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Abstract--Battery energy storage systems (BESSs) co-located with
wind farms (WFs) can provide frequency response (FR) services
to AC grids exploiting the existing connection points. The UK FR
market reforms introduce the Dynamic Low High (DLH) product
that is procured by 4-hourly blocks in weekly auctions. This paper
develops a modelling framework to optimise the BESS size along
with bidding and operating strategies of a co-location system for
the DLH provision based on the UK perspective. Power flows
across the system are dispatched by the designed strategies, and
employed to estimate the system’s net present value which is then
maximised to suggest the best BESS size, state of charge levels for
the DLH delivery and WF-BESS interaction, as well as the DLH
capacity and 4-hourly blocks to be bid for in weekly auctions. The
optimisation results are compared between different strategies
and discussed around the feasibility of co-location projects under
new circumstances.
Index Terms—Battery energy storage sizing, co-location system,
Dynamic Low High, operating strategy, UK perspective.
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𝑁∆𝑡
DLH
𝐸𝐹𝐴𝑢
𝑚𝑎𝑥
𝑁𝐸𝐹𝐴
𝐷𝐿𝐻
𝑃𝑤,𝑒
𝐷𝐿𝐻
𝑃𝑟𝑒𝑞
PPM
𝐾𝑤
𝐴𝑤,𝑒,𝑗
𝐻𝑤,𝑒
𝑃𝐶
𝑡𝑜𝑡
𝑃𝑊𝐹
𝑠𝑒𝑙𝑙
𝑃𝑊𝐹
𝐷𝐿𝐻
𝑃𝑊𝐹
𝑠𝑡𝑟
𝑃𝑊𝐹
𝑐𝑢𝑟𝑡
𝑃𝑊𝐹

Time step length.
Settlement period (SP) or calendar month index.
Electricity forward agreement.
Service day or week index.
Number of time steps before next EFA block.
Dynamic Low High.
First untendered EFA block.
Number of consecutive tendered EFA blocks.
DLH contracted power capacity.
Required DLH response.
Percentage Performance Measure.
Weekly DLH performance factor.
Availability of DLH service in a SP.
Number of hours available for DLH service.
Connection point ampacity of wind farm (WF).
Available wind power output.
Wind power sold to grid across WF meter.
Low-frequency response of WF.
Wind power stored by battery storage.
Wind power curtailment.

BESS
AdC
𝐶𝐵𝑅 , 𝐶𝐵𝑟𝑚
𝑃𝐵𝑅 , 𝑃𝐴𝑅
𝜂
𝑃𝐵𝐷𝐿𝐻
𝑃𝐵𝑠𝑒𝑙𝑙
𝑆𝑂𝐶𝑜𝑝
𝑆𝑂𝐶𝑐ℎ , 𝑆𝑂𝐶𝑑𝑙
𝑆𝑂𝐶𝑜 , 𝑆𝑂𝐶𝑛
𝑆𝑂𝐶𝑡
𝑆𝑂𝐶, 𝑆𝑂𝐶
NPV
𝑅, 𝐶, 𝛿
𝒫
CAPEX
OPEX
TNUoS
BSUoS
RO
EIC

Battery energy storage system.
Converter between WF and BESS.
Rated or remaining BESS energy capacity.
Rated power capacity of BESS or AdC.
Power conversion efficiency.
BESS power output across DLH meter.
BESS export to AC grid across WF meter.
Optimal state of charge (SOC) level.
𝑠𝑡𝑟
SOC limit related to 𝑃𝑊𝐹
or 𝑃𝐵𝑠𝑒𝑙𝑙 .
SOC level at the start or end of a time step.
SOC level after delivery of 𝑃𝐵𝐷𝐿𝐻 .
Maximum or minimum allowable SOC.
Net present value.
Revenue, cost, or change after co-location.
Unit price in £/MWh or £/MW/h.
Capital expenditure.
Operational expense.
Transmission Network Use of System.
Balancing Services Use of System.
Renewables Obligation.
Energy imbalance charge.
I.

INTRODUCTION

Battery energy storage systems (BESSs) are considered key
components in the transition to a low carbon, more flexible and
more decentralised energy system [1]. The accelerated growth
of BESSs and the rapid development of battery technologies in
recent years [2] have led to the increasingly attractive option of
co-locating a BESS within a renewable power plant [3] such as
a wind farm (WF), forming a WF+BESS system. A co-located
BESS not only helps manage the intermittent nature of wind
generation [4], [5] but can also deliver ancillary services [5], [6]
via the connection point of the WF, making the most efficient
use of the existing infrastructure. The fast responses for both
export and import of a BESS make it the suitable candidate for
providing frequency response (FR) services that help balancing
generation and demand to keep the grid frequency closer to the
nominal level [7]. To offset the system inertia reduction caused
by the increased renewable generation in the UK, the National
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Grid Electricity System Operator (NGESO) has been reforming
the FR market by developing fast-acting products and procuring
them closer to real time [8], [9]. An interim product introduced
in November 2019 is Dynamic Low High (DLH) [10] which is
a standardised version of the dynamic firm FR (FFR). Part of
the monthly tendered FFR volume has been transferred to DLH
and procured by 4-hourly electricity forward agreement (EFA)
blocks via weekly auctions that intend to be trialled for 2 years
to test closer-to-real-time procurement [9]. The UK FR market
reforms drive the need of evaluating the technical and economic
feasibility of a WF+BESS project and optimising the size and
operating strategy of a co-located BESS in new circumstances.
Most research related to the energy storage system (ESS)
optimisation for frequency regulation can be categorised into
two main groups: (i) those estimate the minimum ESS size to
keep the grid frequency stability given an expected penetration
level of renewables [11]-[15]; and (ii) those address a trade-off
in the ESS capacity and/or operating strategies between the ESS
investment and the FR availability performance or payment [6],
[16]-[21]. Considering severe contingencies of generation/load
losses on a grid with different penetration levels of renewables,
the BESS capacity was determined to achieve the target system
inertia and power-to-frequency characteristics [11] or to satisfy
a pre-defined frequency deviation criterion conditioning on the
disturbance occurrences [12]. The size and costs of the BESS
coordinating with demand side response to avoid the frequency
limit violations were jointly minimised in [13]. References [14]
and [15] also optimised the (hybrid) ESS sizes to help keeping
the frequency deviations within the required limits but from the
perspective of the frequency domain. From the perspective of
an economic optimisation, the capacity and operating strategies
of the BESS for the FR provision were optimised in [6] and [16]
to maximise the expected net profit of the project considering
the FR service payment and BESS costs. Instead of employing
the exact FR service price issued in the market, a penalty for an
inappropriate state of charge (SOC) causing a risk to the FR
provision could be formulated in the optimisation problem [17].
Taking the UK FFR market or the PJM regulation market into
account, reference [18] or [19] optimised operating and bidding
strategies for BESS providers in the FR auctions, suggesting the
minimum tender price and energy offset interval duration [18]
or the highest contracted FR capacity possible while ensuring
the required performance [19], respectively. In addition to FR
payments, using ESSs to stack additional revenue streams were
explored in literatures such as those from green subsidies [6]
and electricity markets [16], [20].

a co-located Li-Ion BESS along with bidding and operating
strategies of a WF+BESS system for the DLH provision from
the perspective of a transmission-connected WF owner, taking
into account the latest information in the UK FR service market.
In addition to the FR availability payment and BESS costs that
are generally simulated for the BESS sizing [16]-[18], [21], the
paper models the effects that the co-located BESS has on green
subsidies, energy imbalance charges and connection charges
based on the UK perspective. The net present value of the colocation system is computed until the energy capacity loss of
the BESS exceeds a certain level, and then maximised by the
particle swarm optimisation (PSO) algorithm to optimise the
BESS size, SOC levels for the BESS energy restoration and the
WF-BESS interaction as well as the DLH capacity and 4-hourly
EFA blocks that should be bid for in weekly auctions. The main
contributions of the paper include (i) the development of a DLH
bidding strategy for energy-limited units; (ii) different designs
in operating strategies between tendered and untendered EFA
blocks which ensure the DLH performance and also reduce the
wind curtailment; and (iii) a modelling framework for the BESS
optimisation which can be adapted to the upcoming FR services,
showing WF owners the profitability of co-location systems for
the FR provision under the new UK FR market.
The paper is structured as follows: Section II describes the
DLH service and designs bidding and operating strategies for a
co-location system; Section III models costs and revenues of a
co-location system and implements the PSO algorithm; Section
IV discusses the optimisation results and the feasibility of a colocation system; and conclusions are presented in Section V.
II.

BIDDING AND OPERATING STRATEGIES FOR DLH

A. Dynamic Low High (DLH) Service
1) Technical requirements
The DLH service is a standardised version of dynamic FFR,
delivering equal capacity of low (primary and secondary) and
high FR [10]. The symmetrical characteristic of DLH is shown
in Fig. 1, where it can be noted how the DLH response is zero
whilst inside the deadband and varies symmetrically with the
frequency outside the deadband [10]. Instead of an indefinite
timescale for high FR in FFR, a DLH provider is required to
sustain both low and high FR for 30 minutes only [10], which
encourages energy-limited assets to bid for the DLH provision.

Compared with a stand-alone ESS [18]-[20], co-locating the
ESS with renewable energy sources such as WFs for frequency
regulation has received an increased attention due either to the
reduced ESS connection cost by sharing an existing connection
point [6] or to the time shift of renewable generation and/or the
power/energy reserve enabled by the ESS [15], [17], [21]-[23].
However, these research mostly focuses on using the co-located
ESS to assist WFs in the FR delivery and allow WFs to generate
close to their available power, rather than a direct use of the colocated ESS for the FR provision which is worth investigating
in the ESS-friendly reform of the UK FR market [8]. This paper
will develop a modelling framework to optimise the capacity of
22nd Power Systems Computation Conference
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2) Availablity payment mechanisms
𝐷𝐿𝐻
The DLH availability payment 𝑅𝑤
(£) for the 𝑤 𝑡ℎ service
𝐷𝐿𝐻
week is estimated by the market clearing price 𝒫𝑤,𝑒
(£/MW/h),
𝐷𝐿𝐻
contracted DLH capacity 𝑃𝑤,𝑒 (MW) and available hours 𝐻𝑤,𝑒
(h) in the 𝑒 𝑡ℎ EFA block combined with a performance factor
𝐾𝑤 for the week [10]:
𝐷𝐿𝐻
𝐷𝐿𝐻
𝐷𝐿𝐻
𝑅𝑤
= (∑𝑒 𝒫𝑤,𝑒
∙ 𝑃𝑤,𝑒
∙ 𝐻𝑤,𝑒 ) ∙ 𝐾𝑤

(1)

where 𝐻𝑤,𝑒 equals ∑𝑗 𝐴𝑤,𝑒,𝑗 with 𝐴𝑤,𝑒,𝑗 = 0.5 h if a provider is
contracted and available to deliver the response throughout the
𝑗𝑡ℎ half-hour settlement period (SP) in the 𝑒 𝑡ℎ block; otherwise,
𝐴𝑤,𝑒,𝑗 = 0. The term 𝐾𝑤 describing the provider’s performance
in the 𝑤 𝑡ℎ week is converted from a percentage performance
measure (PPM) over a random half-hour sample period within
any contracted EFA block in the week by Table I. The PPM is
the ratio between the aggregated spot values of FRs actually
delivered and those that are required in the sample period [10].

untendered block, starting from the first untendered block
𝐸𝐹𝐴𝑢 . It is assumed here that all the tenders would be accepted
by NGESO. Since the simulation found it difficult to achieve
a profitable co-location project based on the median clearing
price in each block of a week (see Fig. 2), twice the median
𝐷𝐿𝐻
prices are preliminarily adopted here as the DLH prices 𝒫𝑤,𝑒
in the optimisation, though the potential minimum tender price
will be inferred from optimisation results in Section IV.D.
C. Non-Power-Exchange (NPE) Operating Strategy
In a NPE strategy, a BESS with power and energy capacities
of 𝑃𝐵𝑅 and 𝐶𝐵𝑅 is co-located with a WF for the DLH provision
and does not exchange energy with the WF, as shown in Fig. 3.
BESS

Wind Farm

/

DLH
Converter

TABLE I. CONVERSION FROM PPM TO PERFORMANCE FACTOR 𝐾𝑤
PPM
𝐾𝑤

0% ~ 10%
0

10% ~ 60%
0.5

60% ~ 95%
0.75

95% ~ 100%
1

3) Weekly pay-as-clear auctions
The DLH is auctioned by 4-hourly EFA blocks in a service
week starting Friday at 23:00. In each EFA block, tenders are
accepted in the price order to minimise the clearing price [8].
Fig. 2 plots historic clearing prices in 42 blocks over each of
the 52 weeks from 29/11/2019 to 26/11/2020 [24] along with
the medians in each block. The DLH is shown to be procured
at lower prices in blocks from 23:00 to 07:00 (e.g., blocks 1, 2,
7, and 8) and those from 11:00 to 15:00 (e.g., blocks 4 and 10).

DLH
meter

WF
meter

Grid Interface

Fig. 3. The co-location system configuration for NPE operating strategy.

1) NPE operating strategy in tendered blocks
In tendered blocks, the BESS response 𝑃𝐵𝐷𝐿𝐻1 is determined
by the grid frequency using the DLH curve. When the BESS is
close to an empty (or full) state, the required response might not
be possible, i.e., drawing more energy than the available (or
charging the BESS over the maximum limit). Therefore, 𝑃𝐵𝐷𝐿𝐻1
of the BESS at a SOC level 𝑆𝑂𝐶𝑜 is limited by Eq. (2).
𝑟𝑚
𝐶𝐵
∙(𝑆𝑂𝐶𝑜 −𝑆𝑂𝐶)

|𝑃𝐵𝐷𝐿𝐻1 |

≤{

∆𝑡⁄𝜂𝑑𝑖𝑠
𝑟𝑚
𝐶𝐵
∙(𝑆𝑂𝐶−𝑆𝑂𝐶𝑜 )

∆𝑡∙𝜂𝑐ℎ

Fig. 2. Historic clearing prices of the DLH product in 42 EFA blocks over each
of the 52 weeks from 29/11/2019 to 26/11/2020.

B. Bidding strategy in DLH Weekly Auctions
Evaluating the DLH payment for a service week based on
the PPM in a random half-hour period presents a financial risk
to a BESS provider which needs to follow the DLH curve (see
Fig. 1) and thus has little chance to manage its SOC during the
contracted EFA blocks. It is therefore necessary to leave some
blocks untendered for the SOC restoration. Since a 4-hourly
block expects to be sufficient to manage the SOC, the bidding
𝐷𝐿𝐻
strategy is designed to bid for a constant DLH capacity 𝑃𝑤,𝑒
𝑚𝑎𝑥
in the same amount of consecutive blocks 𝑁𝐸𝐹𝐴 after each

∀𝑃𝐵𝐷𝐿𝐻1 > 0
∀𝑃𝐵𝐷𝐿𝐻1 < 0

(2)

where 𝑆𝑂𝐶 and 𝑆𝑂𝐶 are the maximum and minimum levels of
SOC which are assumed here to be 100% and 0%; 𝜂𝑑𝑖𝑠 and 𝜂𝑐ℎ
are discharging and charging efficiencies respectively; ∆𝑡 is the
time step length used by the simulation; and 𝐶𝐵𝑟𝑚 denotes the
remaining energy capacity (MWh) of the BESS which is daily
updated based on the SOC time series over each day combined
with a degradation model developed for a Li-Ion battery in [25]
where the energy capacity loss is simulated by a combination
of the calendar ageing and the cycle ageing. Then the SOC of
the BESS is updated based on 𝑃𝐵𝐷𝐿𝐻1 :

22nd Power Systems Computation Conference

𝑆𝑂𝐶𝑜 −
𝑆𝑂𝐶𝑛 = {
𝑆𝑂𝐶𝑜 −

𝐷𝐿𝐻1
𝑃𝐵
∙∆𝑡
𝑟𝑚 ∙𝜂
𝐶𝐵
𝑑𝑖𝑠
𝐷𝐿𝐻1
𝑃𝐵
∙∆𝑡
𝑟𝑚 ⁄𝜂
𝐶𝐵
𝑐ℎ

, ∀ 𝑃𝐵𝐷𝐿𝐻1 ≥ 0
, ∀ 𝑃𝐵𝐷𝐿𝐻1 < 0

(3)
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In this study, the power flow via WF meter is assumed to be
limited by the available ampacity of the connection point only.
In order to avoid high-frequency (HF) responses (𝑃𝐵𝐷𝐿𝐻1 < 0)
unexpectedly coming from the exceedances of the available
𝑡𝑜𝑡
wind power 𝑃𝑊𝐹
over the connection size 𝑃𝐶 , i.e., the wind
power to be curtailed, the wind power flowing across WF meter
𝑠𝑒𝑙𝑙1
𝑃𝑊𝐹
is additionally constrained by 𝑃𝐶 :
(4)

𝑠𝑒𝑙𝑙1
𝑡𝑜𝑡
𝑃𝑊𝐹
= min(𝑃𝑊𝐹
, (𝑃𝐶 − 𝑃𝐵𝐷𝐿𝐻1 ), 𝑃𝐶 )

2) NPE strategy in untendered blocks
In an untendered EFA block, the BESS is operated to restore
its SOC to an optimal level 𝑆𝑂𝐶𝑜𝑝 . Given 𝑁∆𝑡 time steps prior
to the end of the block, if the BESS with 𝑆𝑂𝐶𝑜 > 𝑆𝑂𝐶𝑜𝑝 can
𝑜.𝑜𝑝
export 𝐶𝐵 = (𝑆𝑂𝐶𝑜 − 𝑆𝑂𝐶𝑜𝑝 ) ∙ 𝐶𝐵𝑟𝑚 during the remaining
(𝑁∆𝑡 − 1) time steps, the discharge power flowing to the AC
grid via DLH meter 𝑃𝐵𝐷𝐿𝐻0 in the present ∆𝑡 is determined by
𝑡𝑜𝑡
the rise of 𝑃𝐶 above 𝑃𝑊𝐹
so as to avoid wind curtailment
𝑜.𝑜𝑝
𝑜.𝑜𝑝
𝑅
subject to 𝐶𝐵 and 𝑃𝐵 . Otherwise, 𝐶𝐵 is evenly discharged
across 𝑁∆𝑡 time steps. This is formulated by Eq. (5):
𝑃𝐵𝐷𝐿𝐻0 =
𝑜.𝑜𝑝

min (

𝕆(𝐶𝐵

𝑜.𝑜𝑝

{ min (

)∙𝜂𝑑𝑖𝑠

∆𝑡

𝕆(𝐶𝐵

)∙𝜂𝑑𝑖𝑠

𝑁∆𝑡 ∙∆𝑡

𝐶

𝑜.𝑜𝑝

𝑡𝑜𝑡 ))
, 𝑃𝐵𝑅 , 𝕆(𝑃𝐶 − 𝑃𝑊𝐹
, ∀ (𝑁𝐵

∙𝜂𝑑𝑖𝑠

∆𝑡 −1)∙∆𝑡

𝑜.𝑜𝑝

𝐶𝐵

, 𝑃𝐵𝑅 ),

∀ (𝑁

∙𝜂𝑑𝑖𝑠

∆𝑡 −1)∙∆𝑡

≤ 𝑃𝐵𝑅
>

(5)

𝑠𝑒𝑙𝑙1
𝑡𝑜𝑡
𝐷𝐿𝐻
𝑃𝑊𝐹
= min(𝑃𝑊𝐹
− 𝑃𝑊𝐹
, 𝑃𝐶𝐴𝑉 , 𝑃𝐶 )

D. Power-Exchange (PE) Operating Strategy
In a PE operating strategy, in addition to the DLH delivery,
the BESS will be able to interchange energy with the WF via
an additional converter (AdC) with a power capacity of 𝑃𝐴𝑅 ≤
𝑃𝐵𝑅 (see Fig. 4) so as to manage the SOC and assist in the time
shift of wind generation (WG).
BESS

𝑠𝑡𝑟1
𝑟𝑚
𝑃𝑊𝐹
= min (𝑃𝑊𝐹
,

Additional
Converter

WF
meter

Grid Interface

𝐴2𝐷
∆𝑡∙𝜂𝐴

𝐷𝐿𝐻 ))
, 𝔹− (𝑃𝐵𝑅 , 𝑃𝐵𝐷𝐿𝐻1 ), (𝑃𝐴𝑅 − 𝑃𝑊𝐹
(7)

For 𝑆𝑂𝐶𝑡 > 𝑆𝑂𝐶𝑑𝑙 , the BESS transfers its surplus energy to
WF meter via the AdC so as to restore its SOC while increasing
the WG-related revenue associated with imbalance prices [26]
in this study; otherwise, the BESS export to WF meter 𝑃𝐵𝑠𝑒𝑙𝑙1 is
limited by 0 to keep the SOC from reducing to an excessively
low level. 𝑃𝐵𝑠𝑒𝑙𝑙1 is also set to zero at times of 𝑃𝐵𝐷𝐿𝐻1 < 0 so as
to avoid any unexpected flow to the grid via WF meter of HF
responses (which should be imported by the BESS). In a LF or
deadband event (i.e., 𝑃𝐵𝐷𝐿𝐻1 ≥ 0), 𝑃𝐵𝑠𝑒𝑙𝑙1 is determined by
𝐶𝐵𝑡.𝑑𝑙 = (𝑆𝑂𝐶𝑡 − 𝑆𝑂𝐶𝑑𝑙 ) ∙ 𝐶𝐵𝑟𝑚 subject to the available power
capacities of connection point, BESS and AdC:

𝑃𝐵𝑠𝑒𝑙𝑙1 = min (

𝑡.𝑑𝑙
𝕆(𝐶𝐵
)
𝐷2𝐴
∆𝑡⁄𝜂𝐴

𝑠𝑒𝑙𝑙1 ),
, (𝑃𝐶𝐴𝑉 − 𝑃𝑊𝐹

𝐷𝐿𝐻 )),
𝔹+ (𝑃𝐵𝑅 , 𝑃𝐵𝐷𝐿𝐻1 ), (𝑃𝐴𝑅 + 𝑃𝑊𝐹
∀𝑃𝐵𝐷𝐿𝐻1 ≥ 0 (8)

DLH
Converter

DLH
meter

𝑐ℎ.𝑡
𝕆(𝐶𝐵
)

𝑟𝑚
𝑡𝑜𝑡
𝑠𝑒𝑙𝑙1 )
𝐷𝐿𝐻
where 𝑃𝑊𝐹
= (𝑃𝑊𝐹
− 𝑃𝑊𝐹
− 𝑃𝑊𝐹
is the wind power to be
𝑠𝑡𝑟1
− (∙)
curtailed and the operator 𝔹
limits 𝑃𝑊𝐹
by the available
power capacity of the BESS which is also delivering 𝑃𝐵𝐷𝐿𝐻1 [6].

/
/

(6)

A pair of SOC variables, i.e., 𝑆𝑂𝐶𝑑𝑙 ≤ 𝑆𝑂𝐶𝑐ℎ , are used in
this strategy to schedule the power exchange between WF and
BESS. If the SOC after the delivery of 𝑃𝐵𝐷𝐿𝐻1 , denoted by 𝑆𝑂𝐶𝑡 ,
would be smaller than 𝑆𝑂𝐶𝑐ℎ , the BESS will store the otherwise
𝑠𝑡𝑟1
curtailed wind power 𝑃𝑊𝐹
subject to 𝐶𝐵𝑐ℎ.𝑡 = (𝑆𝑂𝐶𝑐ℎ −
𝑟𝑚
𝑆𝑂𝐶𝑡 ) ∙ 𝐶𝐵 and available power capacities of the BESS and
the AdC; otherwise, the BESS does not absorb energy from the
wind curtailment, avoiding an excessively high SOC level. This
is formulated by Eq. (7).

𝑃𝐵𝑅

where the operator 𝕆(∙) forces negative inputs to zero without
𝑜𝑝.𝑜
affecting positive inputs. If 𝑆𝑂𝐶𝑜 < 𝑆𝑂𝐶𝑜𝑝 , the energy 𝐶𝐵 =
(𝑆𝑂𝐶𝑜𝑝 − 𝑆𝑂𝐶𝑜 ) ∙ 𝐶𝐵𝑟𝑚 required for the SOC recovery will be
evenly absorbed from the grid by 𝑃𝐵𝐷𝐿𝐻0 across 𝑁∆𝑡 time steps.
𝑠𝑒𝑙𝑙0
Then the wind power passing through WF meter 𝑃𝑊𝐹
and the
new SOC are calculated by Eqs. (4) and (3) using 𝑃𝐵𝐷𝐿𝐻0 .

Wind Farm

1) PE strategy in tendered blocks
In tendered periods, the DLH delivery of the BESS 𝑃𝐵𝐷𝐿𝐻1
is estimated from the grid frequency by the DLH curve subject
to Eq. (2). If the BESS cannot offer the required low-frequency
𝐷𝐿𝐻
𝐷𝐿𝐻
(LF) response 𝑃𝑟𝑒𝑞
, i.e., 𝑃𝑟𝑒𝑞
> 𝑃𝐵𝐷𝐿𝐻1 > 0, the WF will assist
𝐷𝐿𝐻
the BESS in the DLH delivery by 𝑃𝑊𝐹
via the AdC subject to
𝑡𝑜𝑡
𝑅
𝑃𝑊𝐹 and 𝑃𝐴 (at a cost of the reduced WG-related revenue). The
𝑡𝑜𝑡
𝐷𝐿𝐻
remaining wind power (𝑃𝑊𝐹
− 𝑃𝑊𝐹
) is then put onto the grid
via WF meter subject to (i) the limit on WF meter determined
by 𝑃𝐶 and (ii) the remaining ampacity of the connection point
𝐷𝐿𝐻
𝑃𝐶𝐴𝑉 = (𝑃𝐶 − 𝑃𝐵𝐷𝐿𝐻1 − 𝑃𝑊𝐹
∙ 𝜂𝐴𝐴2𝐷 ∙ 𝜂𝑑𝑖𝑠 ) where 𝜂𝐴𝐴2𝐷 is the
efficiency of the AdC rectifying AC to DC:

where 𝜂𝐴𝐷2𝐴 is the efficiency of the AdC converting DC to AC.
(The efficiency-related terms are all assumed to be 0.95 in this
study). The operator 𝔹+ (∙) limits 𝑃𝐵𝑠𝑒𝑙𝑙1 by the available power
capacity of the BESS which is also delivering 𝑃𝐵𝐷𝐿𝐻1 ≥ 0 [6].
Then the SOC of the BESS is updated by:

Fig. 4. The co-location system configuration for PE operating strategy.
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𝑆𝑂𝐶𝑛 =
𝑆𝑂𝐶𝑜 −
{

𝑆𝑂𝐶𝑜 −

𝐷𝐿𝐻1
𝑠𝑒𝑙𝑙1 𝐷2𝐴
𝑠𝑡𝑟1 𝐴2𝐷
(𝑃𝐵
⁄𝜂𝑑𝑖𝑠 +𝑃𝐵
⁄𝜂𝐴 −𝑃𝑊𝐹
∙𝜂𝐴 )
𝑟𝑚 ⁄∆𝑡
𝐶𝐵
𝐷𝐿𝐻1
𝑠𝑒𝑙𝑙1 𝐷2𝐴
𝑠𝑡𝑟1 𝐴2𝐷
(𝑃𝐵
∙𝜂𝑐ℎ +𝑃𝐵
⁄𝜂𝐴 −𝑃𝑊𝐹
∙𝜂𝐴 )
𝑟𝑚 ⁄∆𝑡
𝐶𝐵

, ∀𝑃𝐵𝐷𝐿𝐻1 ≥ 0

(9)

, ∀𝑃𝐵𝐷𝐿𝐻1 < 0

𝑠𝑒𝑙𝑙

2) PE strategy in untendered blocks
In an untendered block, the BESS is operated to restore its
SOC to the region between 𝑆𝑂𝐶𝑑𝑙 and 𝑆𝑂𝐶𝑐ℎ while reducing
𝑡𝑜𝑡
the WG curtailment. When 𝑆𝑂𝐶𝑜 < 𝑆𝑂𝐶𝑐ℎ and 𝑃𝑊𝐹
> 𝑃𝐶 , the
𝑠𝑡𝑟0
BESS can import the otherwise curtailed wind power 𝑃𝑊𝐹
via
𝑟𝑚
𝑡𝑜𝑡
the AdC subject to 𝐶𝐵 ∙ (𝑆𝑂𝐶𝑐ℎ − 𝑆𝑂𝐶𝑜 ) , (𝑃𝑊𝐹 − 𝑃𝐶 ) and
𝑡𝑜𝑡
𝑃𝐴𝑅 . For 𝑆𝑂𝐶𝑜 > 𝑆𝑂𝐶𝑑𝑙 and 𝑃𝑊𝐹
< 𝑃𝐶 , the BESS discharges
𝑠𝑒𝑙𝑙0
𝑃𝐵
through WF meter via the AdC under the constraints of
𝑡𝑜𝑡
) and 𝑃𝐴𝑅 .
𝐶𝐵𝑟𝑚 ∙ (𝑆𝑂𝐶𝑜 − 𝑆𝑂𝐶𝑑𝑙 ), (𝑃𝐶 − 𝑃𝑊𝐹
In the case that 𝑆𝑂𝐶𝑜 > 𝑆𝑂𝐶𝑐ℎ or 𝑆𝑂𝐶𝑜 < 𝑆𝑂𝐶𝑑𝑙 , the SOC
is expected to reduce to 𝑆𝑂𝐶𝑐ℎ or increase to 𝑆𝑂𝐶𝑑𝑙 before the
end of the untendered block. If the BESS cannot export 𝐶𝐵𝑜.𝑐ℎ =
(𝑆𝑂𝐶𝑜 − 𝑆𝑂𝐶𝑐ℎ ) ∙ 𝐶𝐵𝑟𝑚 to or import 𝐶𝐵𝑑𝑙.𝑜 = (𝑆𝑂𝐶𝑑𝑙 − 𝑆𝑂𝐶𝑜 ) ∙
𝐶𝐵𝑟𝑚 from the grid via DLH meter over the remaining (𝑁∆𝑡 −
1) time steps, it needs to additionally exchange power with the
grid by 𝑃𝐵𝐷𝐿𝐻0 in the present ∆𝑡 even though 𝑃𝐵𝐷𝐿𝐻0 > 0 may
lead to the WG curtailment:
𝑃𝐵𝐷𝐿𝐻0 =

𝑜.𝑐ℎ
𝐶𝐵
∙𝜂𝑑𝑖𝑠

𝕆 (min (
{

𝑁∆𝑡 ∙∆𝑡

−𝕆 (min (

𝑁∆𝑡 ∙∆𝑡

𝐶 𝑜.𝑐ℎ ∙𝜂𝑑𝑖𝑠

, 𝑃𝐵𝑅 ) − 𝑃𝐵𝑠𝑒𝑙𝑙0 ) , ∀ (𝑁𝐵

𝑑𝑙.𝑜
𝐶𝐵
⁄𝜂𝑐ℎ

∆𝑡 −1)∙∆𝑡
𝑑𝑙.𝑜
𝐶𝐵
⁄𝜂𝑐ℎ

𝑠𝑡𝑟0
, 𝑃𝐵𝑅 ) − 𝑃𝑊𝐹
) , ∀ (𝑁

∆𝑡 −1)∙∆𝑡

> 𝑃𝐵𝑅
> 𝑃𝐵𝑅

𝑅𝑂
𝛿𝑅𝑤
= ∑𝑒 ∑𝑗 𝒫𝑅𝑂 ∙ 𝛿𝑃𝑤,𝑒,𝑗 ∙ 0.5 h
𝑠𝑒𝑙𝑙

C. Energy Imbalance Charge
In the GB electricity market, a transmission-connected WF
will pay (or be paid) for its net deficit (or surplus) of energy
𝐸𝐼𝐶
imbalance based on an imbalance price 𝒫𝑤,𝑒,𝑗
(£/MWh) which
reflects the cost of National Grid balancing the GB transmission
system in each SP [26]. Therefore, the average difference in the
𝑊𝐹

power flow across WF meter 𝛿𝑃𝑤,𝑒,𝑗 between the co-location
system and a single WF is used to simulate the variation of the
WF’s energy imbalance charge (EIC) in a SP. According to [10],
𝐷𝐿𝐻

the average power flow across DLH meter 𝑃𝑤,𝑒,𝑗 in a SP also
𝐸𝐼𝐶
causes EICs. Compared to a single WF, the EIC change 𝛿𝑅𝑤
𝑡ℎ
after the BESS co-location in the 𝑤 week is computed by:

A. DLH Availability Payment
𝐷𝐿𝐻
The DLH availability payment 𝑅𝑤
over a service week is
estimated based on Eq. (1) through a comparison between the
actual delivery and the required volume determined by the DLH
curve. In order to mitigate the financial risk as noted in section
II.B, the minimum of PPMs over all the sample periods within
tendered blocks in a service week is selected here to evaluate
the weekly performance factor 𝐾𝑤 . In this way, the worst-case
𝐷𝐿𝐻
𝑅𝑤
will be considered in the optimisation process.
B. Green Subsidy
𝑡𝑜𝑡
Given the export of a single WF being the minimum of 𝑃𝑊𝐹
or 𝑃𝐶 , co-locating the BESS with the WF for the DLH provision
will affect the wind power flowing to the grid and the associated
green subsidy. The Renewables Obligation (RO) scheme is one
of the mechanisms supporting renewable generation in the UK
[27]. The green subsidy price 𝒫𝑅𝑂 is approximated to be
£100.1/MWh based on an assumption of 2 RO certificates
(ROCs) being issued to each MWh of WG [27] combined with

𝐷𝐿𝐻

𝐸𝐼𝐶
𝐸𝐼𝐶
𝛿𝑅𝑤
= ∑𝑒 ∑𝑗 𝒫𝑤,𝑒,𝑗
∙ (𝛿𝑃𝑤,𝑒,𝑗 + 𝑃𝑤,𝑒,𝑗 ) ∙ 0.5 h

(10)

ECONOMIC OPTIMISATION BY PSO ALGORITHM

(11)

𝑠𝑒𝑙𝑙
where 𝛿𝑃𝑤,𝑒,𝑗 denotes the average difference in 𝑃𝑊𝐹
between
𝑡ℎ
the co-location system and a single WF during the 𝑗 SP in the
𝑒 𝑡ℎ block of the 𝑤 𝑡ℎ week.

𝑊𝐹

Then the SOC is updated by Eq. (9) using 𝑃𝐵𝐷𝐿𝐻0 , 𝑃𝐵𝑠𝑒𝑙𝑙0 ,
𝑠𝑡𝑟0
and 𝑃𝑊𝐹
. The wind power flowing to the grid via WF meter
𝑠𝑒𝑙𝑙0
𝑡𝑜𝑡
𝑃𝑊𝐹 is determined as the minimum of 𝑃𝑊𝐹
, (𝑃𝐶 − 𝑃𝐵𝑠𝑒𝑙𝑙0 ), or
𝑠𝑒𝑙𝑙0
𝐷𝐿𝐻0
(𝑃𝐶 − 𝑃𝐵
− 𝑃𝐵
).
III.

a buy-out price of £50.05/ROC for 2020/21 [28]. (In general,
only the electricity generated by an accredited WF and supplied
𝑠𝑒𝑙𝑙
to customers, i.e., 𝑃𝑊𝐹
in Figs. 3 and 4, can receive ROCs [29]).
𝑅𝑂
The variation of green subsidy 𝛿𝑅𝑤
received by the WF owner
after the BESS co-location in the 𝑤 𝑡ℎ week is estimated by:

(12)

D. BESS and Connection Costs
The capital expenditure (CAPEX) 𝐶𝐶𝐴𝑃𝐸𝑋 of the co-located
BESS mainly comprises costs of batteries and converters [6].
The unit prices of Li-Ion battery and converter are assumed here
to be £166.4k/MWh and £85.8k/MW respectively according to
[6]. The annual operational expense (OPEX) 𝐶𝑂𝑃𝐸𝑋 of the
BESS is assumed to be 2% of 𝐶𝐶𝐴𝑃𝐸𝑋 [6]. Co-locating a BESS
to an existing transmission-connected WF in the GB will incur
in connection costs (including an application fee) and influence
the balancing services (BS) and transmission network (TN) use
of system (UoS) charges. Since the transmission entry capacity
is not changed in this study, the one-off application fee 𝐶𝐴𝑃𝑃 is
around £26k based on the median base cost of the six
𝐵𝑆
connection zones [30]. Using the BSUoS price 𝒫𝑤,𝑒,𝑗
(£/MWh)
assigned to each SP [31], the variation of BSUoS cost 𝛿𝐶𝑤𝐵𝑆 in
the 𝑤 𝑡ℎ week after co-locating the BESS is computed from the
average difference in the net electricity at the connection point
in each SP of the week:
𝑊𝐹

𝐷𝐿𝐻

𝐵𝑆
𝛿𝐶𝑤𝐵𝑆 = ∑𝑒 ∑𝑗 𝒫𝑤,𝑒,𝑗
∙ |𝛿𝑃𝑤,𝑒,𝑗 + 𝑃𝑤,𝑒,𝑗 | ∙ 0.5 h

(13)

The TNUoS charges paid by generators for delivering their
electricity over the GB TNs [32] depend on the generator’s fuel
type or the predominant type of a multi-fuel power plant under
the current charging methodologies [3]. Since the predominant
type of the co-location system explored here is intermittent, the
annual TNUoS charge growth 𝛿𝐶𝑇𝑁 due to the BESS operation
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is determined by the increase of annual load factor (ALF) of the
system. Given that an ALF of 10.8% would be used for a BESS
prior to any historic data being available [32], the ALF of the
WF+BESS system is assumed to increase by 10.8% × 𝑃𝐵𝑅 ⁄𝑃𝐶 ,
resulting in 𝛿𝐶𝑇𝑁 = 919.6 × 𝑃𝐵𝑅 based on the TNUoS tariffs
specified for a particular generation zone in 2019/2020 [32].
E. Particle Swarm Optimisation (PSO)
The PSO algorithm [33] is employed here to determine the
co-located BESS size and strategy variables that maximise the
net present value (NPV) of the project under each strategy. It
optimises a problem starting from a set of random particles that
travel in the search space until reaching convergence. For each
particle that contains a vector of optimisation variables, power
and energy flows across the system are simulated until 𝐶𝐵𝑟𝑚
falls below the retention limit of 80% [6] or cannot sustain the
full response of DLH for the required 30 minutes. Since most
of the monetary items are monthly billed [10], [32], present
values of monthly cash flows are discounted by an annual
return of 8% to compute the NPV:
𝑁𝑃𝑉 = −𝐶𝐶𝐴𝑃𝐸𝑋 − 𝐶𝐴𝑃𝑃
+ ∑𝑚

𝐷𝐿𝐻 +𝛿𝑅 𝑅𝑂 +𝛿𝑅 𝐸𝐼𝐶 −𝛿𝐶 𝐵𝑆 )−𝛿𝐶 𝑇𝑁 −𝐶 𝑂𝑃𝐸𝑋
∑𝑤(𝑅𝑚,𝑤
𝑚,𝑤
𝑚,𝑤
𝑚,𝑤
𝑚
𝑚

(1+8%)𝑚/12

(14)

where 𝑚 is the index of calendar month starting from one; and
𝑂𝑃𝐸𝑋
𝑇𝑁
𝐶𝑚
and 𝛿𝐶𝑚
in each month are presumed to be 𝐶𝑂𝑃𝐸𝑋 ⁄12
and 𝛿𝐶𝑇𝑁 ⁄12 respectively. In the optimisation, the NPV of the
system is maximised subject to technical requirements of DLH:
𝐷𝐿𝐻
1 MW ≤ 𝑃𝑤,𝑒
≤ min(50 MW, 𝑃𝐵𝑅 )

(15)

𝐷𝐿𝐻
𝑃𝑤,𝑒
∙ 0.5 h ∙ (𝜂𝑐ℎ + 1⁄𝜂𝑑𝑖𝑠 ) ≤ 𝐶𝐵𝑅

(16)

The PSO based modelling framework will be tested in the
context of a particular 76 MW WF with 𝑃𝐶 of 68.4 MW in the
GB. (The source of wind farm information cannot be disclosed
due to confidentiality). The 1-min average available powers of
the WF and 1-sec grid frequencies [34] in the GB over 4 years
from 2016 to 2019 are used to dispatch the outputs of the WF
and its co-located BESS. The estimation of EICs and BSUoS
𝐸𝐼𝐶
𝐵𝑆
charges are based on 𝒫𝑤,𝑒,𝑗
[35] and 𝒫𝑤,𝑒,𝑗
[31] respectively in
the same period.
IV.

OPTIMISATION AND SIMULATION RESULTS

The modelling of DLH bidding and operating strategies of
co-location systems and the implementation of the PSO are all
accomplished using MATLAB/Simulink [36]. The delivery of
DLH service and the WF-BESS interaction will be simulated
based on the optimised variables, followed by discussions of
the profitability of co-locating BESS for the DLH delivery and
the potential minimum tender prices in weekly auctions.
A. Optimisation Results
The optimised BESS size and variables used in bidding and
operating strategies along with the resulting project timescale
are listed in Table II for NPE and PE strategies, respectively.

It is noted that the ordinary PSO algorithm employed here may
fall in a local optimum or premature solution. However, given
a large number of randomly initialised particles in this research,
the same solutions have been obtained between different runs,
suggesting that the global optimum could have been found in
the search area.
TABLE II. THE OPTIMAL BESS SIZE AND STRATEGY VARIABLES
Variable
𝑃𝐵𝑅 (MW)
𝐶𝐵𝑅 (MWh)
𝑃𝐴𝑅 (MW)
𝐷𝐿𝐻
𝑃𝑤,𝑒
(MW)
𝑚𝑎𝑥
𝑁𝐸𝐹𝐴
(-)

NPE
50
75.2
n/a
50
2

PE
50
67.2
6.2
50
2

Variable
𝑆𝑂𝐶𝑜𝑝 (%)
𝑆𝑂𝐶𝑑𝑙 (%)
𝑆𝑂𝐶𝑐ℎ (%)
𝐸𝐹𝐴𝑢 (-)
Duration (yr)

NPE
46.78
n/a
n/a
1
9.62

PE
n/a
46.81
46.81
1
9.13

The BESS MW capacity 𝑃𝐵𝑅 is optimised to equal the DLH
𝐷𝐿𝐻
contract capacity 𝑃𝑤,𝑒
which reaches the maximum allowable
50 MW [see Eq. (15)]. To ensure the DLH performance, the
energy-to-power (E/P) ratio is optimised to be around 1.51 and
1.35 for NPE and PE respectively which are both greater than
the minimum technical requirement as defined in Eq. (16) [i.e.,
0.5 × (𝜂𝑐ℎ + 1⁄𝜂𝑑𝑖𝑠 ) ≈ 1.001 in this case]. The PE leads to a
smaller E/P ratio due to the 6.2 MW AdC placed between WF
and BESS. This provides a path for the WF to support the DLH
delivery when the co-located BESS has insufficient energy for
low-frequency (LF) responses and also for the BESS to restore
its SOC in tendered periods. For both NPE and PE, the optimal
𝑚𝑎𝑥
number of consecutive tendered EFA blocks is 𝑁𝐸𝐹𝐴
= 2, with
the first untendered EFA block 𝐸𝐹𝐴𝑢 = 1. This means that the
BESS should bid for the DLH provision in blocks over 03:00
– 11:00 and 15:00 – 23:00, most of which would be cleared at
higher prices as was noted in Section II.A (see Fig. 2).
It is noted that 𝑆𝑂𝐶𝑑𝑙 and 𝑆𝑂𝐶𝑐ℎ used in the PE strategy
are optimised to be almost the same, meaning that there is little
space for the WF-BESS interaction when the SOC reaches
either 𝑆𝑂𝐶𝑑𝑙 or 𝑆𝑂𝐶𝑐ℎ . In other words, there is less incentive
to obtain the WG-related revenue from imbalance prices since
the additional battery cycles between 𝑆𝑂𝐶𝑑𝑙 and 𝑆𝑂𝐶𝑐ℎ would
accelerate the battery degradation and thus reduce the duration
of receiving payments from the DLH provision. Since the
modelled battery degradation would reduce with a relatively
smaller SOC [25], the optimal SOC level, i.e., 46.78% for NPE
or 46.81% for PE, is slightly below 50%, resulting in a project
timescale of around 9.62 or 9.13 years (i.e., 502 or 476 weeks)
respectively while ensuring the DLH availability performance.
B. DLH Delivery and Availability Performance
The DLH delivery under the PE strategy and the PPM over
each half-hour sample period in tendered EFA blocks within a
particular week are shown in Fig. 5 with the gaps representing
untendered blocks. The under-delivery around the simulation
time of 1451.1h reduces the PPMs in the corresponding halfhour periods. The minimum PPM of about 97.65% is then used
to derive the performance factor applied to the week based on
Table I in order to mitigate the financial risk presented by the
NGESO randomly adopting a sample period to assess the PPM
for the whole week as was noted in Section II.B.
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is constantly charged at around 7.39 MW to increase the SOC
back to 𝑆𝑂𝐶𝑜𝑝 . The LF responses provided by the BESS are
also found to cause wind curtailment during high wind periods.
As shown in the zoomed graphs in Fig. 7, when available wind
𝑡𝑜𝑡
power outputs 𝑃𝑊𝐹
are close to the connection size 𝑃𝐶 around
𝑐𝑢𝑟𝑡
1504.7h, the WF has to curtail part of generation 𝑃𝑊𝐹
so as to
accommodate the LF delivery.

𝐷𝐿𝐻
Fig. 5. The required and delivered responses (% of 𝑃𝑤,𝑒
) under the PE strategy
and the PPM (%) over each half-hour sample period in tendered EFA blocks
in a service week over 1344h-1512h (the gaps represent untendered blocks).

Fig. 6 shows distributions of the minimum PPMs of service
weeks for NPE and PE respectively where the minimum PPMs
exceed 95% (i.e., 𝐾𝑤 = 1) in 95.02% and 90.76% of weeks and
locate within 60% – 95% (i.e., 𝐾𝑤 = 0.75) in 1.2% and 4.41%
of weeks respectively. In addition, for the NPE, only 57 out of
112,480 half-hour SPs (i.e., 0.05%) within contracted blocks
cannot receive the DLH payment due to the under-delivery of
DLH causing 𝐴𝑤,𝑒,𝑗 = 0 [see Eq. (1)]. For the PE, the underdelivery of DLH occurs in 135 out of 106,656 contracted SPs
(i.e., 0.13%). The NPE having a higher E/P ratio shows a better
availability performance on average than the PE at a cost of an
increased investment in the BESS. It is noted that there are six
or three weeks in NPE or PE respectively where the minimum
PPM falling below 10% results in 𝐾𝑤 = 0 and a full deduction
in the DLH payment for the whole week [see Eq. (1)].

Fig. 6. Distributions of the weekly minimum PPMs for NPE and PE.

C. Coordination of WF and BESS
The outputs of WF and BESS coordinated by the NPE over
nine particular blocks are shown in Fig. 7. In the untendered
block over 1440-1444h, the exceedance of SOC over 𝑆𝑂𝐶𝑜𝑝 is
exported through DLH meter given the headroom in the power
capacity of the common connection point. After the delivery
of LF responses over 1446-1452h, the SOC decreases to a low
level of 8.8%. In the subsequent untendered block, the BESS

Fig. 7. Power outputs (MW) of WF and BESS coordinated by the NPE strategy
and resulting SOC (%) in six EFA blocks over 1440-1464h and three blocks
over 1500-1512h (the symbol √ denotes a tendered EFA block).

The coordination of WF and BESS in the PE and resulting
SOC over the same nine blocks are shown in Fig. 8. Given the
headroom in the connection point ampacity, the BESS with
𝑆𝑂𝐶 > 𝑆𝑂𝐶𝑑𝑙 exports its surplus energy through WF meter at
𝑃𝐵𝑠𝑒𝑙𝑙 via the 6.2 MW AdC either in an untendered block (e.g.,
around 1440h) or at times of 𝑃𝐵𝐷𝐿𝐻1 ≥0 in tendered blocks (e.g.,
around 1444.2h). The AdC also allows the BESS to absorb the
𝑠𝑡𝑟
otherwise curtailed wind power 𝑃𝑊𝐹
that coincides with
𝑡𝑜𝑡
𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑐ℎ . For example, the rise of 𝑃𝑊𝐹
above 𝑃𝐶 during
1502.2-1503.3h which would be curtailed in the NPE (see
𝑐𝑢𝑟𝑡
𝑃𝑊𝐹
> 0 in Fig. 7) is stored by the BESS via the AdC in the
𝑠𝑡𝑟
𝑐𝑢𝑟𝑡
PE (see 𝑃𝑊𝐹
> 0 and 𝑃𝑊𝐹
= 0 in Fig. 8), reducing the EIC of
the BESS importing from the AC grid for its SOC recovery. In
addition, the AdC enables the WF to assist the BESS in LF
𝐷𝐿𝐻
responses by delivering 𝑃𝑊𝐹
to DLH meter, e.g., over 1450.31451.6h where the SOC has decreased to 0% (see Fig. 8).
Otherwise, the service unavailability for more than 1 h would
incur in a zero PPM, leading to a full deduction in the DLH
availability payment for the service week. In practice, a battery
management system may prevent a BESS from discharging to
a SOC level closer to 0%. The practical limits on the SOC can
be reflected in the optimisation process through accordingly
adjusting the values of 𝑆𝑂𝐶 and 𝑆𝑂𝐶 in Eq. (2).
It is noted that the ramp rate limits on BESS outputs are not
incorporated into the modelling framework that focuses on the
project’s planning stage. In practice, the BESS import/export
scheduled by operating strategies must be additionally adjusted
to comply with the ramp rate limits under grid codes.
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recovery (see Fig. 8), which reduces its import from the grid
and leads to a smaller EIC than the NPE (see Table III).

Fig. 8. Power outputs (MW) of WF and BESS coordinated by the PE strategy
and resulting SOC (%) in six EFA blocks over 1440-1464h and three blocks
over 1500-1512h (the symbol √ denotes a tendered EFA block).

D. System Profitability and Minimum Tendered Prices
The cumulative present values of monetary components of
co-location systems simulated for NPE and PE based on the
optimised variables are listed in Table III. Even though placing
the 6.2 MW AdC causes additional costs, the decreased energy
capacity of the BESS required by the PE (see Table II) results
in smaller CAPEX and OPEX of the BESS than the NPE. In
addition, compared to a single WF, the operation of the colocated BESS increases the TNUoS and BSUoS charges of the
co-location system. For both NPE and PE, CAPEX and OPEX
of the BESS contribute the most to the total system costs.
TABLE III. THE OPTIMISATION BASED CUMULATIVE PRESENT VALUES (£M)
OF MONETARY ITEMS OF THE SYSTEMS UNDER NPE AND PE STRATEGIES
Item
CAPEX
OPEX
App. Fee
𝛿TNUoS
𝛿BSUoS

NPE
−16.806
−2.798
−0.026
−0.312
−0.435

PE
−16.008
−2.575
−0.026
−0.301
−0.398

Item
DLH Payment
𝛿EIC
𝛿Subsidy (WF)
NPV
IRR

NPE
30.783
−1.390
−1.150
7.865
20%

PE
29.320
−1.084
−1.143
7.786
21%

Since the BESS in the NPE gives a better DLH availability
performance on average (see Fig. 6) and provides around half
a year of DLH service more than the PE (see Table II), the total
DLH payment in the NPE is greater than that in the PE. As was
noted in Section IV.C, LF responses of the BESS could lead to
wind curtailment in high wind periods. This not only reduces
the green subsidy received by the WF, but also increases the
EIC paid for the reduction of the power flow across WF meter
compared to a single WF. In addition, due to the efficiency loss
occurred in charging and discharging periods, the total energy
absorbed by the BESS from the grid is greater than its injection
into the grid via DLH meter. Therefore, the co-location system
also needs to pay the EIC for the deficit of energy imbalance
across DLH meter on average. In the PE, the BESS can store
otherwise curtailed wind generation via the AdC for the SOC

In this study, similar NPVs and internal rates of return (IRR)
are achieved between NPE and PE. Although the NPE leads to
a slightly higher NPV, its IRR is smaller than the IRR in the
PE due to a greater initial investment and a longer project
timescale, meaning that the PE expects to be a more attractive
option. It is noted that the DLH payment is estimated here
based on twice the median of historic clearing prices in each
𝐷𝐿𝐻
EFA block of a service week. When DLH prices 𝒫𝑤,𝑒
are
adjusted to around 1.46 times the median prices, the reduction
in the total availability payment leads to a zero NPV in both
NPE and PE. Therefore, given the particular WF and financial
elements used in this study, the lowest tender prices in DLH
weekly auctions are expected to be at least 146% of the median
clearing prices which could ensure the profitability of the colocation project. In addition, the worst-case DLH payment has
been evaluated here by selecting the minimum of PPMs over
all half-hour sample periods within a service week. In practice,
the PPM of a single random sample period will be adopted to
determine the DLH performance for the whole service week.
This means that the practical DLH availability payment will be
greater than or equal to the payment simulated in this study.
V.

CONCLUSIONS

The UK frequency response (FR) market reforms including
the release of new FR products and the procurement by 4-houly
blocks in weekly auctions incur in the need of evaluating the
feasibility of a co-located wind farm (WF) and battery energy
storage system (BESS) project under new circumstances. This
paper has developed a modelling framework to optimise the
co-located BESS size along with a set of strategy variables that
are used to coordinate the WF and the BESS and specify the
FR capacity and 4-hourly blocks to be tendered for the weekly
auctioned Dynamic Low High (DLH) product. The proposed
modelling framework has been tested based on a particular WF
in the UK under different operating strategies.
The optimisation results indicate that co-location projects
based on the particular WF would be profitable when the DLH
price is at least 146% of the median of historic clearing prices
in each block of a service week. Given the DLH prices being
twice the median historic prices, the WF has been suggested to
co-locate with a BESS that has an energy-to-power (E/P) ratio
of around 1.5. The BESS is optimised to deliver a 50 MW DLH
service for a maximum of two consecutive 4-hourly blocks and
restores to a state of charge (SOC) level of about 46.8% in the
subsequent untendered block. When an additional converter is
used to enable the WF to assist the BESS in the low-frequency
delivery and the SOC management, the best E/P ratio has been
slightly decreased. This reduces the BESS lifetime and the net
present value of the co-location system, but results in a slightly
higher internal rate of return.
The modelling framework proposed here can be adapted to
ancillary service markets in different countries by taking into
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account the specific market mechanisms and requirements as
well as local grid codes, connection charges and other revenue
streams experienced by the onshore or offshore WF of interest.
The modelling framework can be also applied to a WF under
development by synthesising wind power time series based on
its power curve and local wind data; the best transmission entry
capacity (TEC) of the co-location system can also be estimated
by integrating the TEC-dependent connection costs within the
objective function. In addition, the varying financial elements
(e.g., BESS unit prices and FR availability prices) could alter
the trade-off between the BESS investment and its associated
benefits. The investigation into the sensitivity of optimisation
variables to key financial factors can assist in the determination
of the optimal BESS capacity and strategy variables under the
uncertainties of financial elements.
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