The

University
o Of
»  Sheffield.

This is a repository copy of Scheduling of grid tied battery energy storage system
participating in frequency response services and energy arbitrage.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/143032/

Version: Accepted Version

Article:

Nejad, S., Mantar Gundogdu, B., Gladwin, D. et al. (1 more author) (2019) Scheduling of
grid tied battery energy storage system participating in frequency response services and
energy arbitrage. IET Generation, Transmission and Distribution. ISSN 1751-8687

https://doi.org/10.1049/iet-gtd.2018.6690

This paper is a postprint of a paper submitted to and accepted for publication in IET
Generation, Transmission and Distribution and is subject to Institution of Engineering and
Technology Copyright. The copy of record is available at the IET Digital Library.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

ReView by River Valleytlechnelegigheen accepted for publication in a future issue of this ]'our‘glz—bgﬁﬂﬁrﬂa‘?féenm%mé@a’:on Distribution

Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.

BATTERY STORAGE PLANTS, ENERGY BALANCE SERVICE, ENERGY MARKET

2019/02/14 17-02:21 IET Review Copy Only 2



ReView by River Valley rlechir{egiESeen accepted for publication in a future issue of this jourt&Il HZERErALi®aen kianizaion Distribution

Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.

Scheduling of Grid Tied Battery Energy Storage System Participating in
Frequency Response Services and Energy Arbitrage

B. Mantar GundogduD. T. Gladwin, S. Nejad, and D. A. Stone

Department of Electronic and Electrical Engineering, University of Sheffibleffigld, S1 4DE, UK
“bmantarl @sheffield.ac.uk

Abstract: Battery energy storage systems (BESS) are widely used to smooth power fluctuations and maintain the voltage and
frequency of the power feeder at a desired level. The National Grid Electricity Transmission (NGET), the primary electricity
transmission network operator in the UK, has introduced various frequency response services that are designed to provide a
real-time response to deviations in the grid frequency. In this study, a control algorithm is developed which generates a
charge/discharge power output with respect to deviations in the grid frequency and the requisite service specifications. Using
historical UK electricity prices, a new balancing service scheduling approach has also been developed to maximize energy
arbitrage revenue by layering different types of balancing services throughout the day. Simulation results show that the
proposed algorithm delivers both dynamic and non-dynamic firm frequency response (FFR) and also enhanced frequency
response (EFR) to NGET specifications while generating arbitrage revenue as well as service availability payments in the
balancing market. A comparative study is also presented to compare the yearly arbitrage revenue obtained from the work
presented in this paper and a previous reference study. Finally, experimental results of a grid-tied 2MW/1MWh BESS have
been used for verification purposes.

) battery energy storage systems (BES&nd to be the
1. Introduction preferred option for grid scale applicatioasthey offera
In recent years, an increasing power demand, near exhaustiorapid active power response for both import and export,
of fossil fuels and their hazardous influence on environment,which at scale can compensate for the fluctuations generated
has led to an increased penetration of renewable energpy RESs and demand usage [1]. With the appropriate control
sources (RESs) into the utility grid [1]-[2]. The energy scheme, grid scale BESS can mitigate the above challenges
obtained from such sources is environment friendly, however whilst improving system stability, quality and reliability [7]
the power and voltage obtained from these sources differsThe BESS unit imports energy when the system frequency is
with variations in weather [2]. Integration of RESs into power above a nominal value and exports this energy back into the
system grids causes numerous issues such as optimum powsrid when the frequency is below the nominal value [8].
flow, power system stability, quality, reliability, Furthermore, BESS can provide a wide spectrum of
voltage/frequency control, load dispatch and systemapplications ranging from short term power quality support
economics. During the last decade the nature of RESs powefe.g. frequency regulation, voltage support) to long term
variations and the impact on the grid frequency regulation hassnergy management (e.g. energy arbitrage, peak shaving).
gained increasing research interest. Significant frequencyThe capital cost of battery storage technologies is continuing
deviations can result in over/under frequency protectionto fall, thus, prompting new studies for its applications and
relays disconnecting generation and load units. Undereconomic benefits [9].

unfavourable conditions even a small number of disconnectedynen connecting RES to power systems, their contribution
units could cause a cascade failure and system frequency, system inertia must be considered. Addition of non-
collapse [3]-[4] synchronous generation to a power system inherently
decreases the system inertia; this may result in increased
amount of ratef-changeef-frequency (ROCOF) and larger
Balancing the active power between the demand andgrid frequency excursions. Therefore, system operators are
generation to maintain the grid frequency is one of the majorrequired to consider altering their grid frequency control
challenges of integrating the increased intermittent RESs intanethods to avoid high rates of frequency deviation and large
the power grid. Momentary imbalance between the producedrequency excursions [10]. To overcome these issues,
power and consumed power can cause frequency deviation dfalancing markets have been introduced and utilised to
a power system. In order to ensure grid frequency stability,ensure the security of grid frequency regulation with
frequency regulation through matching the demand a minimal cost model based on the electricity market tendering
supply is essential in the operating electricity markets [5]. schemes [11]. The National Grid Electricity Transmission
Energy Storage Systems (ESSs) are being introduced to assiffiGET), the main distribution network operator in the UK,
with these issues. ESSs can provide many advantages to theas introduced various frequency response products, such as
generation, transmission and distribution systems such agirm Frequency Response (FFR) amdew fast frequency
ancillary services and energy arbitrage. There are severalesponse, called Enhanced Frequency Response (EFR), with
types of ESSs for providing grid applications, such asthe aim of maintaining the system frequency within limits to
pumped hydroelectric storage, flywheel, compressed air, fueb0 Hz under normal operation [12]-[1#or providing such

cell and hydrogen energy storage system [6]. ArabBE§Ss,

1.1. Motivation
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services to the grid, the BESS is well suited due to its abilityimplements measuremeritem various points in the system,

to rapidly respond to import/export demands. providing an effective energy transfer to batteries, loads and
the grid. Considering the cost of batteries, adopting an
effective charge/discharge management strategy for the
efficient use of the battery in order to achieng@gh statesf-
charge (SOC) and prolong battery lifetime is essential [25].
Gundogdu et al. [13] presented a novel energy management
dstrategy that enabled grid-tied BESS to provide bi-directional
power in response to changes in the grid frequency, whilst
managing the SOC of the BESS to optimise utilisation of
available energy and the availability of the system. The study
also presented a strategy to generate additional revenues from
ncillary services such as triad avoidance.

In the UK, a limited number of grid-tied BESS have been
installed for delivering grid scale applicationd 2.5
MW/5MWh lithium iron phosphat&SS based in Darlington
provides commercial ancillary services and load shifting to
the power grid [15]A 6MW/10MWh lithium-nickel ESS
based in Leighton Buzzard provides frequency support, loa
shifting, peak shaving and arbitrage applications to the grid
[15]. In 2013, the UK’s first grid-tied lithium-titanate BESS;
the Willenhall Energy Storage System (WESS), was installed
by the University of Sheffield to enable research on large
scale batteries and to create a platform for research into gricfli
ancillary services such as fast frequency response [13], [16].In literature, there are also many papers reldtrige energy

The emergence of wholesale electricity markets in the UK, arbitrage application [284]. Sioshansi et al. [17] presented
together with significant increases in prices, and priceone of the leading studies on energy arbitrage that analysed
volatility of electricity have raised interest in economic four key aspects of the economic value of electricity storage
opportunities for electrical energy storage [17]. One of thein the Pennsylvania New Jersey Maryland (PJM) markets; the
main profit streams for energy storage (ES) is temporalbasic relationship among storage energy capacity, storage
arbitrage opportunity obtained by price volatility in the efficiency and the arbitrage value of energy storage; the
wholesale market. Energy arbitrage refers to the participationaccuracy of theoretical ES dispatch and the value of arbitrage
of ES in the day-ahead energy meténd it involves utilizing using perfect foresight of future electricity prices; the
ES to benefit from electricity price fluctuations by charging temporal and regional variation in the value of energy
during low-price periods, discharging during high-price arbitrage, investigating natural gas price variations,
periods, while profiting from the price differential [18]-[19] transmission constraints and fuel mixes on energy storage
ES can also generate revenue through the delivery of ancillargconomics. The impact of larger storage devices,
services such as grid frequency regulation [20]. investigating how the use of ES can decrease on-peak hourly

. . . . . _ prices and increase off-peak hourly prices diminishing the
The aim of this paper is to investigate two applications for value of arbitrage, while producing welfare effects for

BESS grid frequency regulation and energy arbitrage in day- | oo 00 S0 mers. In comparison with this study [17]
ggr?\acljirsgg:a?]avc;mss’ugr:](tjhZtO\rI(:vtgr?Ze(s:2eb:1ai?r2?g;<ljev(\j/hli?s %e focus of this paper is related to not only energy arbitrage,
p y way .rbut also the scheduling of grid balancing services such as

H::gt'{]?e Ster::tcein\sggip I:tlgczn;rrhereme;rﬁas:\r;eéﬁl 2§Peés‘slsrf"requency response for additional benefit. In contrast to other
o ; Stig 9y g recent studies in the field, the main contribution of this study
participating in grid frequency support and/or energy

h . ) . - is to present a dynamic firm frequency response (DFFR)
arbitrage which are reviewed in the next section. control algorithm that enables BESSs to deliver dynamic
power in response to deviation in the grid frequency. A static
) high (SFFR-high) and low (SFFR-low) frequency response
Numerous research studies around the world have beegontrol algorithm is demonstrated to deliver a non-dynamic
carried out to investigate the participation of large scale ESSower if the grid frequency reaches a certain high and low
in power grid and frequency regulation services [12]5[13] threshold. In addition, by using the historical electricity price
[21]. [3] presents the concerns of the integration of new profiles, a novel grid balancing service scheduling method is
renewable power generation in power systems with a griddeveloped to achieve maximum energy arbitrage revenues
frequency regulation perspective. The study also covers ahat can be generated from the grid balancing services by
comprehensive overview on recent developments in the arefayering EFR, DFFR, SFFR-high and SFFR-low throughout
of grid frequency regulation. Energy management is a tefmthe day. The proposed approach will not only provide an
that has several meanings. In this paper, we focus on a@rpitrage revenue, but will also generate further income
optimized utilization of the available stored energy in a grid- through balancing service availability payments, which
tied BESS operating in grid frequency regulation services. INmaximizes the system’s profitability and availability. It
literature, there are various research works that have dealihould be noted that the previous study [1] presented FFR
with the energy management issue in grid scale energytontrol methodologies and also a basic arbitrage control
storage systems and also control strategies for grid-tied BES%Igorithm. This paper extends the study as follows:
operating in frequency regulation with regard to different
points of functionality and objectives [lSeveral methods ® In[1], the energy arbitrage scenarios (only 9 scenarios) in
in the smart gnd environment have been devek)ped to the service SChedUling method were forecasted for a
optimally manage the energy flowing on the smart system. Specific day (14 April 2014) of spring by using its historic
[22]-[23] presented a novel optimisation method of energy  electricity price profile. The methodology was not
cost reduction in smart grid applications to include real-time ~ €xpanded to look at other days of different seasons
electricity pricing and energy management. Basaran et al. [24] different years. However, in this paper, the UK daily
introduced a novel power management strategy by designing €lectricity price pattern has been forecasted by observing
awind-PV hybrid system to operate both as a grid-tied system  the real electricity price of several week/weekend days
and an autonomous system. The proposed management unit and also their grid frequency profiles, and then

2

1.2. Literature Review and Contribution
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considering this pattern the service scheduling method ha§he calculation method of the proposed DFFR power
been improved with 18 different arbitrage scenarios by envelope is described in the final column of the table. The
analysing various week/weekend days of each season forequired DFFR power is zero within the DB. In this work,

a year. This provides a robust and reliable forecastingbattery SOC is calculated using equation (1). The coulomb-
service layering technique for maximizing arbitrage counting SOC estimation method is shown in the light blue
revenue. This paper also demonstrates that arbitragélock inFig. 1 Finally, using the output, being the requested
strategies can be forecasted which prevent losses whilémport/export power (InverterPowerOutput) to deliver a
maximising profits in favourable seasons. frequency response according to the service specification, the

e This paper also covers experimental validation of the FFRgTI]opCT(rtinaE% elxport energy (kWh) are calculated in the blue

control algorithm used in the proposed scheduling method
with a 2MW/IMWh lithium-titanate  BESS, fO‘ Poaredt
commissioned and operated by the University of Sheffield, SOCoyt = SOCipit + 3600 Q'
which is the largest research only platform for grid-tied
energy storage applications in the UK.

@)

Table 1 DFFR power vs frequency envelope limits [33] and

. . calculation of power set-points (CPower) in algorithm.
2. FFR Service Requirements P P ( ) g

In order to manage the grid system frequency within the| Freq. (Hz) Contr?if\‘/\e/)d Powe C(i\‘;\‘;)"er

normal qperating range 49.5 Hz to 50._5 Hz, Natiqnal Griq A=495 2= 1025 a

(NC_;) relies on balancing service p_rowders to a}dj_us} their B-49.6 b= 820 [(B_f)x(a—b)]+b

active power output or consumption in order to minimise the B—A

imbalance between demand and generation on the systemM. c=49.7 c= 615 [(C_f)x(b_c)]+c

The extent of the required adjustment is determined by th g:?

system frequency deviation from 50 Hz [32]. Therefore, NG| D=49.8 d=410 KD — C)X(c - d)] +d

purchases balancing services to manage the grid frequency. E=49.9 - 205 E—f ~

The FFR is a frequency response setrvice for grid balancing : ° [(E—D)x(d e)] te

that can supply a minimum of 1 MW active power within a | F=49.984 =33 [(F _f)x(e —f)] +f

frequen_cy de\{iation. FFR_ is open to all part_ies thgt can—G-zg.985 =0 F=E g=0

prequalify against the service requirements. This service is § H=50 h=0 h=0

proportional or continuous modulation of demand and| J=50.015 =0 j=0

generatior_L The FFR service can be either dynamic_or statiq. k-50.016 K= 33 [(K —f) G = k)] Tk

In dynamic FFR (DFFR), power changes proportional to IL(:]

system frequency and in static FFR (SFFR), a set power levgl  1=50.1 I= -205 [(L 1};) x(ke — l)] +1

is delivered at a defined frequency and remains at the set levét M __f

for an agreed period [33]. M=50.2 m= 410 [(—M = L) x(- m)] +m
N-f

. . N=50.3 n=-615 m-n)|+

3. FFR Design Control Algorithm [(1‘;—_1‘}’>x i ] .

A BESS model is developed in MATLAB/Simulink and P=504 p=-820 [(F_N)"(”‘P)] tp

verified against experimental operation of the WESS. Threg _ R=50.5 r=-1025 r

new FFR control algorithms, includirg DFFR algorithm
SFFR high and low frequency response control algorithmsDFFR is a continuously delivered_service that is used to
are then implemented in the model independently to deliver aespond to the secormsecond grid frequency changes.
grid frequency response service to the recently publishedEnergy storage providers must respond to changes in nominal
NGET firm frequency response service specifications [32],9rid frequency by decreasing or increasing their
[33], [34], [35], [41]. import/export power. A dead-band (DB) is defined where

3.1. Dynamic Firm Frequency Response Control there is no requirement to |mport/export_ power to the grid bu

. : . there is also no opportunity to charge/discharge the battery to
In this section, a control algorithm has been developed to me%anage its statef-charge (SOC). Providers must deliver
the DFFR service specifications required by NGET, as.,ntinyous import/export power as detailed in the DFFR
describedin Table 1Fig. 1shows the proposed DFFR control gqice envelope in Table 1. The power level must remain
iA(:X'T'T:B/s'Imp:'eTemid ";] _the BESS I'T?Ode' 'dm within this required envelope at all times; power provided

imulink, where the inputs are rea ime grid 4 iside the envelope will decrease the service performance

fre_quency (Freq) and battery SOC _(SOlet), with the output - < \rement (SPM) and hence the income revenueT}se].
being the requested import/export POWEr gneration principle of the proposed BESS charge/discharge
(InverterPowerOutpuf) to deliver a frequency responsemanagement for delivering DFFR service (yellow block in
according to the service specification. The algorithm starts byFig. 1) is detailed in the reference study [1]. According to the
detecting the position of the measured frequency with respecfogiC of the DFFR control algorithm, BESS can only
to the zones bounded by frequency values “A” to ‘R’ in Table  jmport/export power, with respect to the NGET required
1 (left column). This is achieved by the ‘FFR service Power DFFR power envelope described in Table 1, to respond to

vs Frequency Setpoint’lgreen block, where the reql_lired DFFR __ grid frequency changes outside of DB (+0.015Hz).
response envelope is calculated as a function of the limits

given with their values iTable 1(left and middle column).
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ImportPower Import Power
importD
TDTE) ImportEnergy
O o
( ) ExportPower ExportPower ‘ Energy (kWh)
Clock fen
Grid frequency 4
input (Hz) fen ExportEnergy
Only export InverterP put ——
FFR service (-1025 kW) Output Export
Power vs Frequency Energy (KWh)
Setpoint BESS Energy Management
s0e Inv erterPowerOutput
BESS Charge/Discharge \:I
Management >

Initial SOC (%)

Inverter Output
Power (kW)

BESS capacity
(kWh)

Coulomb Counting
SOC Estimation

=

Inverter Efficiency
Fig. 1 DFFR algorithm implemented in the BESS model in Matlab/Simulink.

3.2. Static Firm Frequency Response Control a capacity limitation under 1 MWh. The parameters used in

SFFR delivers a non-dynamic service where an agreed amourif€ BESS model with FFR control algorithms are shawn

of power(1 MW) is delivered if the grid frequency reaches a Table 2

certain trigger point. The service providers monitor the grid IN order to show the performance of the reported FFR control
frequency and adjust their generation or consumption powe@lgorithms in Section 3, the historical frequency data for the
when the frequency goes below the specified frequency triggef-1" November 2015 (first 3 hours) [35] is used herein, as this
(e.g. 49.7 Hz or 50.3 HzJhe previous study [1] has the logic partlculqr day is known to have‘both alow and high frequency
of the low and high SFFR services respectivelfjere the event_. Fig. 2 shows the simulation results of the DFFR cont_rol
system must maintain a power output for 30 minitae NG~ @lgorithm. On the frequency plot, the DB (x0.015 Hz) is
specify a high reset frequency (50.3 Hz) and low resetShOV_Vn by the_green lines. It is clear fro_m _Flgtlie BES_S'
frequency (49.7Hz) [32], [34]. The aim of the resets is to continuously |mports/§xpor_ts power W|th|_n the specified
discontinue the frequency response if the grid frequencyPower envelope descrlbed. in TableFlg. 6.b illustrates the
changes sharply for the period of the service. power response versus grid frequency plqt of DFFR control
According to the proposed BESS management for &FR algorithm fo_r 12 October 2016_3. The req Ilne_ represents t_he
shown in [1], when the frequency drops below the low trigger NGET required DFFR power line described in Table 1. It is
frequency (Fow), the BESS starts to deliver a maximum power €léar that the DFFR power (blue circles) does remain within
response (SPower>0) until the grid frequency goes back abovte required envelope, meaning that the BESS achieved 100%
the specified high trigger frequencyh@); the response availability aqd met the service requirements. Fig. 3 and Fig.
continuation must not be interrupted until it reaches the trigger Show the simulation resuits for"1Nov 2015 of the SFFR
reset or 30 minutes. The logic is reversed for SfgRRontrol  |ow and high frequency response control algorithms,
algorithm [1]. According to the proposed BESS managememrespectlvely. On the frt_equency plots, the high and low trlgger
for SFFRiigh, when the frequency goes above the high trigger FeSet frequency set points are shown by the dotted green lines.

frequency (Righ), the BESS starts to import a maximum Tgple 2 Parameters used in the BESS model.
power response (SPower<0) until the grid frequency goes

back below the specified low trigger frequencyoff; the Parameter Value
response continuation must not be interrupted until it reaches ~ Nominal frequency 50 Hz
atrigger reset or a time length of 30 minutes. Low/high DB 0.015 Hz (for DFFR)
High/low trigger frequency +0.3 Hz (for SFFR)
. . . Max/min FFR power limit +1 MW
4. Simulation Results of the FFR Algorithms Battery power/capacity for FFR 1 MW/1 MWh

Battery power/capacity for EFR 2 MW/1 MWh

All the FFR control algorithms are simulated in Battery initial SOC §0C,y) 50%

MATLAB/Simulink using areal frequency data set obtained
from the NG [35]. The simulation results presented in this
section are all based on a 1 MW/1 MWh BESS model, which
has been experimentally validated on the WESS plant in the
UK [16] with a maximum FFR power of £1 MW. It should
be noted that although WESS is rated at 2 MW it is not
capable of delivering for 30 minutes at constant power due to
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_ 505 B ootsre | ' : ; Over the 3-hour profile the algorithms deliver to the SiekR
z P /\ o and SFFRigh specification [32], [34] with no power being
g S0 A "‘“r W delivered until a frequency event occurs at 49.7 Hz and 50.3
v 495 ) ) ) ) ) Hz, respectively. As seen from the simulation results of the
) 0.5 1 15 2 25 3 SFFRow algorithm (Fig. 3), the grid frequency drops below
_. 1000 T T T . . 49.7 Hz, the BESS starts to export 1 MW power response
§ until the frequency goes back above 50.3 Hz (trigger reset).
& Op As seen from the results of SHfgh control algorithm in Fig.
K . . . . . 4, as the grid frequency goes above 50.3 Hz, BESS starts to
-1000 - o5 ] s 5 o5 3 import 1 MW power response for 30 minut&se aim of the
40 . . . i i resets in the SFFR control algorithms is to discontinue the
9 frequency response if the grid frequency changes sharply for
G 30f 1 the period of the service. Since there is no trigger reset here
2 (Fig. 4), the power response must continue for 30 minutes
20o 0.5 1 15 2 2.5 3

5. Experimental Verification with Willenhall ESS

The UK’s first grid-tied lithium-titanate (LTO) type of
Fig. 2 Simulation results of the DFFR control algorithm pattery, Willenhall ESS, was commissioned in 2015 by the
implemented in BESS for 11th Nov 2015 (first 3 hours): yniversity of Sheffield (UoS). The facility comprises a 1
Frequency, power and battery SOC plots. MWh, 2 MW Toshiba LTO battery, interfaced to the power
grid through 11 kV feed at the Willenhall Primary Substation
in the UK. It aims to investigate the characteristics of an LTO

Time (hr)

50. ‘ S
50. type battery, as well as different battery chemistries, for
50. delivering grid support functions at scale [38]-[39]. An LTO
29'7 [ _ ] battery is used in WESS due to its superior performance in
49,5 L_Ltow Trigger Freguency 7 . . terms of long cycle life, safety and rapid recharging
0 0.5 1 1.5 2 25 3 capability. The battery storage is made up of 40 parallel-
1000 F T T T T T ] connected racks, each consisting of 22 series-connected
’E‘ | Power reset battery modules, and each module consists of 24 battery cells
= Zfrcv,i,rfg,:gjfﬁf at high trigger in a 2P12S formation [13]. There are 21,120 cells in tGe D
% 0 battery unit with a total capacity of approximately 1 MWh.
o 0 05 4 15 5 25 3 The battery storage is connected to a four quadrant DC/AC 2
25 ) ) ) MVA converter which converts a variable battery DC voltage
35 to grid AC voltage. The basic structure of WESS consist of a
S 20 T 1 MWh capacity of battery unit (DC storage), PCS100 ESS
2 Converter (2 MW) which allows active/reactive power
10 . . . . . control based on the system requirement, an isolated
0 0.5 1 1.5 2 25 3 transformer (2.1 MVA) which connect the power converter to
Time (hr) the 11 kV AC grid More technical details on the WESS can
Fig. 3 Simulation results of the SFFRIow control algorithm be found Eﬁtﬁi — m T
implemented in BESS for #INov 2015 (first 3 hours). 502 e sosLe
N
I
50.5 =z
N 503 g %0
< 50.1 =
T 499} 408 ot
e 23; - ) 0 2 4 6 8 10 12 14 16 18 20 22 24
. 0 05 1 15 2 25 3 . 500 |[— Simulation —-—-— MeasuredlI 4
s g
0 : : : " . =3
= ; 5
5 Power 30 mins | No % 0
g generated power o
o at high frequency g reset 500 ' s L s L ' L N L ' s
-1000 . . . : . 3 602 4 6 8 10 12 14 16 18 20 22 24
0 0.5 1 1.5 2 2.5 3 == Measured Simulation] x|
70 9
S 5 40+t
9 3
(%] 20 ] 20 % ) ) ) ) ) ) ) ) )
0 05 1 15 2 25 3 0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr) Time (hr)

Fig. 5 Comparison of the experimental and simulation

Fig. 4 Simulation results of the SFFRhigh control algorithm results obtained on DEFR Model for 12 Oct 2016.

implemented in BESS for ¥INov 2015 (first 3 hours).
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In this paper, to experimentally validate the performance ofthis is evident in the night time period of the power and SOC
the proposed DFFR control algorithm used in the serviceplots (Fig. §. Table 3 shows the energy flow findings of the
scheduling method, WESS was utilized as a test bed. Fig. Hroposed DFFR control algorithm for a 1 MW/1 MWh BESS.
and Fig. 6 compares the results attained from the develope
DFFR model and the real 1 MW/1 MWh BESS, responding
to grid frequency deviations through the DFFR service for 24-

cf‘able 3. Energy output findings of the DFFR control
algorithm and the experimental WESS for 12 Oct 2016.

hour operation period for 12 Oct 2016. The figure shows that  DFFR Import (kWh) Export (kWh)
the DFFR model is representative of the real system with a Measured 1052 792.5
RMSE of 0.71% and 29.5 KW and MAPE of 0.5% and 3% for__Simulation 1048 779

SOC and power, respectively (Table Bhe sampling time is  Tapje 4. Comparison of error findings from the developed
25ms in the WESS controller and MATLAB model, it can be prER and EFR control algorithms.

observed from the Fig. 5 that there is a slight shift betweer

the measured and simulated grid frequency due to the Error Algorithm Freqlrency Sgc Pg\"/(/er
sampling time error (RMSE frequency error of 0.0136 Hz). 2 (H2) (%) (kW)
This unmatched frequency causes a significant error in RMSE EFR® [13] -0 019 258
battery SOC over time due to differing power outputs. In___Eo DFFR 0.0136 071 295
addition, small discrepancies can be accounted from the MAPE EFR [13] -0 0.31 45
increased losses in the WESS experimental system whenError (%) DFFR® 0.027 0.5 6
compared to the MATLAB model. The WESS inverters have (a) 21 Oct 2015 (first 12-hour frequency data)
increased losses when operating at very low power (<100kW), (b) 12 Oct 2016 (24-hour frequency da
As seen from the table, the import and export energy output
1000 hoo { difference between measured and simulated is low (ingbort
33 \ 4 kWh and export of 13.5 kWh), this indicates that the
; = simulated DFFR control algorithm is representative of real
500 23 MNM world operation. The power versus frequency plot of the
. i experimental WESS and simulated BESS model for 12 Oct
E A 49985 50015 2016 is shown in Fig. 6, respectively. The red line represents
%’ 0 the NGET required DFFR power line. It can be seen that the
z FFR power (blue circles) does remain within the envelope
= and hence this does not cause a penalty in SPM. Comparing
500 the power versus frequency plots in Fig. 6a and b, the power
obtained from the experimental WESS poses significant
noises comparing the simulated one. In [13] by the authors,
the EFR control algorithm, which will be used in the proposed
'10029_4 206 498 0 o2 02 o6 service scheduling algorithm in this paper Section 6 and
Frequency (Hz) Section 7, has been experlmentally validated using the 2
MW/1 MWh WESS, with <4.5% and ~0.3% of MAPE
(@ against simulated power and battery SOC for the 12-hour
1000 period in 21st October 2015 (Table 4). The following sections
use the experimentally validated DFFR and EFR control
33 algorithms [13] in proposed balancing service scheduling
500 q - methodology.
s 6. UK Balancing Service Scheduling Approach for
< AT 49985 50015 Energy Arbitrage
% 0 BESS is capable of charging at off-peak night time hours when
e there is a low electricity price and then discharging at on-peak
\ day time hours when there is a high price in order to make
-500 ‘arbitrage profit from the price differencén this study, a new
service scheduling approach is proposed to achieve maximum
arbitrage profits whilst layering EFR and FFR services
1000 throughout the day to maximise revenue. The proposed
49.4 496 4938 50 50.2 504 50.6 service scheduling method is developed based on the typical
Frequency (Hz) daily electricity price pattern, the time of dayid frequency
) profile and is based on foresight.
- To examine the general pattern of daily (week/weekend
Fig. 6 Power versus frequency plot (a) measured (b)gjectricity price, th% historicpe!JJK system pr?i:irgg for the 7th )
simulation using DFFR Model for 12 Oct 2016. Monday, 7th Thursday and 9th Sunday of each season across

2014-2015 were extracted as sample electricity price profiles
(Fig. 7) [40] It is clear from the samples of the selected days
shown in Fig. 7 [4Q]that daily UK system prices show a

6
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significant volatility at off-peak and on-peak hours during supplement the potential arbitrate profits, the grid services
weekdays and weekend days. It is observed that the systerander consideration in this study are EFR [13], DFFR,
price is significantly highem April, October, January and SFFRlow and SFFRhigh services. An existing fast EFR
February due to the cold weather conditions cauaihggh control algorithm developenh [13] is used in this paper for
amount of energy demand on the power grid. The system pricEFR service delivery. The authors have shown that the EFR
sharply decreases in summer season, especially in July, due s&rvice can be delivered whilst generating arbitrage profits.
better weather conditions and increasingly higher generatiorThis is achieved by manipulating the battery SOC target in the
from embedded solar sources. It is clear from Fign7the proposed frequency response control algorithms; decreasing
7th Monday of each season of 2014-2015, the system price ithe SOC target band when electricity prices are high, and
low during night time hours between 11pm-7am and relativelyincreasing the SOC band when the prices are low, effectively
high during day time hours, where the price peaks betweershaping the BESS energy delivery profile to export at high
4pmllpm. The price shows a similar patteyn the 7th prices and import at low prices. Using UK historical electricity
Thursday of each season of 2(@t5 however, the peak pricing data [40], the proposed SOC management strategy
price is shifted between 8am-12pm for the 17 July 2014. It isselects the appropriate battery SOC profile to maximise the
observed thanithe non-working weekend days, the electricity arbitrage revenue whilst delivering the EFR service. Detailed
price deviates from its general pattern as seen in F@n 27 analysis of the EFR service design control algorithm and the
April 2014, the price is generally low during night hours and NGET service requirements can berfdin [12]-[13]. For the
relatively high during daytime hours, where the price reachesDFFR and SFFR services, considering the electricity price
its peak between 10am-3pm (Fig. 7). The price follows thediscrepancy during the day, the proposed arbitrage control
general pattern on 27 July 2014 and on 1 Feb 2015. Howeveralgorithm selects the appropriate frequency balancing services
on 2 Nov 2014, due to the extreme weather the price isconsidering the grid frequency conditions of the day and the
relatively high during night time as well as day time, but the time to maximize arbitrage. SFkigh and SFFRw services
peak price is observed between 4pm-11pm, again, followingare commonly preferred at night time (off-peak) period with
previous patterns. In conclusion, despite some exceptions theost-effective electricity; however, DFFR can be utilised
UK system electricity buy/sell price follows a common pattern during on-peak as well as off-peak time periods due to the
that the price is lower during the night time period (11pm- dynamic power delivery to the power grid. This paper does not
7am) and higher during the daytime period, where the pricecover any optimisation strategy for maximizing or calculating
typically peaks between 4pm-11pm with this shifting during energy arbitrage revenue. The major aim of this study is to
summer months to 8pm-11pm. understand the benefits that can be gained from layering
different balancing services throughout a day with different

The aim of the above information is to understand the UK - - L
electricity price trends to use in the proposed method. TheOff peak and on-peak service prices. Therefore, any existing

g - . ! : energy arbitrage optimisation methods or any arbitrage
d.‘"“ly _eIectr|C|ty pattern Is now deterrr_uned using the SEIeCtedcalculation methods in literature can be implemented in the
historical UK electricity price profiles Fig. 7 [40]To

proposed balancing service scheduling approach in order to

7" Monday 7" Thursday 9 Sunday
80 120 200
Spr (14 Apr 2014) 100 Spr (17 Apr 2014) Spr (27 Apr 2014)
60 - 1
80 - —Buy

40

20

0

50
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P e
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Fig. 7 Real UK Electricity system price of™Monday, 7 Thursday and®9Sunday of each season of 2014-2015.
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generate profits from energy arbitrage as well as frequencydescribed in Section 6. Considering the daily electricity price
response service delivery. The arbitrage calculation methoghattern extracted in Section, @he forecasting service
used in the proposed approach is described as follows. scheduling approach with 18 different scenarios for
maximizing energy arbitrage is described in Table 5. The
arbitrage findings and import/export energy outputs for the
selected days are given in TableT@ble 7 and Table 8.

Stored energy in the BESS is expressed in (2) [36].

t

P
Discharging: P, >0 E, :f L de

o o ®) According to scenario 25@), the first service selected is the

t fast EFR service with a SOC band of 90-95% to charge the
Charging: P, <0 E = J Pp.mc.dt battery until 4am during off-peak period with relatively low

0

electricity price. Then, SFFR-high service is selected until
wheren, is the battery discharging efficiency. is the 6am in order to absorb a maximum constant active power (1
battery charging efficiency; is the energy stored in the MW) from the grid at a specified high trigger frequency of
BESS at hour t, ifP, > 0 BESS exports power at houyrift 50.3 Hz in order to respond to this high grid frequency event
P, < 0 BESS imports power at hour t. The cost of the BESSon the system. The third service selected is EFR with a high
charge/discharge and the total arbitrage revenue can be simp§OC band of 90-95% to charge the battery until 8pm during

calculated using the following equation in (3), (4) [1]. low system costs and then its SOC band is decreasddvio
24 band of 15-20% in order to deliver power to the grid at on-
C. = Z E A if P<0 3 peak t_|m<_e where the eIectr!cny price is high. _Comparmg the
LT esew 1T 3 APR findings of the scenario S1, S2, S3, S4 given in Table 6

Table 7 and Table 8, these scenarios do not seem beneficial
2 for maximizing arbitrage profit because they mostly make

Cpc = Z EpA;puy if P.>0 4 arbitrage losses rather than profit in a number of considered
t=1 days (14 July 2014, 17 July 2014, 2 Nov 2014 and 12 Ja

whereC, is cost of BESS discharging, is cost of BESS ~ 2015). In case of a high frequency event (>50.3 Hz) during
charging A, s is system electricity sell price in £Mwh at the considered day (e.g. 14 April 2019FFRhigh was
hour tand4, ,,, is system electricity buy price in £/MWh at Successful in charging the battery which benefitted the
hour t. arbitrage revenue by storing energy from the grid with cheap
electricity in order to sell it at on-peak period with expensive
APRy = Cpc — C¢ (5) price; this helps to increase arbitrage revenue gain. For
instance, it can be seen from Fig. 8, 14 April 2014 has a high

The charge/discharge energy output of BESS can b ; } ;
calculated for charging cost and discharging cost as expressgfaequency event (>50.3 Hz) during the night time because of

in (3) and (4), respectively. In addition, the total arbitrage surplus power on th_e gricon this day, .SFFR'h'gh was
revenue (APRB) canbe calculated by using (3) and (4) as given suc_cessful in charging the battery which b_enefltted the
in (5) [1]. As seen from the TableBable 7 and Table 8, ABR arbltrgge revenue. The stored low cost energy is then_sold to
is calculated on a ydgrbasis (E/kWh.yr) as given in (6), the grid during on-peak hours by delivering EFR service by
where SDT is the selected balancing service delivery time inlowering the target SOC of the control algorithm. It is
hours (hr), SP is selected service price in £/hr, PD is the'evealed that S1, S2, S3, S4 can be favourable in the spring
amount of delivered power by the selected service in kW. Itseason in terms of grid balancing as well as arbitrage benefit.
should be noted that PD is 2000 kW for the EFR service [13]However, these scenarios, covering SFFR-high service, are
and 1000 kW for DFFR and SFFR services in this study. rare as they are difficult to achieve without foresight.

APR. = SDT . SP 365 ©) Comparing S5 with S1, S2, S3, S4, despite using exactly the

y PD same services (SFFR-high and EFR) during the day, when

delivering EFR service at on-peak time period, battery SOC

7. Simulation Results of the Service Scheduling will always be managed as the control algorithm does this. It
Approach is revealed that battery SOC management on delivering EFR

The proposed balancing service scheduling control method i9lays an essential role in making arbitrage profit as well as
developed in MATLAB/Simulink and the simulation results grid frequency support. As seen from Tablsnarios S6,

are all based on the experimentally validated 1 MWh capacityS7, S8, S9 have the same balancing service (only EFR)
of BESS delivering 2 MW EFR power [13] and 1 MW FFR throughout the day. The APR obtained from each sceizario
power to the systenThe frequency data of 7th Monday, 7th different because of the effect of the selected different SOC
Thursday and 9th Sunday of each season of 2014-2019arget profiles in the SOC management control during the
containing high/medium/low frequency events, are simulatedEFR service delivery. For those scenarios, not only is SOC
here to compare their arbitrage revenues. Based on recordeanagement essential for the arbitrage revenue, but also the
UK system sell/buy electricity price [40], the proposed grid electricity pricg profile of the considered _days needs to be
balancing service scheduling method has been analysed fdavourable to increase the amount of arbitrage revenue. For
18 different scenarios Table Bhe findings of the proposed  instance, comparing the arbitrage revenues generated from S7
control algorithmof the 7th Monday7th Thursday and 9th  in the considered days, on tHeThursday of autumn (16 Oct
Sunday of each season over @@142015 are shown in 2014), S7 provides significant amount of arbitrage profit
Table 6 Table 7 and Table 8, respectively. The arbitrage price(£25.02) due to its high electricity price profile. However, the
revenue (APR) for the day period was summed over the year APR is less than £1 on thé Monday (14 July 2014),"7

to attain annual values (ABRon a £/kWhr.yr basis as Thursday (17 July 2014) andf Sunday (27 July 2014) of the

8
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summer of 2014-2015. It can be also seen that S6, S7 and € Table5. Service scheduling method with 18 scenarios

do not make arbitrage losses in any day of the seasons ar [ seenario (3 Time (hr) Service SOC band (%)
actually return a profit. 12am-2am EFR 90-95
In scenario 10 (S10), the only selected service is DFFR with S1 éjﬂgj,:‘ SFE;R:;Igh 9095
the DB of +0.015 Hz to deliver only dynamic active power 8pm-12am EFR 1520
throughout the day. With S10, which is a common choice for 12am-4am EFR 90-95
maximizing arbitrage profit, the battery can make arbitrage s2 4am-6am | SFFR-high -
profit or service benefit from only DFFR service by ;agfzp;] EES 2&28
importing/exporting power from the grid without having a 1gam_4am EFR 90.95
battery SOC management control. This paper does no 4am-7am_| SFFR-high _
consider reducing the DFR tendered power to reserve powe s3 7am8pm EFR 90-95
for SOC management. According to the scenario 12 (S12) 8pm12am EFR_ 1520
shown in Table 5, the first service selected is DFFR with the o %“:]'1“{;7?“”‘ SF'EE'Rh'Qh oo
DB of £0.015 Hz to deliver dynamic active power until 4 am Spmlzpam EFR 1520
with a relatively low electricity price and then SFFR-high 12am-4am EFR 9095
service is selected until 7am in order to draw a maximum s5 4am-7am | SFFR-high -
constant power (1 MW) from the grid at a high trigger 7am4pm EFR 4555
frequency of 50.3 Hz. The third service selected is EFR with 4pm12am EFR 1520
a SOC band of 90-95% to charge the battery until 4pm during s 172am'7am EFR 9095
. . 7 am4pm EFR 4555
low costs and then its SOC band is decreased to 15-20% il Zpm12am EFR 1520
order to supply power to the grid at peak time with high 12am-7am EFR 90-95
electricity price. Comparing S10, S11 and S12, and S10 anc s7 7am4pm EFR 70-75
S12 do not suffer any arbitrage losses in any considered day: 4pmr12am EFR 1520
where S11 has a ~£5 loss in 14 April 2014 as there is a higt s8 12am-4pm EFR 9095
4pml12am EFR 1520
frequency event (>50.3 Hz) on that dayeTbattery stores 12am-4pm EFR 90.95
energy by absorbing 1 MW power from the grid with cheap s9 4pm1lpm EFR 1520
electricity at 4am-7am, but cannot adequately resell the 11pm-12am EFR 4555
power with expensive electricity at 7am-12pm due to the S10 12am-12am DFFR -
absence of battery SOC management in DFFR service. Bu 12am-4am DEFR
here, S12 makes ~£1 APR comparing the ~£4.8 loss st dam-7am_|_SFER-high
: paring the _ 7am-12pm DFFR
generated by S11. It can be seen that providing a service 12am-4am DFFR
where the battery SOC can be managed is beneficial whet s12 4am-7am | SFFR-high -
there is a frequency excursion. 7am4pm EFR 9095
4pm-12am EFR 1520
According to scenario 17 (S17), the first frequency response 1gam-7am SFFR-low -
service selected is EFR withhigh SOC band (90-95%) to S13 7am8pm EFR 90-95
charge the battery until 4am at off-peak time with low 8pmr12am EFR 1520
electricity price. Then SFFR-low service is selected until 7am 12am-7am | SFFR-low :
. . S14 7am4pm EFR 9095
to send a constant 1 MW active power to the grid at the Zpmi2am EFR 1520
specified low trigger frequency of 49.7 Hz in order to respond 12am-7am | SFFR-low .
to this low grid frequency event in the power system. The S15 7am-12am DFFR
third service is then selected as EFR with the high SOC banc 12am-4am DFFR
of 90-95% to charge the battery until 4pm with low-cost 516 dam-7am | SFFR-low
electricity and then its SOC band is decreased to 15-20% ir 16212:11-421:2 [I)EFFFRR 5095
order to export power to the grid selling at a high price (Fig. Zam-7am SEFR-low N
9). The scenarios S13, S14, S15, S16, S17, and S18 us St Zamdpm EFR 9095
SFFR-low service during off-peak time periods at varying 4pm12am EFR 1520
times, however, there is no low frequency event (<49.7 Hz) 12am-4am EFR 90:95
during night time for all the considered days. Therefore, those S18 dam-7am_| SFFR-low -
gnig y : 7am-12am | DFFR

scenarios cannot generate arbitrage profit from SFFR-low i ) i
service, but as seen from the Table 9 the service availabilityt i also revealed that S10 makes the highest arbitrage profit
payment is generated during the service delivery time withthrough service delivery witho power requirement for SOC
SFFR off-peak price of £4/hr. Comparing the APR obtained Management. The APR findings from the proposed service
from those scenarios, S13, S14, S16 and S18 mies at ~ Scheduling approach are comparable with the optimized
least one time during the considered days. On the other handearly arbitrage profit gained from the 6 MW/10 MWh
S15 and S17 do not make any arbitrage losses in any dayé:gighton Buzzard battery system in [37]. Comparing both
hence, these scenarios are suitable for making arbitragédPR values in year base (/kwh.yr), the potential arbitrage
profit, especially in high electricity price days (e.g. APR in revenue earned from the experimental battery in [37] is higher
S15=£29.66, S17=£22.94 in 16 Oct 2014). All in all, (%5.91/kWhyr) than the APR generated from many
considering the general UK daily electricity pricing pattern, Scenarios in this proposed method for several different, days
the proposed balancing service method can make thé@S shown in Table,6Table 7 and Table;thecause in the
arbitrage revenue as shown in Tab/@8&ble 7 and Table.8  reference study only arbitrage is considered, no other
balancing services are delivered simultaneously.

9
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Table 8 Arbitrage price revenue (APR) findings and energy outpuf'dfi@nday of each season of 2014/2015.

7™ MONDAY OF EACH SEASON OF 2014/2015

SPRING (14 April 2014) SUMMER (14 July 2014) AUTUMN (13 Oct 2014) WINTER (12 Jan 2015)
Scen. Energy Output APR Energy Output APR Energy Output APR Energy Output APR

(S) (kWh/day) (E/kwh) (kWh/day) (E/kWh) (kWh/day) (E/kwWh) (kWh/day) (E/kwWh)
Imp. Exp. Imp. EXxp. Imp. EXxp. Imp. EXxp.
S1 1528 1287 2.315 1397 1071 -0.414 1529 1299 0.008 1348 | 8451 | -2.841
S2 1614 1359 2.455 1434 1102 -0.267 1650 1400 1.594 1382 | 873.1 | -2.555
S3 1524 1284 2439 1397 1070 -0.364 1597 1355 1.129 1352 | 848.2 | -2.754
sS4 1355 1142 17 1297 | 986.8 -0.73 1385 1178 -1.462 1199 | 720.1 | -3.429
S5 1513 1269 0.779 1129 | 976.1 0.733 1520 1303 5.024 1006 | 900.7 1.97
S6 1363 1143 1.606 1482 1272 0.913 1762 1504 6.165 1093 | 973.6 2.044
S7 1392 1170 2.146 1525 1307 0.986 1772 1513 7.716 1147 1025 1.723

S16 8309 | 8735 3.295 7359 | 662.1 0.666 957.5 978 -12.46 988.4 | 1466 13.62
S17 1338 1122 2.335 1355 1165 0.867 1606 1374 5.969 1229 1003 0.5308
S18 1305 737.4 2917 1224 518.1 -3.754 1538 | 746.7 4.839 1158 1384 12.84

Table 6. Arbitrage price revenue (APR) findings and energy output'ditirsday of each season of 2014/2015.

7™ THURSDAY OF EACH SEASON OF 2014/2015
SPRING (17 April 2014) SUMMER (17 July 2014) AUTUMN (16 Oct 2014) WINTER (15 Jan 2015)
Scen. Energy Output APR Energy Output APR Energy Output APR Energy Output APR
(S) (kwWh/day) (E/kWh) (kWh/day) (E/kWh) (KWh/day) (E/kWh) (kWh/day) (E/kWh)
Imp. Exp. Imp. Exp. Imp. Exp. Imp. Exp.
S1 1343 1156 5.052 1520 | 907.1 | -2.277 1630 1315 11.6 1546 | 1124 -0.447
S2 1464 1257 5.344 1581 | 958.1 | -1.823 1703 1377 12.93 1661 1220 0.583
S3 1378 1186 5.259 1552 | 933.2 | -2.027 1663 1335 12.78 1593 | 1163 0.402
S4 1183 1022 4.574 1408 813.2 -2.334 1441 1158 7.604 1409 1009 -1.118

S18 1503 600.4 -6.028 988.7 | 738.4 2.309 1406 | 840.7 25.63 1390 | 668.5 | -1.716

Table 7. Arbitrage price revenue (APR) findings and energy output'@@hday of each season of 2014/2015.
9™ SUNDAY OF EACH SEASON OF 2014/2015

SPRING (27 April 2014) SUMMER (27 July 2014) AUTUMN (2 Nov 2014) WINTER (1 Feb 2015)
Scen. Energy Output APR Energy Output APR Energy Output APR Energy Output APR
(S) (kWh/day) (E/kWh) (kWh/day) (E/kWh) (kWh/day) (E/kWh) (kWh/day) (E/kWh)
Imp. EXxp. Imp. EXp. Imp. EXxp. Imp. EXxp.

S1 1397 1156 4.56 1385 1147 0.3204 1382 1039 -0.47 1417 1195 0.801
S2 1456 1205 5.347 1440 1194 0.192 1480 1121 -0.004 1554 1310 11

S3 1414 1170 4621 1417 1174 0.207 1439 1086 -0.19 1523 1284 1.126
S4 1269 1048 3.62 1209 1000 0.49 1238 | 918.3 | -1.034 1259 1063 0.6

S5 1160 | 988.5 3.586 1252 1087 0.043 1283 1076 1115 1340 1141 1.864
S6 1411 1199 3.636 1422 1229 0.007 1506 1262 1.635 1544 1312 2.294
S7 1461 1241 5.599 1433 1238 0.042 1520 1274 1.958 1579 1342 3.038
S8 1565 1328 7.126 1462 1263 0.062 1510 1266 2.38 1641 1393 3.293
S9 1667 1299 6.045 1492 1250 -0.18 1623 1246 1.592 1724 1371 2.723
S10 545.6 | 494.3 5572 773.7 | 705.6 1.148 814.1 | 907.4 4.401 866.9 | 824.1 3.273
Si1 521 464.9 5.491 670 581.6 0.752 766 850 3.597 8156 | 762.7 2.889
S12 1620 1120 1.456 1201 1169 1.906 1140 1291 5.181 1561 1197 1.247
S13 1269 1048 3.62 1209 1000 0.49 1238 | 918.3 | -1.034 1259 1063 0.597
Si4 1297 1104 4.8 1166 1016 0.394 1170 | 981.8 1.054 1258 1073 2.374
S15 455.1 | 386.1 5.189 568.2 | 459.9 0.08 563.3 | 607.6 2.513 6955 | 619.1 2.247
S16 521 464.9 5.491 670 581.6 0.752 766 850 3.597 8156 | 762.7 2.889
S17 1442 1225 5.794 1374 1189 0.111 1392 1167 1.879 1522 1294 2.904
S18 1144 457 1.803 1465 | 461.3 -6.327 1439 613 -4.3 1461 | 7455 | -2.043 10
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Fig. 9 Simulation results of the arbitrage control algorithm

Fig. 8 Simulation results of the arbitrage control algorithm .
for 15t Feb 2015 for scenario 17 (917

for 14" April 2014 for scenario 2 (S2).
Table 9 Total service availability payment (SAP) obtained from each scenario of theesstheduling approach in Table 5.

Scenario DFFR SFPR EFR SAP(E/day | SAP(E/kW
(S) SDT SP SAP SDT SP | SAP SDT SP SAP ) h.yr)
(hr/day) | (E/hr) | (E/kWh.yr) | (hr/day) | (E/hr) | (EKWh.yr) | (hr/day) | (E/hr) | (E/KWh.yr)

S1 - - - 4 £4 £5.84 20 £10 £36.50 £216 £42.34
S2 - - 2 £4 £2.92 22 £10 £40.15 £228 £43.42
S3 - - 3 £4 £4.38 21 £10 £38.32 £222 £42.7
S4 - - 7 £4 £10.22 17 £10 £31.02 £198 £41.24
S5 - - 3 £4 £4.38 21 £10 £38.32 £222 £42.7
S6 - - - - - 24 £10 £43.8 £240 £43.8
S7 - - - - - - 24 £10 £43.8 £240 £43.8
S8 - - - - - - 24 £10 £43.8 £240 £43.8
S9 - - - - - - 24 £10 £43.8 £240 £43.8
S10 24 £11 £96.36 - - - - - - £264 £96.36
S11 21 £11 £84.31 3 £4 £4.38 - - - £243 £88.69
S12 4 £11 £16.06 3 £4 £4.38 17 £10 £31.02 £226 £51.46
S13 - - - 7 £4 £10.22 17 £10 £31.02 £198 £41.24
S14 - - - 7 £4 £10.22 17 £10 £31.02 £198 £41.24
S15 17 £11 £68.25 7 £4 £10.22 - - - £215 £78.47
S16 21 £11 £84.31 3 £4 £4.38 - - - £243 £88.69
S17 - - - 3 £4 £4.38 21 £10 £38.32 £222 £42.7
S18 17 £11 £68.25 3 £4 £4.38 4 £10 £7.3 £239 £79.93

Using frequency response service payments (for£2.315/kWh.yr arbitrage revenue. This paper almost doubles
EFR=£10/hr, DFFR=£11/hr and SFFR off peak=£4 and on-the revenue (£4.292/kWh.yr) with scenario 10 (S10), by
peak=£6/hr) [32], the daily and yearly frequency responsedelivering only DFFR service throughout the day and also
service availability payment (SAP) generated from eacharound 20% higher revenue with S8, delivering only EFR
scenario in Table &re shown in Table 9. It can be seen that service that has effective SOC management.
scenario 10 (S10), which delivers only DFFR throughout the
day, makes the highest SAP (£96.36/kWh.yr) due to the8. Conclusion
highest availability price of DFFR service (E11/day.hr) in the A dynamic (DFFR) a static high (SFFR-highand low
balancing service. It should be noted that in the previoussrFRr-low) firm frequency response control algorithm based
study [1], in the calculation of yearly based APR, the gn g model of a 1 MW/1 MWh BESS has been developed to
delivered service power (PD) was set to 2 MW for all the yeet the NGET published service requirements. When there
services, considering the 2 MW EFR power as a refeeBCe s 4 grid frequency deviation on the grid, the BESS supplies a
for all the balancing services. But the method used in [1] iSqynamic power according to a specified DFFR envelope.
improved in;his paper as the AP_R is independently caI_cuIatedSFFR delivers a non-dynamic service where an agreed
for each delivered service by using their own PD (PD in EFRamount of power is delivered if the grid frequency reaches a
=2 MW and FFR = 1 MW). Considering this, S1 is selected ceriain trigger point of 49.7 Hz (SFFR-low) or 50.3 Hz
as the best scenario in the previous study [1], with
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(SFFR-high). In addition, a new balancing service schedulingl[12] Gundogdu, B., Nejad, 8., Gladwin, D. T., Stone, D. A.: ‘A battery
method for maximizing energy arbitrage has been presented
that uses layering of grid balancing services (DFFR, SFFR13
high, SFFR-low and EFR) throughout the day. The advantage
of this scheduling method is that it generates arbitrage profit

and combines balancing service availability payment revenu
through service layering and novel SOC managemen

ﬁ14]

technigues. An existing EFR control algorithm has been used
in the proposed approach, where the battery SOC target banid®]

is periodically moved according to the electricity pricing
profile for the day in order to generate arbitrage revenue.

[16

Setting the SOC band low has the effect of exporting energy
and setting the SOC band high imports energy. Simulation[17]
results of the proposed service scheduling approach were
obtained using NGET frequency data fd? Konday,

Thursday, 9 Sunday of each season of 2014/2015, which
contains a mix of frequency profile days. The simulations are
based on experimentally validated model of the Willenhall

Energy Storage System (WESS)a 2 MW/1 MWh LTO

BESS- demonstrating that arbitrage profits can be made by

[18]

[19

layering different balancing services throughout the day with[20]
foresight. The revenue generated by a BESS can be

maximizedusing a suitable scheduling scenario that will vary 54
depending on the day/month/season of the year.

9.
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