thus, in such locations, a battery 
cannot reduce network congestion nor reduce or delay the need for network reinforcement. 
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Section 6.4 found similar results, considering transmission network flows in the whole of Scotland: 
deployment of batteries may exacerbate, rather than alleviate network congestion, at times, and 
would not reduce the need for transmission reinforcement.  This work is not the first to have such a 
finding: North American studies [23]–[25] similarly found that storage assets, located close to large 
remote windfarms, would not always act to reduce network constraints, in an unbundled system 
where the storage sought to maximise incomes via trades, and thus could not substitute for network 
reinforcement.  In [24], in 2009, Denholm and Sioshansi wrote, of part of the USA: “Fundamentally, 
the problem with co-located wind / [energy storage] is that wind production and [wholesale 
electricity prices] are largely decoupled at current levels of wind penetration.”  The above statement 
could well apply to the current level of wind generation in GB. 

7.3.Wider applicability
It is not unusual for different areas of an electricity system to have different mixes of generation 
types, and for some generators to be located at a distance from major demand centres.  

Table 6 Wind and solar PV capacity of Scotland and GB, end 2022. Energy Trends Table 6.1 Dec 2024 [44]

Installed capacity, MW
Technology Scotland England 

and Wales
GB (i.e. England, 

Wales and Scotland
Scottish capacity,
 as a % of GB’s

Onshore wind 9,022 4,385 13,407 67%
Offshore wind 2,166 11,762 13,928 16%

Total wind 11,188 16,147 27,335 41%
Solar PV 
(rooftop + solar farms) 519 14,018 14,537 4%

Renewables such as wind, in particular, are often remotely located because of the space they 
require, as seen in North America [23]–[25] as well as within GB, where much wind capacity is  
located in sparsely-populated areas of Scotland and offshore.  Commercial solar farms exist across 
GB, though are more numerous in southern England and South Wales [49] where solar irradiation is 
greater than in locations further north. 

Within Scotland, many areas of distribution networks have flows dominated by wind generation 
[32], [33]: however, such sites also exist in England and Wales, where there is over 4 GW of 
connected onshore wind, almost all of which is distribution-connected [28]–[34].  

Transmission congestion is currently wind generation- rather than demand-dominated, and occurs 
mainly within Scotland, and between Scotland, and England and Wales.  

Similar situations may occur in other power systems, particularly anywhere the generation mix or 
conditions vary across the system, if price signals to flexible assets do not represent local or regional 
conditions.  

7.4.Current and recent developments in Great Britain
Two significant developments are in process or recently concluded.  

First, UK Government’s Review of Electricity Market Arrangements (REMA) process [50] has been  
considering introduction of locational pricing.  Locational prices would provide far better signals for 
batteries and other flexible assets to respond to network needs.  However, the UK Government has 
decided, in July 2025, to retain a single GB-wide wholesale market [51].    
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Second, “Clean Power 2030”, a UK Government commitment to largely decarbonising the GB 
electricity sector by 2030 [1], will require a rapid further expansion of low carbon generation sources 
[52].  

In 2009, Denholm and Sioshansi wrote “As the amount of wind [generation] increases, it will begin to 
drive electricity prices, resulting in lower [electricity] prices during periods of high wind, and higher 
prices during periods of lower wind. An optimally dispatched [energy storage] system will begin to 
more closely respond to wind patterns...” [24].  In GB, we might shortly see such behaviour from 
storage assets, if, as planned, wind and other renewables do displace gas generators as price setters, 
and GB system prices may better reflect renewables outputs.  

7.5.Potential remedies
Several approaches could improve the above problem, though none is “cost-free”.  

An introduction of some kind of locational pricing arrangement would largely alleviate perverse price 
signals at transmission level, and may also improve price signals on many distribution networks.  
Such changes have been considered as part of the UK’s Review of Electricity Market Arrangements 
(REMA) process [50],  but rejected [51].  The REMA decision also heralds other “substantial reforms” 
to pricing arrangements and “greater strategic and planning co-ordination”; details are as yet 
unclear.  This work suggests that “reforms” will be valuable if they can incentivise activity which 
better fits local conditions. 

Revisiting unbundling rules which prohibit network owners from owning storage would also address 
this problem.  However, independently-owned storage assets would  be at a significant disadvantage 
compared to any owned by network companies, a situation considered detrimental to markets’ 
functioning [53], and one which could jeopardise the existence of the recent thriving private sector 
provision. 

Changing connection rules to normalise the offering of non-firm connections to batteries would also 
address this problem.  With a “non-firm” connection, common for windfarms in parts of Scotland 
[54], for example, an asset would be curtailed without compensation at times of network 
congestion.  Distribution-connected assets can opt for a “non-firm” connection to often gain a 
cheaper and faster grid connection.  Transmission-connected renewable assets are currently offered 
firm connections, even where capacity is lacking26.  Such a change would not be welcomed by the 
storage industry, and could also restrict batteries’ ability to provide useful system services.  

Distribution and transmission network owners can contract with flexibility providers, including 
batteries, to manage constraints and other operability issues.  Thus, paying batteries to solve 
constraint problems is an option.  

A final approach is simply to reinforce the network, the opposite of the desired outcome, but an 
approach which may prove better than the above alternatives, or a “no action” approach. 

8. Conclusions
Batteries and other flexible generators and demand users provide very valuable system services but, 
under current rules, can be expected to engage in other activities, including wholesale trades, at 
times. 

26 Under a “Connect and Manage” scheme introduced in 2010, to expedite renewables deployment [63]
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The single GB pricing area encourages a rational battery to act on system-wide signals.  Patterns of 
network flows in local areas sometimes align with system-wide patterns, such as in early December 
2022.  At such times, an appropriately-sized rational battery, engaged in wholesale trades, would 
naturally act to reduce network flows.  Such behaviour could potentially reduce or delay any need 
for network reinforcement. 

However, more often, differences in generation mix, and in proportion of generation to demand in 
locations studied, result in network flow patterns on local, regional or even nation27 scales which 
differ from patterns of aggregate GB system network flows and prices.  In such locations, a rational 
battery, if engaged in wholesale trades based on system-wide pricing, would act in ways which at 
times exacerbate both maximum export and import flows.  

The question of whether battery deployment, anywhere in an electrical power system, would reduce 
the need for reinforcement, is answered:  in the locations studied, batteries add to network 
reinforcement needs, rather than relieving them.  These findings could also apply to deployment of 
other types of flexible generator and flexible demands. 

Furthermore, even at times when a battery reduces network flows, such as importing during periods 
of high wind, the effectiveness of a short duration battery is limited in reducing congestion arising 
from much longer-duration wind events: much longer duration energy storage would be needed to 
be effective. 

In short, network owners and operators ought to be aware that some short-duration energy storage 
assets (and other flexible demands and generators) may at times exacerbate “worst case” network 
flows, especially in locations where conditions differ from those system-wide in aggregate.  Such 
considerations should inform their network planning and reinforcement decisions. 

27 The UK consists of four nations: England, Wales, Scotland and Northern Ireland
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Appendices

Appendix 1 Battery trading simulation model
A battery owner, wishing to engage in wholesale trades, would wish to import energy at times of low 
price, and sell at times when the price is higher, as described in [55]. 

This model simulates such decisions, for three case study periods during 2022.  The model is a single-
agent model that represents rational decision making of a battery operator, as shown schematically 
in Figure A1.21. 

Figure A1.21 Schematic of battery model formulation

A1. Model inputs
A1.1 Variables: electricity wholesale price datasets

The input variables are contained in a timeseries dataset of GB wholesale electricity prices, £/MWh, 
using Nordpool day ahead data, which are of 1-hour resolution. The key variable set is:

Wholesale price (£/MWh) at every timestep price(t)

    A1.2 Battery Parameters used in the model  
The fixed battery parameters set the key features of the simulated battery.  For simplicity, the 
round-trip losses are modelled as occurring only during charging, and not during discharging.  

Symbol used Default values used
Maximum export power (MW) Pmax 1 MW
Maximum import power (MW) −Pmax 1 MW
Simulation timestep (hr) timestep 1 hour
Battery duration, exporting at Pmax (hr) D 2 hour 
Battery energy capacity (MWh) 𝐷.𝑃𝑚𝑎𝑥 2 MWh
Maximum State of Charge SOC_max 1
Minimum State of Charge SOC_min 0
Round-trip efficiency  85% 

Neither standing losses nor battery degradation were simulated.  This model considers cashflows 
only from buying and selling electricity, and excludes other essential business cashflows.  The initial 
state of charge, SOC(t=0), is set to 0.5. 
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A1.3 Trading parameters
A trading parameter, the visibility window, represents the time horizon of forthcoming market price 
data which informs the battery agent’s trading decisions.  A second trading parameter, trading 
strategy, represents the battery agent’s appetite for trading.  Trading prices which are favourable for 
selling energy (high prices) and buying energy (low prices) are determined in comparison to the 
“maximum market price” and “minimum market price” occurring within the visibility window, shown 
in Figure A1.22.  

Figure A1.22  Battery trading behaviour: key parameters

Within the range of prices that are about to occur within the visibility window, a “buy price”, at or 
below which it is favourable to buy electricity, and a “sell price”, at or above which it is favourable to 
sell energy, are set, with the aid of two further parameters: the market price gap, and the chosen 
trading strategy.  

The trading strategy sets the point within the market price gap at which prices are deemed 
favourable for trading.  Four different trading strategies were used, which are shown in Table A1.7. 

Table A1.7 Battery trading strategies

Market price at which battery will buy or 
sell: position within the market price gap

Trading strategy

‘x’: for sell price ‘y’ for buy price
‘ 40%’ (‘Busy’) 60% 40%
‘25%’ (‘Moderate’) 75% 25%
‘10%’ (‘Wait for good price’) 90% 10%
‘5%’ (‘Wait for best price’) 95% 5%

𝑠𝑒𝑙𝑙 𝑝𝑟𝑖𝑐𝑒 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 + 𝑥.𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 𝑔𝑎𝑝 (A1.2)

𝑏𝑢𝑦 𝑝𝑟𝑖𝑐𝑒 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 + 𝑦.𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 𝑔𝑎𝑝 (A1.3)

These parameters and variables are illustrated in Figure A1.23.

𝑀𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 𝑔𝑎𝑝(𝑡) = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒(𝑡, 𝑣𝑖𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑤𝑖𝑛𝑑𝑜𝑤)
― 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒(𝑡, 𝑣𝑖𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑤𝑖𝑛𝑑𝑜𝑤)

(A1.1)
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Figure A1.23 Battery trading behaviour: market price gap, buy price and sell price 

For example, if the minimum market price in the visibility window is £200/MWh, and the maximum is 
£300/MWh, the market price gap is £100/MWh.  In the “40% / busy” strategy, the battery will buy if 
the market price falls to £240/MWh or below, and will sell if the market price rises to £260/MWh or 
above.  In the “5% / wait for best price” strategy, the battery will only buy if market price falls to 
£205/MWh or lower, and will only sell at market prices of at least £295/MWh.

The chosen “trading strategy” and “visibility window”, together form the “trading scenario” used for 
the simulation run.  Visibility windows from 2 hours to 72 hours were used in simulations. For each 
simulation run, the visibility window and trading strategy are fixed for the whole run.  Simulations 
were repeated with all combinations of chosen visibility windows and trading strategies. 

A2. Model logic
The battery agent uses deterministic logic to represent the actions of a battery owner at every 
timestep.

At every timestep t, the following variables are calculated and recorded: 

power flow (exporting) (MW) P (t)

energy exported this timestep (MWh) e_out (t)

energy imported this timestep (MWh) e_in (t)

cashflow increment this timestep (£) cash (t)

State of Charge after timestep t SOC (t)

The battery always exports and imports at full power, Pmax or -Pmax whenever its SOC allows.  

When exporting 
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For P (t) > 0: 𝑃 (𝑡) = 𝑃𝑚𝑎𝑥 .  min (1,  𝑆𝑂𝐶(𝑡 ―1). 
𝐷

𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝  )            (A1.4)

e_out (t) = P (t) . timestep
e_in (t) = 0
cash (t) = e_out (t) . price (t) = P (t) . timestep . price (t) (A1.5)

When importing

For P (t) < 0: 𝑃 (𝑡) = ― 𝑃𝑚𝑎𝑥 .  min (1,  (1 ― 𝑆𝑂𝐶(𝑡―1) ).
𝐷

𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝 . 𝜂  )            (A1.6)

e_out (t) =   0
e_in (t)  =   −P (t) . timestep
cash (t) =  −e_in (t) . price (t) = P (t) . timestep . price (t) (A1.7)

At every timestep, the rules encoded in the battery agent, together with the input variables of price, 
the chosen trading scenario, and the battery SOC prior to this timestep, determine whether the 
battery will import, export, or not trade. 

For a trade to proceed, 3 criteria must be satisfied, as described below.    

Criterion 1: Wholesale price must be suitable for a trade 

If  price (t) >= sell price (t) then the price at this timestep is suitable for export

If  price (t) <= buy price (t) then price at this timestep is suitable for import

If  sell price (t) > price (t) > buy price (t) 

then the price at this timestep is unsuitable for either import or export 

“sell price” and “buy price” are defined in eqns. A1.2 and A1.3, and illustrated in Figure A1.23. 

Criterion 2: The trade must be financially viable, considering the cost of round-trip losses 
Trades in which there is only a small difference in price at which energy is bought and sold may be 
financially loss-making, even if the prices are deemed favourable for trade by the above rule.  If the 
estimated income from the trade is not greater than the estimated round-trip losses from the trade, 
the trade does not proceed.  The battery agent uses this timestep’s buy price or sell price as proxies 
for the price at which it will next purchase or sell energy. 

If:  price(t) – buy price(t) > buy price(t) . (1 − η) (A1.8)

then an export trade may proceed. 

If: sell price (t) – price(t) >  price(t) . (1 – η) (A1.9)

then an import trade may proceed. 

Criterion 3: The battery SOC must allow the trade 
The battery cannot export when it is empty (SOC of 0) , not import when fully charged (SOC of 1). 
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A3. Model outputs 
At every timestep, the model calculates power flows, SOC, cashflows, and running totals of 
accumulated cashflow and energy transfers.  At the end of the run, the final accumulated cashflow is 
adjusted for the financial value of any SOC difference between the start and end of the simulation 
run, using the market price at the end of the run. 

A4. Examples of results
Overall cashflows were calculated for all trading scenarios, i.e. all combinations of  trading strategy 
and visibility window.  Figure A1.24 shows how average daily accumulated cashflow varied with 
length of visibility window and trading strategy, during the autumn and winter case studies, for a 
1MW / 2 MWh battery of 85% round-trip efficeincy.  In both cases, the “best cashflow” scenario was 
“moderate” trading strategy, with a visibility window of 3 hours.  This scenario was used for further 
analysis. 

(a) Autumn case study (b) Winter case study
Figure A1.24 Variation of average daily accumulated net revenue with length of visibility window, for all four trading 
strategies. 1 MW / 2 MWh battery, 85%round trip efficiency.  (a) Autumn case study (25 Sept-29 Oct 2022 inclusive) (b) 
Winter case study (17 Nov – 21 Dec 2022 inclusive)

Figure A1.25 displays the battery’s average daily energy exports during the same case study periods.  
These charts show that the most lucrative scenario in autumn exported an average of 4 MWh per 
day, equivalent of around twice the battery’s energy capacity (i.e. an average of two full cycles per 
day).  In winter the most lucrative trading scenario involved just over 2 MWh per day of exports on 
average, slightly over 1 full cycle per day.  These “2 cycles a day” and “1 cycle a day” behaviours 
correspond to the battery timeseries and diurnal patterns of trade described in Section 4.2.   
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(a) Autumn case study (b) Winter case study
Figure A1.25 Variation of average daily energy exports with length of visibility window, for all four trading strategies. 
1 MW / 2 MWh battery, 85%round trip efficiency.  (a) Autumn case study (25 Sept-29 Oct 2022 inclusive (b) Winter case 
study (17 Nov – 21 Dec 2022 inclusive)

Appendix 2 Validation of battery model using examples of real 
grid-connected batteries
Real grid-connected batteries displayed a variety of actions  Below are some examples of real 
batteries displaying similar behaviour to the simulated 2 hour battery.  In all cases battery 
simulations were for “best cashflow” scenario.  

A2.1 Comparison of timeseries of battery simulations with selected grid-
connected batteries. 
Figure A2.26 and Figure A2.27 are excerpts of timeseries of selected grid-connected batteries, 
compared with simulated actions of a 2-hour battery. 
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A2.1.1 Autumn case study: comparison of battery simulations with Cowley and Hawkers Hill battery 
FPNs, 16-23 October 2022

(a) Wholesale price and simulated battery 
exports and imports

(b) Exports and imports of Cowley and Hawkers 
Hill batteries

Figure A2.26 Comparison of simulated battery actions with those of Cowley and Hawkers Hill batteries.  Autumn 
case study, week 4: 16-23 October 2022

On the first day (16 October) simulated and real batteries performed a single trade, importing in the 
night then exporting late afternoon.  Thereafter, most days simulated battery and Cowley battery 
traded twice most days, importing at night and around midday, and exporting in the morning and 
early evening, as did Hawkers Hill battery on 3 days.  

 A2.1.2 Winter case study week 4: comparison of battery simulations with Pillswood 1 battery FPNs, 
8-14 Dec 2022

(a) Wholesale price and simulated battery 
exports and imports

(b) Pillswood 1 battery exports and imports

Figure A2.27  Comparison of simulated battery actions with those of Pillswood 1 battery.  Winter case study, week 4: 
8-14 Dec 2022
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Every day, the simulated battery and Pillswood 1 battery imported at night and exported early 
evening.  On 12 December only, both simulated and Pillswood 1 battery had an additional morning 
export and daytime import. 

 

A2.2 Battery activity by time of day, over whole case study periods. 
Annex 2.2.1 Summer case study period: Pen y Cymoedd battery, and simulation

(a) Pen y Cymoedd battery (b) Simulated 2 hr battery
Figure A2.28 Summer: aggregate imports and exports by SP, (a) Pen y Cymoedd battery (1-hour resolution), and (b) 
2-hour battery simulation (highest revenue scenario)

A2.2.2 Winter case study period: Pillswood 1 battery and simulation

(a) Pillswood 1 battery (b) Simulated 2 hr battery
Figure A2.29 Winter: aggregate imports and exports by SP, (a) Pillswood 1 battery (1-hour resolution), and (b) 2-hour 
battery simulation (highest revenue scenario)

Figure A2.28 shows very similar aggregate battery import and export behaviour during the summer 
case study in Pen y Cymoedd battery, and the simulation: both importing at night and generally 
around midday, and exporting in the morning and early evening.  Figure A2.29 Shows good 
agreement between simulated battery behaviour in winter case study and Pillswood 1 battery: both 
importing primarily at night and exporting in late afternoon, with little activity at other times. 
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A2.3 Battery simulation and real batteries - conclusions
Simulated battery activity, both timeseries and aggregate activity by Settlement Period, shows close 
enough agreement to that of some real grid-connected batteries in GB, to give confidence that this 
simulation model produces a credible example of activities that a real battery may be expected to 
engage in.  

Data Access Statement
All data underpinning this publication are openly available from the University of REDACTED – to 
update after review KnowledgeBase at https://doi.org/10.15129/04b966ed-f0b5-4550-bd24-
483ad635e118 
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