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Abstract
In this paper, the UK’s electricity market and battery technologies were researched in order to
determine the economic feasibility of aggregating domestic batteries for grid-scale services. A
feasibility study was conducted under three scenarios in order to estimate the value of batteries for
domestic households in the UK. A revenue optimization model was built using historical market
data, and both technical and commercial parameters of Advanced Lead-Acid (ALA) and LithiumIon (LI) battery technologies. In this model, an aggregated system of 5000 batteries was simulated
and used to compare and stack value streams of seven different grid-scale services in the UK,
including energy arbitrage, reserve and frequency regulation services.
The results showed that although using a battery system for domestic services is currently not
economically viable for a household owner, grid-scale provision of dynamic frequency response
and fast reserve services yield sufficient annual revenue to compensate for these losses. The
maximum annual profit margin per household obtained was £ 532-692 for ALA and LI batteries
respectively, allowing a shared margin of £ 230-300 after accounting for household costs.
In the future, the potential of these business models was estimated to increase substantially due to
an increase in value of ancillary services, technological improvements and cost reductions in
battery technologies, and possible collaborations with network operators, electric vehicle and
renewable power companies. Current regulatory barriers in the UK, such as a double payment
structure for storage operators, lack of subsidy and lack of separate definition for storage devices,
hinder the required investment and implementation of battery technologies.
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1. List of Abbreviations and Acronyms
ALA – Advanced Lead-Acid
BAU – Business as Usual

Ofgem – Office of Gas and Electricity
Markets

BMU – Balancing Mechanism Unit

OTC – Over the Counter

BSUoS – Balancing Services Use of System

- System price at a given settlement period
PV – Photo-Voltaic

CFD – Contracts for Difference

SBR – Supplemental Balancing Reserve

- Charge rate

SFFR – Dynamic Firm Frequency Response

Dem - annual domestic demand
DFFR – Dynamic Firm Frequency Response
DG – Distributed Generators

SHETL
Scottish
Transmission Limited

Hydro

Electric

SNS – Smarter Networks Storage

DoD – Depth of Discharge
DNO – Distribution Network Operator
– Discharge rate
Drmax/Crmax - maximum discharge/charge
power rates of the battery (kW)

SoC – State of Charge
- State of charge at a given t
– Minimum storage level defined by
the maximum DoD allowed
- storage energy capacity

- Discharge rate allocated for
ancillary service

STOR – Short Term Operating Reserve

Ds – Discount rate

TNO – Transmission Network Operator

ECOd/n – Economy 7 day/night tariff

TNUoS – Transmission Network Use of
System

EFR – Enhanced Frequency Response
EMR – Energy Market Reform

UK – United Kingdom
/ - Discharge and charge efficiencies of
the device

Erp – Electricity retail price
FFR – Firm Frequency Response
FiT – Feed in Tariff
FiTg – Generation Feed in Tariff
FiTe - Export Feed in Tariff
FR – Fast Reserve
Ft – Correction factor
- Energy headroom needed for
the contracted service
LI – Lithium-Ion
LTO – Lithium Titanium Oxide
NG – National Grid
NGET
–
National
Transmission

Grid

Electricity

NPV – Net Present Value
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2. Introduction
Rising concerns in recent years over anthropogenic climate change have spurred academic and
industrial efforts in mitigating its effects, which include changes in energy consumption and
generation patterns around the world. The advantages of promoting clean electricity generation and
transportation technologies are accompanied by major challenges for the operation of current
electricity grid systems. The change in generation mix from conventional base-load to intermittent
renewable power supply creates a need for flexible generation capacity and demand-side
management [1].
Energy storage technologies are well placed for providing valuable services due to their ability to
shift generation and load patterns, and many technologies have been researched for both domestic
and grid-scale applications [2] [3].
Among different energy storage technologies, electrochemical batteries hold several advantages for
grid-scale services including a fast response time, scalability and an ability to provide both power
and energy applications [4]. However, these advantages are hindered by high capital costs, thereby
promoting many techno-economic research projects looking at different technologies, markets and
potential services, such as in [5] [6] and many others.
Because domestic batteries are of limited size compared to bulk storage devices (kWh capacities,
compared to MWh), they have been mostly researched and used to date for increasing selfconsumption from a domestic power plant. However, a ‘cloud’ network (coined from ‘cloud
computing’) of many distributed domestic batteries, higher capacities could be achieved, with
several operational advantages compared to bulk energy systems for grid scale services.
First, using an aggregated system could provide flexibility in capacity and performance required
for supplying different services simultaneously, at different locations. In addition, by connecting
many battery systems, existing and new services that require high energy or power capacities could
become accessible.
Moreover, by controlling energy at the centres of demand, consumption patterns can be changed
according to electricity generation, thereby alleviating renewable integration constraints, and
reducing transmission and distribution losses.
Finally, installing batteries in households can provide a means to stack benefits of utilizing a
shared system for both the household owner and the grid. Land-area and power-electronic costs
could be shared by mutual use of the system, which could also lead to the propagation of
distributed renewable technologies.
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Lithium-ion and advanced lead-acid batteries are currently regarded as the most suitable
commercially available technologies for domestic use [7] [8] [9], while other technologies (such as
NaS, vanadium redox, ZEBRA and NiMH) pose commercial, safety and economic problems for
wide scale adoption [10] [11] [12].
A number of papers have analysed the potential of domestic batteries in providing large quantities
of energy required for grid services [13] [14] however they have neglected regulatory analysis,
required in order to identify the most suitable aggregator for such a system, and the potential of
stacking several value streams. Therefore, in this paper, regulatory, economic and technological
aspects have been assembled together in order to analyse the profitability of aggregating domestic
batteries for providing multiple grid-scale services in the UK.
In section 2, a background on the UK’s electricity market relevant for the analysis is presented.
Section 3 presents the methodology of the analysis, beginning with a domestic feasibility analysis
looking at the potential value for household owners, followed by an assessment of aggregated
batteries for grid-scale arbitrage and ancillary services. In section 4, the results of the analysis are
presented, followed by a discussion in section 5.

2.1 Background
2.1.1 UK Electricity Market Framework
In order to conduct a comprehensive economic analysis for the use of storage devices in grid scale
applications, a general understanding of the electricity system and market in the UK is necessary.
The identity of potential operators and owners of an aggregated storage system could be explored
by listing the existing stakeholders in the UK’s electricity market. Since 1989, the British
electricity system is segmented and decentralized [15]. The emerging private companies in this
new system have different functions, under separate licences and regulations: Generation,
Transmission, Distribution, Interconnection and Supply. The main distinction for the purpose of
this paper is between grid operators, which are strictly regulated with limited access to different
activities, and unregulated supply and generation companies that have the possibility of supplying
several services in a vertically integrated business. Figure 1 presents a schematic structure of the
electricity grid and its different participants.

Page 4 of 41

Figure 1 - Electricity system schematic structure
Transmission Network Operators (TNOs) and Distribution Network Operators (DNOs) are
companies in charge of infrastructure, and the secure supply of electricity. This is assured through
several mechanisms, which include the matching of supply and demand, and maintaining the grid’s
frequency and voltage levels.
Generators are private electricity generation companies, connected either to the transmission
system or directly to the distribution system as Distributed Generators (DGs). Generators sell
electricity to suppliers in the wholesale market. Generators are divided into small (under 10MW
capacity), medium (under 100MW in England and Wales) and large (above 30/50MW in Scotland
and above 100MW in England and Wales). Small and medium generators can apply for a
generation license exemption, which releases them from providing mandatory services required by
the grid code – a relevant restriction for smaller generators, such as aggregated battery operators.
Electricity suppliers buy electricity in the wholesale market from generators and sell it to
customers in retail prices. Suppliers can participate in demand balancing services [16]. The main
supply companies in the UK (also called ‘The big six’) hold generation assets as well, making
them vertically integrated businesses.
2.1.2 The Electricity Market
The economic value of providing grid-scale services is dependent on the electricity market
structure, and the different mechanisms involved in generation, supply and balancing of the
system.
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Electricity trades are made over 30 minutes electricity delivery ‘settlement periods’, and conducted
on different time-scale auctions (future contracts/spot trades) in exchange markets, or according to
Over the Counter (OTC) bilateral contracts [17].
The exchange markets account for the majority of near-term trading, with day-ahead trading
dominated by the six largest vertically integrated companies (82% of overall day-ahead volumes in
2016 [18]). The three electricity exchanges operating in the UK are ‘APX Power Spot Exchange’,
‘N2EX Nord Pool Spot’ and the Intercontinental Exchange (ICE).
Trading in the wholesale market is conducted up to ‘gate closure’ in order to allow enough time for
the TNO to match any imbalances in supply and demand. This is done through the different
mechanisms of the balancing market, which include the Balancing Mechanism (a ‘bid-offer’
market between registered Balancing Mechanism Units (or BMUs)), the penalties of supply and
demand imbalance and ancillary services, which are contracted in advance to ensure system
integrity.
In recent years, there has been a decline in electricity capacity margins due to closure/mothballing
of conventional power plants [19], therefore additional ancillary services have been introduced
lately.
2.1.3 Regulatory barriers and potential value streams for aggregated batteries
The current regulatory framework in the UK holds several barriers for the implementation of
storage technologies for grid-scale use. First, storage devices are considered as generation devices,
which limits the ability of network operators to operate storage devices in the market due to license
restrictions [20]. This also means that their users are subject to both consumption and generation
charges, under no separate license definition such as interconnectors hold.
Domestic batteries can be aggregated to provide any necessary amount of power or energy, at
different locations, making them attractive for providing different services simultaneously.
However, the potential value of the storage device depends on the aggregator’s identity, as
different services hold different drivers of value. Table 1 presents possible revenue streams for
storage devices. While several value streams can be stacked together directly, others have
secondary value. For example, by shaving peak-demand, reinforcement needs are mitigated and
network charges are reduced.
In the current market structure, there are several advantages for energy suppliers, over other
parties, to own and operate aggregated domestic batteries. This is because network operators do
not have access to the wholesale market and commercial ancillary services, making an additional
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contract with a third party necessary. In contrast, large suppliers already hold trading and
generating licenses, giving them access to these value streams without regulation on their margins.
Moreover, the existing customer base of suppliers could be used for market penetration, and allow
shared value streams between customer and supplier.
Table 1 - Potential value streams for storage in the UK [33] [54]

Value

Final Customer

Commercial services in the UK

Energy

Wholesale/Balancing

Spot market

Arbitrage

market traders

Balancing market

Stream

Avoided
TNUoS,
BSUoS

Supplier

charges
Capacity Market – Annual tendering 4 years in advance. Continuous

Capacity
payments

Generators

delivery at system stress events: under 500MW capacity margin, or 15
min of continuous demand reduction instruction by DNO.
Possible to stack with other services
Mandatory Frequency Response – Required by all large generators
Firm Frequency Response – monthly tender basis. Availability windows

Frequency
Response

TNO

(FR)

for Primary/Secondary and either Static/Dynamic control. Min 10MW
requirement
Enhanced Frequency Response – New service for <1 sec response time.
Dynamic provision. 1-50MW requirement

Reserve
services
Investment
deferral

STOR – availability windows for 2 hours delivery. Min 3MW

TNO

requirement Fast Reserve - availability windows for 15 min delivery.
Minimum 50MW requirement

DNO/TNO

Reactive
Power and
voltage

DNO/TNO

support
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3. Methodology
In order to determine the economic feasibility of aggregating distributed batteries in households for
utility applications, a model was set in two stages:
-

Evaluation of domestic storage device profitability for household owners, based on commercial
retail prices.

-

A study comparing different value streams for utility-scale storage, including a linear
optimisation model for energy arbitrage.

The combined results of both models were used to determine potential shared value streams for
aggregator and household owner, and to suggest applicable business models.

3.1 Domestic feasibility study
A shared value business model depends on the potential value of domestic batteries for the
household owner. For this purpose, a basic feasibility study was conducted under three scenarios,
assuming a fixed daily domestic consumption of 10kWh1:
-

Battery system with no solar generation

-

Coupled battery and newly installed solar system (capital investment and generated revenue
from both systems)

-

Coupled battery and previously financed solar system (capital investment and generated
revenue resulting from the addition of the battery)

Table 3 presents the economic parameters used, including variable retail electricity prices in the
UK (‘Economy 7’), retail prices for batteries, inverters and solar panels. Solar Feed in Tariffs
(FiTs) from 2013 and 2016 were used.
The necessary battery capacity for both ALA and LI technologies was calculated by dividing the
average daily consumption by the roundtrip efficiency and Depth of Discharge (DoD). Initial
investment costs included the cost of the inverter system, the battery capacity, and solar panels.
Annual revenue was calculated according to the displaced electricity costs, and additional FiTs
from a new solar system under the following assumptions:
-

All of the daily demand is supplied by the battery system

-

70% of the year there is insufficient solar irradiance to charge the battery

-

50% of solar energy is exported to the grid when a battery system is not installed

1

Corresponding to an annual average consumption for a household of three in the UK [50]
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The equations for determining the annual revenue calculations are formulated below according to
the three scenarios.
-

Battery for domestic time-shift only (no solar system):

-

Battery and old solar system:

-

Battery and new solar system:

Battery lifetime is affected by the number of cycles and their DoD, and was calculated by
assuming an annual average of 0.8 cycles per day, a DoD of 90% and the corresponding cycle-life
for ALA and LI, as depicted in Table 3 below. The values of the different commercial parameters
were obtained from published prices [21] [22] and tariffs in the UK [23], and are presented in
Table 3. The Net Present Value (NPV) of the scheme was calculated for fifteen years by summing
the discounted annual revenues, and the additional investment costs through the battery’s lifetime.
Table 2 - Cycle-life according to DoD for ALA and LI
Cycle Life
DoD ALA

LI

DoD

ALA LI

10%

15000

300000

60%

2750

10000

20%

8000

100000

70%

2250

8800

30%

5100

40000

80%

2150

8000

40%

4000

25000

90%

2100

7400

50%

3100

13000

100%

2050

7000
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Table 3 - Parameters for domestic feasibility study
Battery Inputs

Adv. Lead Acid

Li-ion

Retail price - ₤/KWh

135

510

Inverter cost - ₤/kW

225

Inverter rating - kW

4

Round trip efficiency

82%

90%
90%

DoD
Cycle-life @DoD

2150

7400

Battery capacity – kWh

15

12
0.8

Annual average cycles per day
Electricity retail price

Standard, Erp

ECO7 Day/Night, ECOd/n

p/kWh

13.47

16.01/7.67
3.5%

Discount rate, Ds
Solar data

Feb-Jul 13

Apr-Jul 16

FiT generation, FiTg - p/kWh

13.99

4.32

FiT export, FiTe - p/kWh

4.65

4.91

Solar panels cost - ₤/kWp

1100

Solar panel rating – kWp

4

Solar capacity factor

30%
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3.2 Techno-economic grid-scale analysis
The profitability of providing grid-scale services was assessed by setting up a four-stage model,
using linear programming optimization methods to determine arbitrage profitability and then
stacking additional revenues from ancillary services. The results were used to determine the
maximum profit margin per unit. The process is illustrated in Figure 2.

Figure 2 - Overview of the grid-scale optimization model
3.2.1 Maximum arbitrage value
In order to optimize performance and determine the best trading market for storage devices in the
UK, half-hourly historical system price data between June 2015 and May 2016 was used from
three trading indices: the APX and N2EX day-ahead market exchanges [24], [25] and the
balancing market index from ELEXON [26].
The price data was used for the linear programming optimization model in Matlab, solved using
the ‘Linprog’ solver, and formulated similarly to the work of Teng et al. [27] and McConnel et al.
[28]. The objective function is presented in equation 4.

Where

is the system price at any 30 min settlement period t,

and

are the discharge and

charge rates correspondingly.
Equations 5 and 6 set the constraints on stored energy by bounding the battery’s capacity (5), and
ensuring the energy balance at each time step (6).
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Where

is the storage state of charge at a given 30 minutes time period,

storage level defined by the maximum DoD allowed,
10kWh,

and

is the minimum

is the storage energy capacity fixed at

are the charge and discharge efficiencies of the device.

Limitations on the rate of charge and discharge are given by equations 7 and 8.

Where Drmax and Crmax are the maximum discharge and charge power rates of the battery (kW),
calculated according to the set C-rate parameter.
In order to find the maximum potential revenue from the different markets, the charge and
discharge efficiencies were set to 100%, and the C-rate for charge and discharge was set to 2, thus
allowing complete charge and discharge at every half-hourly price.
The index providing the highest result was used as a baseline for the next process of optimising for
specific battery performances.
3.2.2 Techno-economic arbitrage optimisation and cost-structure
In order to take into account battery-performance parameters, operational costs and price
forecasting uncertainties, additional parameters were set for the optimization process, based on an
exhaustive battery technologies review paper by Battke et al. [4], charging recommendations by
Linden [29] and commercial battery specifications and prices2. Battery price, capacity, charge and
discharge rates (presented as C-rates3) were multiplied according to the number of houses selected
for each simulation in order to simulate battery aggregation. In addition, the correlation between

2

Wholesale prices were calculated according to available commercial data for LG Chem ALA battery [51] assuming

25% retail price discount. LI battery prices were obtained from a private correspondence with Milton Keynes Electric
Bus Project regarding past-agreed wholesale prices in 2015.
3

C-rate is a unitless rate measurement depicting the time required for a storage device to charge/discharge (1C means

full charge/discharge in 1 hour, 2C in half an hour etc)
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DoD and cycle-life was set according to technical academic and commercial data4. These
parameters are listed in Table 2 above, and Table 4 below.
Technical parameters that were not taken into account include power-electronics efficiencies,
battery self-discharge and ageing, temperature effects, and the effects of rate of charge and
discharge on lifetime. Some of these effects were accounted for in the sensitivity analysis for
efficiency and cycle-life conducted later in the model. In addition, inverter costs were not taken
into account, as they were part of the domestic feasibility analysis for household owners.
Table 4 - Technical parameters of ALA and LI batteries used in the model
ALA
10

Capacity (kWh)
C – Charge rate

0.3

C – Discharge rate
Roundtrip efficiency

LI

0.5
2

82%

90%

(95%/86%)

(99%/91%)

110

400

(Charge/Discharge
efficiency)
Wholesale price (£/kWh)

The economic assessment was based on several metrics. Annual revenue was calculated in the
simulations conducted. In addition, battery lifetime was calculated by dividing the average cyclelife by the number of operational cycles in each iteration.
The value of storage per kWh, was calculated according to equation 14.

The value of storage can be used to determine whether the investment has the potential to be
returned. However, the value of storage does not take into account discount rates; therefore, a 15

4

ALA cycle life data taken from Dufo-Lopez [8] and LI data from a commercial data-sheet by Saft [52]
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year NPV was also calculated at a discount rate of 3.5%5 , incorporating also recurring investments
where battery lifetime was limited. The payback period of the investment was also calculated using
the discount rate and revenue/investment cash flows.
In order to take into account cycle-life in the optimisation process, a cycling cost was introduced.
Every discharge of the battery was counted as a cycle, assumed because of the high C-rate of
discharge allowing complete discharge at a settlement period. In addition, the DoD reached at each
cycle was used to calculate the operational average cycle life.
The operational cost of one cycle was calculated and a price of discharge per kWh cycled was
formulated (assuming full discharge at each cycle as the initial value). These calculations are
presented in equations 9 and 10:

Because the DoD vs. Cyclelife is not a continuous function, the price of discharge was added to the
objective function with a correction factor Ft, as expressed in equation 11:

The optimization problem was set in a loop function, adjusting the correction factor Ft according
to a comparison between the optimization’s total cost of discharge (equation 12) to the calculated
operational cost from the number of cycles (equation 13), allowing an error margin of 5%.

5

The discount rate was taken from a UK government recommendation for discount rates [53]
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Figure 3 illustrates the effects of including the technical losses and operational costs on battery
optimization, by using the same system prices from a week in January 2016. It is noticeable that
without the technological and operational cost restrictions, the level of storage (represented by the
blue area curve) is fluctuating very frequently on a daily basis (according to the price trends
represented in the orange curve). When introducing the above constraints, the battery cycles less
frequently (about once a day).

Figure 3(a) – Unconstrained storage optimization for a week in January

Figure 3(b) - Storage optimization under techno-economical constraints for a week in January
This optimization process is suitable to maximize the possible revenue from a storage device over
its lifetime. However, LI’s high cycle-life produced optimum operational values at an
unrealistically long lifetime of ~40 years. This is because the optimization model is unconstrained
by calendar lifetime, considered to be 20-25 years on average for LI batteries [29]. Therefore, an
additional correction factor was introduced for LI operational cost optimisation, limiting its
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operation lifetime to ~20 years, by changing the optimisation loop’s constraints 6. The full
optimization process is illustrated in Figure 4.

Figure 4 - Optimization process block diagram
In order to account for forecasting errors in price prediction, 80% of the maximum arbitrage
revenue was calculated as the feasible arbitrage profit. This error value is in line with research
papers by Lund et al. [30], Sioshansi et al. [31] and Khani et al. [32].
This method was used first at different allowed DoD levels, ranging between 50%-100%, and the
result was used as a base-case for a sensitivity analysis on NPV and payback values, by varying the
following parameters:
-

Discount rate between values of 1%-6%.

-

Roundtrip efficiency values of 78% and 86% for ALA, and 87% and 93% for LI.

-

Price change of 100₤/kWh (25%) for LI, and 20₤/kWh (18%) for ALA batteries.

-

A 50% change in DoD vs. Cycle life performance for both battery technologies.

3.2.3 Ancillary Services Modelling
In this model, 5000 houses with a single 10 kWh battery each were aggregated to simulate a single
50MWh storage device, delivering 100MW at a C-2 discharge rate (a capacity below the
mandatory services imposed on large generators in the UK [33]).

6

This was done by changing the constraint of the optimization loop to equate double the discharge price to the cycled

operational cost, therefore lowering the price of discharge at each iteration and causing the battery to cycle more
frequently.
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Two different models were formulated for one-directional services (only discharging): STOR,
SFFR and FR; and bi-directional services: DFFR and EFR.
For every service, the availability and utilization prices were obtained from National Grid [34],
averaged and unified into one hourly price (£/MW/hr), and the penalties for unavailability were
taken into consideration by evaluating the Business As Usual (BAU) potential revenue from
unconstrained arbitrage operation during availability windows.
3.2.3.1 Fast Reserve, STOR and Static FFR
Fast Reserve, STOR and SFFR are services that are tendered for specific availability windows,
thereby allowing additional arbitrage operation in between or during windows.
The general assumptions and parameters for modelling these services were:
-

Limiting arbitrage revenue by keeping reserve power and headroom required at availability
windows

-

Prohibition of providing several services at the same time, except for energy arbitrage

-

Operational costs of providing the services are not taken into account (battery cycling)

-

A fixed hourly payment for service availability, merging market data of availability and
utilization payments

The optimization model’s was adapted for each service, in a similar way to the work of Teng et al.
[27], by introducing the constraints in equations 15 and 16:

Where

is the discharge rate allocated for the service according to a defined ratio

assigned from the maximum discharge value, and

is the energy headroom needed for

the contracted discharging period. These constraints were used only during the defined availability
windows, as presented in Table 5.
The parameters used for each service are presented in Table 5, and were based on service
descriptions from National Grid [35] [36] [37], post-tendered market data from 2014-2016 [34],
and communication with an energy services company in the UK [38].
The optimisation process was done at different ratios of allocated capacity for service and arbitrage
provision (25% steps, between 0-100%) in order to determine the most valuable scheme, and a
range of different service prices were used. All of these parameters are listed in Table 5.
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Table 5 - Ancillary services model parameters
Fast Reserve
Daily

availability

windows

STOR

06:00-23:00

SFFR

06:00-09:00,

06:00-09:00,

16:00-19:00

16:00-19:00

MaxDr*Ratio

MaxDr/4*Ratio

MaxDr*Ratio

Dedicated ratio

0.5-1

0.25-1

0.25-1

Power (MW)

50-100

25-100

25-100

5.75

4

5.25

5-9 £/MW/h

2-6 £/MW/h

4-6.5 £/MW/h

Average

price

(₤/MW/h)
Price

range

(£/MW/h)

3.2.3.2 DFFR and EFR
Dynamic FFR and Enhanced FR services require continuous bi-directional power, therefore
providing them along with arbitrage was considered not practical. For this reason, the main
parameter simulated was the operational cost according to the lifetime of the battery.
By using a second-by-second frequency data of 5 months between Jan-Jun 2015 from National
Grid [39], an analysis of the depth of discharge and the number of cycles was conducted according
to the following assumptions and equations:
-

The initial state of charge for each battery is half of maximum capacity

-

C-rate is set to be 1 for both charging and discharging for ALA and LI

-

Above/below a frequency of 50.015/49.985Hz, 10% of the maximum contracted power7 is
charged/discharged correspondingly

7

An average utilization value of 10% from the contracted maximum power was obtained by private communication

with a commercial energy services company [38].
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-

Above/below 50.2/49.8Hz maximum contracted power is charged/discharged correspondingly

-

When frequency is between the trigger values, the battery balances to the centre-point, limited
by the maximum power constraint

-

Battery charging incurs an average wholesale cost of 41₤/MWh8 on the charge rate, adding to
the annual costs.

Because of limited technical data on battery cycle-life at strenuous low DoD operation, cycles were
counted when the battery’s state of charge passes above and below the standard deviation of the
battery’s state of charge over the operational period. This was done as a compromise between
counting all of the cycles at very small DoDs, and only the cycles at the maximum DoD.
Average DoD was calculated according to the standard deviation from the centre SOC, the
corresponding cycle life was used to determine the lifetime of the battery.
NPV and payback period were calculated from the maximum annual payments of 24/7 service
availability at varying prices of 10-25 £/MW/hr, the average electricity charging costs, and the
initial and recurring investments in purchasing the battery.
3.2.4 Capacity market
The Capacity market’s final auction results were taken from National Grid’s EMR portal [40],
presenting an average price of 18.7 £/kW/year.
The economic analysis of the use of batteries in the capacity market highly depends on their
expected utilization ratio and penalty potential. Because the capacity market will start operating in
2018 and system stress events are newly defined, the expected annual utilization ratio is unknown.
An estimation of the annual amount of system stress events was made, based on information from
the 2015 security of supply report [19], and the calculated amount of continuous DNO demand
reduction events due to system frequency below 48.8Hz [41] compared to the frequency data
available.

8

This was calculated as the annual average system price from ELEXON between June 2015-May2016
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These sources suggest that insufficient capacity margins are estimated to occur between 0-4 hours
annually (defined as Loss Of Load Expectation, or LOLE events). In addition, system stress caused
by 15 minutes of continuous DNO demand reduction is expected to occur 0-2 times annually.
Because penalties are imposed only when a system stress alert has not been issued four hours in
advance, no operational limitation was set on the battery system prior to delivery (as both battery
technologies can be fully charged within 4 hours according to the parameters assumed). However,
as penalties are imposed for energy delivery, the amount of power contracted depends on the
estimation of system stress duration. Therefore, three assumptions were made on the probability of
system stress events’ duration for the proposed aggregated system:
-

Risky - System stress events occur for less than one hour – 50MW can be contracted. Penalty
probability of 50%

-

Conservative - System stress events occur for less than three-hour periods – 17MW can be
contracted. Penalty probability of 10%

-

Safe - System stress events occur for less than five-hour periods – 10MW can be contracted.
Penalty probability of 5%.

Penalties were estimated to account for two hours of undelivered energy, incurring a cost for lost
load of 17,000 £/MWh. The best scenario was selected according to the maximum annual revenue,
taking into account penalty probability.
The capacity market can be aggregated with additional ancillary services; therefore, the service
with the best potential value from the previous models was selected and stacked with the capacity
market payments.
3.2.5 Margin per household calculation
After finding the most profitable value stream, an additional availability factor of 80% was
introduced to account for plant unavailability and unsuccessful tendering.
This corrected value was stacked with the capacity market annual fee, and used to calculate the
maximum potential payment of the aggregator to the household owner, which will set the project’s
NPV value to zero.
This metric along with the results of the domestic feasibility analysis set the stage for assessing the
potential shared business models.
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4. Results
4.1 Domestic feasibility study
Domestic consumption time-shift proved as unprofitable for the household owner under the three
scenarios tested, using both battery systems. In order to supply 10kWh of energy to the household
on a daily basis, an ALA battery of 16kWh and a 12kWh LI battery were used. The results showed
a variation in negative NPV values between £-3920 and £-2630 for an ALA battery, and between
£-5550 and £-4430 for a LI battery, as presented in Figure 5.

Domestic Time-shift

Existing Solar

New Solar

0

15 years NPV (₤)

-1000
-2000

-2629

-2748
-3000

-3920
-4000

-4548

-4429

-5000

-5551

-6000
Advanced Lead-Acid

Lithium-ion

Figure 5 - NPV values for domestic time-shift feasibility study under three scenarios
The ALA battery was less unprofitable than the LI battery due to lower capital costs of the battery
system. However, the limited cycle-life of this battery resulted in an additional investment after 8
years, before the payback period. Installing a battery for increasing consumption from an existing
solar-power device proved to be the best option, slightly less unprofitable than domestic time-shift
alone.
The economic results for subsidy options and battery price target in order to break-even the
investment after 15 years when installing a battery on top of an existing solar installation are
presented in Table 6.
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Table 6 - Investment 15 year break-even analysis using an existing solar system
ALA
Upfront Subsidy (£)

LI

2160 3660

Annual Subsidy (£/year)

285

395

Battery Price (£/kWh)

50

130

4.2 Grid-scale Arbitrage
4.2.1 Maximum potential value and cost structure
The potential profitability of grid scale arbitrage from aggregated 10 kWh domestic batteries in
complete foresight conditions, for three trading indices, showed that successful tendering in the
balancing market was nearly three times higher than the profit attainable from the day-ahead
wholesale markets. The maximum annual revenue from the balancing market was 594 £/year
compared with 233 £/year for the N2EX day-ahead index and 202 £/year from the APX day ahead
index. Therefore, the balancing market was chosen as the base-case index for the simulations
involving maximum arbitrage value.
Additional technological and market constraints were placed on the model, in order to determine
their effect on the annual revenue. Figure 6 presents the cost structure of the various losses from
maximum revenue. The charging C-rate limitations had the largest impact on revenue loss,
resulting in 30% reduction for the ALA battery, and 21% for the LI battery. Price forecasting
errors had the smallest impact on potential revenue, accounting for an overall 5% and 8.5%
decrease from the maximum potential for ALA and LI batteries respectively.
The bottom line maximum practical revenue achieved was ₤124 (20% of maximum theoretical
value) and ₤205 (34% of maximum theoretical value) for the ALA and LI batteries.
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90%

£125
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£91
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£51
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£31
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£124

0%
ALA

LI

Battery technology

Figure 6 - Cost structure and bottom-line possible arbitrage annual revenue

4.2.2 Arbitrage - Maximum DoD optimisation
Arbitrage optimisation for ALA and LI batteries at different allowed DoD levels, resulted in varied
charge and discharge patterns over the year. The results showed a total annual amount of 116-161
cycles for the ALA battery, compared to 343-402 for the LI battery (~0.5/1 cycles a day
respectively). Figure 7 and Figure 7 illustrate the operation of the batteries at 100% maximum DoD.
The scarcity of charging and discharging shows that the battery is idle through most of the year,
and that operational patterns are expectedly similar to annual price fluctuations. The histograms in
the figures represent the sum of annual cycle operation in every half-hour. These along with the
contour maps show that discharging occurs at high morning/noon prices and distinctly between 59pm at winter and summer correspondingly, and that charging occurs when system prices are low
(at night-time or mid-day).
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Figure 8 – Half-hourly charge and discharge patterns over the year for
ALA battery at 100% DoD. Histogram of the sum of annual operation
5

Figure 7 – Half-hourly charge and discharge patterns over the year for

LI battery at 100% DoD. Histogram of the sum of annual operation

5

The annual arbitrage revenue and the value of both batteries are presented in Figure 8. The results
show that the annual revenue increases linearly with a higher allowed DoD as the amount of
energy traded increases. The value of the storage device was calculated to be the lowest for both
technologies at an allowed DoD of 70% and highest at 100%. The value of the LI battery is lower
than its price for all DoD levels, meaning that it cannot payback its investment cost even at a
discount rate of 0%.
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70%

80%
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100%

0
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Revenue_LA

Revenue_LI

Value_LA

Value_LI

LA_Cost

LI_Cost

Figure 8 – Annual revenue and value for arbitrage at varying maximum DoD
Figure 9 shows the lifetime and payback period for both technologies. The lifetime decreases
inversely with the increase in allowed DoD as expected. As mentioned above, the LI battery does
not return the investment at any of the operational conditions, while the ALA battery returns the
investment only for DoD values above 90%. ALA presents a minimum payback time of 10.8 years
at 100% DoD.
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Figure 9 – Payback period and lifetime for arbitrage at varying maximum DoD
The results for 15 years NPV analysis are presented in Figure 10. The results show that both
batteries have negative values for every operational constraint, LI ranging between £-1532 and
£-2720, and ALA between £-536 and £-56. The NPV is negative for all the ALA battery values
due to its shorter lifetime at higher DoD values.
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Figure 10 – 15 years NPV for arbitrage at varying maximum DoD
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These results show that energy arbitrage alone is not a favourable value stream for commercial
small-scale batteries under the market and performance parameters set. The effect of these
parameters was explored in a sensitivity analysis of four parameters, calculating NPV values for LI
batteries, as presented in Figure 11. The base-case chosen for the sensitivity analysis was a
maximum DoD value of 90%, corresponding to an NPV of £-1700. An optimistic best-case
scenario was also compared to the results. The best case was comprised of combined
improvements in roundtrip efficiency and cycle-life, and a substantial price reduction on battery
costs (200 £/kWh for LI).
The largest effect was observed for changes in battery price. A change in price has a double effect
on the economic analysis, due to the change in initial investment cost and in the operational costs
(higher battery price lowers the amount of cycles performed therefore additional revenue is lost).
Battery price sensitivity resulted in a change of 59% in NPV values. An LI battery price of 200
£/kWh yielded a payback time of 13.1 years and a positive NPV of £220.
Other parameter variations had similar effects on NPV, ranging between 3-25% from the base
case. In the best-case scenario, the payback period is 9.4 years for the LI battery and the NPV is
£932, making arbitrage a favourable investment option.

932

Best case

Parameter

Cycle life +-25%/1850 cycles

-2032

-1596

Price +-25%/100£ -2709
Roundtrip eff. +-3%
Discount +-2.5%

-707
-1893
-2060

+%

-1652

-%
-1231

-3000 -2500 -2000 -1500 -1000

-500

0

500

1000

LI - 15 years NPV (£)

Figure 11 - LI NPV sensitivity analysis for arbitrage at 90% DoD

4.3 Ancillary services
The results of the analysis for ancillary services were based on services stacked with arbitrage
value at a maximum DoD of 90% (STOR, SFFR and FR), and non-stacked dynamic services
(DFFR and EFR).
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4.3.1 STOR, SFFR and FR stacked with arbitrage
The variation in battery operation is illustrated in Figure 12 for SFFR at dedicated service ratios of
25% and 75%, over one week in January 2016. The figures show that cycle depth is limited during
availability windows according to the dedicated service ratio, in order to keep headroom for the
ancillary service. Deeper cycling is possible between availability windows.

Figure 12 - Battery operation under SFFR dedicated ratios of 25% (top) and 75% (bottom)
Aggregated operation of STOR, FFR and FR resulted in similar trends, where the stacked annual
revenue from higher ratios of the ancillary service was more favourable than arbitrage, except for
the provision of STOR at low price signals. Arbitrage value loss was highest for fast reserve due to
the prolonged availability windows, followed by SFFR and STOR. This value loss for all services
is also the theoretical additional value for utilising the battery in a BAU manner and facing
potential penalties, amounting to £527k for FR and £284 k for STOR and SFFR. These results are
in line with the results of Teng et al. [27].
Figure 13 presents comparisons of the payback period and lifetime for STOR, SFFR and FR at a
100% dedicated service ratio and average availability prices of 4/5.25/7 £/MW/hr correspondingly.
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The most favourable service is fast reserve due to the longest lifetime and high price signal,
followed by SFFR, and STOR.
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Figure 13 - Lifetime and payback-period comparison for 100% dedicated ratio and average
prices of ancillary services
4.3.2 DFFR/EFR
The operation of the aggregated batteries according to second-by-second frequency changes is
illustrated for a period of 12 hours in Figure 14. The standard deviation of the capacity from the
centre-point was 3.2% (1580 kWh) of full capacity, corresponding to a full cycle of 6.4% DoD.
This cycling depth was adjusted to the closest available technical data of cycle-life at 10% DoD.

Figure 14 - State of charge according to frequency changes in dynamic frequency response
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The amount of annual cycles calculated according to these results was 8166 (~22 a day), and the
lifetime was calculated as 1.8 and 36.7 years for ALA and LI correspondingly, using the cycle-life
by DoD performance data.
Annual revenue and storage value were calculated according to the 24/7 service provision at the
given price range of 10-25₤/MW/hr. The payback periods for the different availability prices are
presented in Figure 15. The resulting payback periods showed that the LI battery was more
profitable than the ALA, due to the strenuous cycling and cycle-life variation. The average price of
EFR is estimated to be ~5 £/MW/hr higher than the price of DFFR, making EFR correspond with
the higher value results.
15

36.7

13
11

Years

9
7
5
3
1

1.8
12.9

7.5

2.1

4.1

0.8

2.9

2.2

0.6

-1
10

15

20

25

Availability price (£/MW/hr)
Payback_LA

Payback_LI

Lifetime_LA

Lifetime_LI

Figure 15 - Lifetime and payback period for EFR and DFFR at different prices

4.4 Capacity Market
The analysis of three risk scenarios for participating in the capacity market showed that the most
suitable option under current regulation and estimated risks is to contract a third of the available
storage power, assuming a conservative estimate that system stress events are limited to duration of
3 hours at a 90% probability, as explained in the methodology section. The results for the three
scenarios are presented in Table 7. As the capacity market can be stacked with other allowed
services at the same time, it was added in the summary calculation to the most profitable ancillary
service.
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Table 7 - Capacity market estimated revenues under risk scenarios

Penalty probability

Safe

Conservative

Risky

0.05

0.1

0.5

-578000

-1,700,000

Lost Load Value for 2hr - £ -340000
Contracted power - MW

10

17

50

Annual profit - £

171,500

260,300

95,000

4.5 Comparison and summary
The different services simulated were compared to each other in order to choose the most
profitable value streams.
The lifetime and payback period of all the different services are presented in Figure 16, and the
corresponding NPVs are represented in Figure 17. The results show that Fast Reserve and all the
frequency response services (SFFR, DFFR and EFR) are profitable enough to make a viable 15year business case, except for SFFR using a LI battery, which has a payback period above 14
years.
For both battery technologies EFR is the most profitable service, followed by FR for ALA batteries
and DFFR for LI batteries. The payback period for these services is two years and under for ALA
batteries and 5 years and under for LI batteries.
As the most profitable service, 80% of the maximum EFR annual revenue was stacked with the
best capacity market scenario and calculated to set the annual margin per household.
The results showed a margin per unit between 552₤ for an ALA battery and 692₤ for a LI battery,
representing the potential to pay a household owner additional annual fees.

Page 31 of 41

40
35
N/A

N/A

>35
>35

>35

>35

30

25.2
24.1

20
15

5.0

0
Lifetime_LA

Payback_LA
Arbitrage

STOR

Lifetime_LI
SFFR

FR

DFR

2.9
4.1

14.3

0.8
2.1

1.3

1.8
1.8

5

4.2
10.5

10

12.8

14.4

18.4

21.4
21.4

Years

25

Payback_LI
EFR

70

66

60
50

41

45

40

51

Millions

Figure 16 - Summary comparison of lifetime and payback periods of all services analysed
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5. Discussion
5.1 Business models
5.1.1 Shared value between supplier and customer
The results of the domestic feasibility study for household owners showed that under current
performance and commercial prices there is no economic case for installing batteries and power
electronics for electricity time-shift or increasing solar self-consumption.
Several grid-scale services proved to be economically favourable, not only returning the
investment, but also gaining revenues with a considerable annual margin per household. The
maximum value from providing EFR and Capacity Market services allowed for ~₤250-300 of
additional annual margin to be split between the household owner and the aggregator after
covering all costs of power electronics and battery capacities. These margins can also payback the
investment on a new solar system and battery after 15 years, however it is not a favourable
business case at current prices. The margins of the aggregator can be given as a fixed annual
payment to the household owner or as a percentage of the profits made, and can be accounted for
as leasing fees for the utilization of storage space and power electronics.
In the case of a supply company serving as the aggregator, a new electricity retail-pricing scheme
can be made to increase the customer revenues from time-shifting. Additional advantages could be
realised by installing smart meters for battery use optimisation. This can also aid the supplier to
achieve lower transmission and distribution annual tariffs.
5.1.2 Renewable energy and EV collaboration/integration
A business case for a hybrid battery-solar system can set the stage for additional collaborations
between aggregators and renewable energy companies. Such collaborations can help provide the
right incentives for investment, but also to capture additional profit from the use of the power
plant.
Another potential business model involves the use of EVs for grid scale applications while they are
connected and charged at the household. Such a business model could provide additional storage
capacity and make more revenues using the idle vehicle, a scheme being already developed by
Nissan and Enel [42]. Because EVs require high-power density batteries, which are not required by
most grid-services, degraded batteries could be sold to battery aggregators for additional capacity.
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5.1.3 Network collaborations
An extensive storage capacity grid, deployed in the centres of demand, would have many potential
benefits for network operators, not necessarily formulated into commercial services. Such benefits
include system congestion relief, and geographically controlled frequency and voltage. Because
large supply companies have the largest potential benefits from aggregating domestic batteries,
contracts could be struck between them and network operators to maximise the additional value
provided by such a system.

5.2 Regulatory barriers and policy recommendations
Even though storage devices are already implemented in several countries for utility scale services
[2], the regulatory framework in the UK currently hinders realising their potential.
High upfront investment costs could be mitigated by introducing additional incentive schemes for
storage devices, as Germany has introduced [43]. An incentive of 6.5 p/kWh-cycled could suffice
in paying back the investment for an ALA battery system, under the parameters presented in the
domestic feasibility study. Another way to support the propagation of battery devices would be to
include storage assets in the Contracts For Difference (CFD) [44] scheme, by paying battery
owners the difference between the cost of investment and the reference price of average electricity
prices in the UK.
In addition, a specific license for storage assets could lead to a favourable payment structure in
which storage owners are not charged for both consumption and supply of electricity. A clear tariff
structure and defined services for storage (as exists in San Francisco for example [20]) could
relieve investment anxiety and promote the industry.
Moreover, the ancillary and capacity markets should be reformed to support the integration of
storage. First, by prolonging contracts for ancillary services, investors anxiety could be mitigated,
and changes to the conditions of the capacity market to include also non open-ended contracts,
could allow a risk-free participation of storage devices [45]. In addition, the ancillary services
market system needs to adapt to the increasing need for fast-response services, as current markets
are complicated to enter and do not reflect correct price signals for storage assets. A new ancillary
market structure has been offered by Pollitt and Greve [46] to create an auction price for stacked
services, which will reflect better the performance and value of service providers, benefiting
owners of storage assets.
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5.3 Future prospects
5.3.1 Technology costs and performance
Advanced lead-acid batteries are a relatively low-cost option for batteries with mid-scale
performance, and future developments in improved materials and production processes could drive
performance even higher. However, the potential of cost reductions in ALA batteries is limited as
current prices are already in line with lower-end mature battery technologies. Lithium-ion batteries
have higher power density and a longer cycle-life than ALA batteries, suitable for many grid-scale
applications, however high capital costs hinder their adoption. The emergence of the renewable
energy and the electric vehicle industries is driving a drop in LI manufacturing costs, projected to
decrease from a current 500$/kWh to 250$/kWh in the next five years [47].
Different chemistries such as in LTO batteries are showing promising performance and safety
characteristics for domestic and utility scale implementation. However, their current capital cost is
higher than LI batteries and so market penetration on a domestic scale will be hard to reach in the
next few years.
5.3.2 Electricity markets and value of storage
The profitability of trading electricity in the day-ahead market depends largely on the volatility of
prices. The volatility in day-ahead electricity prices has steadily declined over the past decade.
This trend is caused by several influences, including the declining profitability of conventional
flexible generation, the closure or mothballing of old gas and oil-fired plants, and low levels of
investment in new flexible gas capacity [48].
However, because of current UK’s policy to shut down coal-fired power plants by 2030 [49], the
future electricity mix is projected to be composed of mainly nuclear base load generation,
renewable power and gas turbines. Such a flexible system, reliant on intermittent power supply is
expected to increase the volatility of day ahead and real-time balancing price, making storage
devices more valuable than today [27]. Such effects are already observable in Germany, where
wholesale electricity prices are already highly correlated with wind and solar output volumes [48].
A contradictory effect of mitigating price volatility will be caused by a high penetration of storage
in the electricity system, matching closely supply and demand. Therefore, early adopters of storage
technologies will enjoy several years of increased revenue from arbitrage, while these revenues
will decrease with larger storage capacities connected to the grid.
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5.4 Limitations of the study
A list of weaknesses of the study is provided in order to acknowledge the limitations of the results
and to suggest relevant directions for future studies.
First, the models formulated in this analysis used historical market and performance data, rather
than constructing a stochastic representation of potential prices and performance characteristics,
which could take into account future probable trends.
In addition, arbitrage simulation was created under the assumption of a ‘price taking’ aggregated
battery system, an assumption which wound not hold true for very large systems.
The technical focus of the simulation was on battery cycle life, C-rate and roundtrip efficiency.
However, other technical constraints were not taken into account such as calendar lifetime of the
batteries, self-discharge, temperature effects, and inverter efficiency.
Finally, favourable economic considerations were assumed, such as successful tendering in
ancillary services, high price signals for arbitrage in the balancing market while providing ancillary
services, and the missing representation of installation and maintenance costs.
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6. Conclusions and policy implications
The main objective of this paper is to assess the economic feasibility of deploying a ‘cloud’ based
structure of aggregated domestic batteries for grid-scale applications in the UK.
A survey on the structure of the electricity system in the UK, and the relevant payments,
regulations and markets, resulted in identifying large electricity suppliers as the most suitable
aggregators of domestic batteries. This conclusion was drawn from the unique position of
suppliers, able to access freely several grid-scale markets and to promote shared services with an
existing customer base.
Domestic investment in Advanced Lead Acid and Lithium-ion battery technologies proved to be
unprofitable at current market prices. The least unprofitable scheme was found to be the integration
of a battery system with an existing domestic solar power plant. Battery prices of £50 and £130 for
ALA and LI respectively would break-even the investment for a household owner after 15 years at
current electricity tariff schemes.
Grid-scale simulation results showed that providing STOR services and energy arbitrage did not
return the investment in battery systems, even when using the high price index of the balancing
market. However, several existing ancillary services hold promise as profitable. The new enhanced
frequency response service was the most profitable out of the existing ancillary services at current
average prices, followed by dynamic firm frequency response and fast reserve. When combined
with capacity payments under a conservative penalty risk estimate, EFR can gain an annual profit
margin of 692₤ per household. This margin is large enough to support a business-case of
aggregating many domestic batteries, while providing annual payments to household owners to
cover their investment in a storage device and power electronics for self-utilisation.
The future benefits of distributed battery systems are dependent on the volatility of system prices,
but also on correcting current regulation barriers. Introducing a unique definition for storage
devices could enable network operators to operate them, and eliminate the current double payment
incurred for ‘generation’ and ‘consumption’ of energy. In addition, the ancillary market tendering
process could be improved to better reflect the value of rapid-response services, and enable the
stacking of several services together. Moreover, storage economic incentives in the UK could aid
in the adoption of batteries until the anticipated cost reductions in battery technologies will pave
the way for widespread installation and use in the upcoming years.
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