
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.

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

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. 

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


BATTERY STORAGE PLANTS, ENERGY BALANCE SERVICE, ENERGY MARKET

ReView by River Valley Technologies IET Generation, Transmission Distribution

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

This article has been accepted for publication in a future issue of this journal, but has not been fully edited.
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.



1 
 

Scheduling of Grid Tied Battery Energy Storage System Participating in 
Frequency Response Services and Energy Arbitrage 
 
B. Mantar Gundogdu*, D. T. Gladwin, S. Nejad, and D. A. Stone 

 
Department of Electronic and Electrical Engineering, University of Sheffield, Sheffield, S1 4DE, UK 
*bmantar1@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. 
 

1. Introduction 
In recent years, an increasing power demand, near exhaustion 
of fossil fuels and their hazardous influence on environment, 
has led to an increased penetration of renewable energy 
sources (RESs) into the utility grid [1]-[2]. The energy 
obtained from such sources is environment friendly, however, 
the power and voltage obtained from these sources differs 
with variations in weather [2]. Integration of RESs into power 
system grids causes numerous issues such as optimum power 
flow, power system stability, quality, reliability, 
voltage/frequency control, load dispatch and system 
economics. During the last decade the nature of RESs power 
variations and the impact on the grid frequency regulation has 
gained increasing research interest. Significant frequency 
deviations can result in over/under frequency protection 
relays disconnecting generation and load units. Under 
unfavourable conditions even a small number of disconnected 
units could cause a cascade failure and system frequency 
collapse [3]-[4].  

 
1.1. Motivation 

Balancing the active power between the demand and 
generation to maintain the grid frequency is one of the major 
challenges of integrating the increased intermittent RESs into 
the power grid. Momentary imbalance between the produced 
power and consumed power can cause frequency deviation of 
a power system. In order to ensure grid frequency stability, 
frequency regulation through matching the demand and 
supply is essential in the operating electricity markets [5]. 
Energy Storage Systems (ESSs) are being introduced to assist 
with these issues. ESSs can provide many advantages to the 
generation, transmission and distribution systems such as 
ancillary services and energy arbitrage. There are several 
types of ESSs for providing grid applications, such as 
pumped hydroelectric storage, flywheel, compressed air, fuel 
cell and hydrogen energy storage system [6]. Amongst ESSs, 

battery energy storage systems (BESSs) tend to be the 
preferred option for grid scale applications as they offer a 
rapid active power response for both import and export, 
which at scale can compensate for the fluctuations generated 
by RESs and demand usage [1]. With the appropriate control 
scheme, grid scale BESS can mitigate the above challenges 
whilst improving system stability, quality and reliability [7]. 
The BESS unit imports energy when the system frequency is 
above a nominal value and exports this energy back into the 
grid when the frequency is below the nominal value [8]. 
Furthermore, BESS can provide a wide spectrum of 
applications ranging from short term power quality support 
(e.g. frequency regulation, voltage support) to long term 
energy management (e.g. energy arbitrage, peak shaving). 
The capital cost of battery storage technologies is continuing 
to fall, thus, prompting new studies for its applications and 
economic benefits [9]. 

When connecting RES to power systems, their contribution 
to system inertia must be considered. Addition of non-
synchronous generation to a power system inherently 
decreases the system inertia; this may result in increased 
amount of rate-of-change-of-frequency (ROCOF) and larger 
grid frequency excursions. Therefore, system operators are 
required to consider altering their grid frequency control 
methods to avoid high rates of frequency deviation and large 
frequency excursions [10]. To overcome these issues, 
balancing markets have been introduced and utilised to 
ensure the security of grid frequency regulation with a 
minimal cost model based on the electricity market tendering 
schemes [11]. The National Grid Electricity Transmission 
(NGET), the main distribution network operator in the UK, 
has introduced various frequency response products, such as 
Firm Frequency Response (FFR) and a new fast frequency 
response, called Enhanced Frequency Response (EFR), with 
the aim of maintaining the system frequency within limits to 
50 Hz under normal operation [12]-[13]. For providing such 
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services to the grid, the BESS is well suited due to its ability 
to rapidly respond to import/export demands.  

In the UK, a limited number of grid-tied BESS have been 
installed for delivering grid scale applications. A 2.5 
MW/5MWh lithium iron phosphate ESS 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, load 
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 grid 
ancillary services such as fast frequency response [13], [16]. 
The emergence of wholesale electricity markets in the UK, 
together with significant increases in prices, and price 
volatility of electricity have raised interest in economic 
opportunities for electrical energy storage [17]. One of the 
main profit streams for energy storage (ES) is temporal 
arbitrage opportunity obtained by price volatility in the 
wholesale market. Energy arbitrage refers to the participation 
of ES in the day-ahead energy market and it involves utilizing 
ES to benefit from electricity price fluctuations by charging 
during low-price periods, discharging during high-price 
periods, while profiting from the price differential [18]-[19]. 
ES can also generate revenue through the delivery of ancillary 
services such as grid frequency regulation [20]. 

The aim of this paper is to investigate two applications for 
BESS, grid frequency regulation and energy arbitrage in day-
ahead spot markets, and how they can be scheduled in a 
complimentary way such that revenues are maximised whilst 
meeting service compliance. There are several papers in 
literature that investigate energy management for ESS 
participating in grid frequency support and/or energy 
arbitrage which are reviewed in the next section. 

 
1.2. Literature Review and Contribution 

Numerous research studies around the world have been 
carried out to investigate the participation of large scale ESS 
in power grid and frequency regulation services [12]-[13], 
[21]. [3] presents the concerns of the integration of new 
renewable power generation in power systems with a grid 
frequency regulation perspective. The study also covers a 
comprehensive overview on recent developments in the area 
of grid frequency regulation. Energy management is a term 
that has several meanings. In this paper, we focus on an 
optimized utilization of the available stored energy in a grid-
tied BESS operating in grid frequency regulation services. In 
literature, there are various research works that have dealt 
with the energy management issue in grid scale energy 
storage systems and also control strategies for grid-tied BESS 
operating in frequency regulation with regard to different 
points of functionality and objectives [14]. Several methods 
in the smart grid environment have been developed to 
optimally manage the energy flowing on the smart system. 
[22]-[23] presented a novel optimisation method of energy 
cost reduction in smart grid applications to include real-time 
electricity pricing and energy management. Basaran et al. [24] 
introduced a novel power management strategy by designing 
a wind-PV hybrid system to operate both as a grid-tied system 
and an autonomous system. The proposed management unit 

implements measurements from various points in the system, 
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 achieve a high state-of-
charge (SOC) and prolong battery lifetime is essential [25]. 
Gundogdu et al. [13] presented a novel energy management 
strategy 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 
ancillary services such as triad avoidance. 

In literature, there are also many papers relating to the energy 
arbitrage application [26-31]. Sioshansi et al. [17] presented 
one of the leading studies on energy arbitrage that analysed 
four key aspects of the economic value of electricity storage 
in the Pennsylvania New Jersey Maryland (PJM) markets; the 
basic relationship among storage energy capacity, storage 
efficiency and the arbitrage value of energy storage; the 
accuracy of theoretical ES dispatch and the value of arbitrage 
using perfect foresight of future electricity prices; the 
temporal and regional variation in the value of energy 
arbitrage, investigating natural gas price variations, 
transmission constraints and fuel mixes on energy storage 
economics. The impact of larger storage devices, 
investigating how the use of ES can decrease on-peak hourly 
prices and increase off-peak hourly prices diminishing the 
value of arbitrage, while producing welfare effects for 
generators and consumers. In comparison with this study [17], 
the focus of this paper is related to not only energy arbitrage, 
but also the scheduling of grid balancing services such as 
frequency response for additional benefit. In contrast to other 
recent studies in the field, the main contribution of this study 
is to present a dynamic firm frequency response (DFFR) 
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 
control algorithm is demonstrated to deliver a non-dynamic 
power if the grid frequency reaches a certain high and low 
threshold. In addition, by using the historical electricity price 
profiles, a novel grid balancing service scheduling method is 
developed to achieve maximum energy arbitrage revenues 
that can be generated from the grid balancing services by 
layering EFR, DFFR, SFFR-high and SFFR-low throughout 
the day. The proposed approach will not only provide an 
arbitrage revenue, but will also generate further income 
through balancing service availability payments, which 
maximizes the system’s profitability and availability. It 
should be noted that the previous study [1] presented FFR 
control methodologies and also a basic arbitrage control 
algorithm. This paper extends the study as follows: 

• In [1], the energy arbitrage scenarios (only 9 scenarios) in 
the service scheduling method were forecasted for a 
specific day (14 April 2014) of spring by using its historic 
electricity price profile. The methodology was not 
expanded to look at other days of different seasons in 
different years. However, in this paper, the UK daily 
electricity price pattern has been forecasted by observing 
the real electricity price of several week/weekend days 
and also their grid frequency profiles, and then 
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considering this pattern the service scheduling method has 
been improved with 18 different arbitrage scenarios by 
analysing various week/weekend days of each season for 
a year. This provides a robust and reliable forecasting 
service layering technique for maximizing arbitrage 
revenue. This paper also demonstrates that arbitrage 
strategies can be forecasted which prevent losses while 
maximising profits in favourable seasons. 

• This paper also covers experimental validation of the FFR 
control algorithm used in the proposed scheduling method 
with a 2MW/1MWh lithium-titanate BESS, 
commissioned and operated by the University of Sheffield, 
which is the largest research only platform for grid-tied 
energy storage applications in the UK. 

2. FFR Service Requirements 
In order to manage the grid system frequency within the 
normal operating range 49.5 Hz to 50.5 Hz, National Grid 
(NG) relies on balancing service providers to adjust their 
active power output or consumption in order to minimise the 
imbalance between demand and generation on the system. 
The extent of the required adjustment is determined by the 
system frequency deviation from 50 Hz [32]. Therefore, NG 
purchases balancing services to manage the grid frequency. 
The FFR is a frequency response service for grid balancing 
that can supply a minimum of 1 MW active power within a 
frequency deviation. FFR is open to all parties that can 
prequalify against the service requirements. This service is a 
proportional or continuous modulation of demand and 
generation. The FFR service can be either dynamic or static. 
In dynamic FFR (DFFR), power changes proportional to 
system frequency and in static FFR (SFFR), a set power level 
is delivered at a defined frequency and remains at the set level 
for an agreed period [33]. 

3. FFR Design Control Algorithm 
A BESS model is developed in MATLAB/Simulink and 
verified against experimental operation of the WESS. Three 
new FFR control algorithms, including a DFFR algorithm, 
SFFR high and low frequency response control algorithms 
are then implemented in the model independently to deliver a 
grid frequency response service to the recently published 
NGET firm frequency response service specifications [32], 
[33], [34], [35], [41]. 

3.1. Dynamic Firm Frequency Response Control 

In this section, a control algorithm has been developed to meet 
the DFFR service specifications required by NGET, as 
described in Table 1. Fig. 1 shows the proposed DFFR control 
scheme implemented in the BESS model in 
MATLAB/Simulink, where the inputs are real-time grid 
frequency (Freq) and battery SOC (SOCinit), with the output 
being the requested import/export power 
(InverterPowerOutput) to deliver a frequency response 
according to the service specification. The algorithm starts by 
detecting the position of the measured frequency with respect 
to the zones bounded by frequency values ‘A’ to ‘R’ in Table 
1 (left column). This is achieved by the ‘FFR service Power 
vs Frequency Setpoint’ green block, where the required DFFR 
response envelope is calculated as a function of the limits 
given with their values in Table 1 (left and middle column). 

The calculation method of the proposed DFFR power 
envelope is described in the final column of the table. The 
required DFFR power is zero within the DB. In this work, 
battery SOC is calculated using equation (1). The coulomb-
counting SOC estimation method is shown in the light blue 
block in Fig. 1. Finally, using the output, being the requested 
import/export power (InverterPowerOutput) to deliver a 
frequency response according to the service specification, the 
import and export energy (kWh) are calculated in the blue 
block in Fig. 1. 

SOC誰探担 噺 SOC辿樽辿担 髪 完 鶏但叩担担穴建痛待ぬはどど ゲ  芸 ┻ (1) 

Table 1 DFFR power vs frequency envelope limits [33] and 
calculation of power set-points (CPower) in algorithm. 

Freq. (Hz) 
Contracted Power 

(kW) 
CPower 
(kW) 

A=49.5 a= 1025 a 

B=49.6 b= 820 釆磐稽 伐 血稽 伐 畦卑 捲岫欠 伐 決岻挽 髪 決 

C=49.7 c= 615 釆磐系 伐 血系 伐 稽卑 捲岫決 伐 潔岻挽 髪 潔 

D=49.8 d= 410 釆磐経 伐 血経 伐 系卑 捲岫潔 伐 穴岻挽 髪 穴 

E=49.9 e= 205 釆磐継 伐 血継 伐 経卑 捲岫穴 伐 結岻挽 髪 結 

F=49.984 f= 33 釆磐繋 伐 血繋 伐 継卑 捲岫結 伐 血岻挽 髪 血 

G=49.985 g= 0 g =0 
H=50 h= 0 h = 0 

J=50.015 j= 0 j = 0 

K=50.016 k= -33 釆磐計 伐 血計 伐 蛍 卑 捲岫倹 伐 倦岻挽 髪 倦 

L=50.1 l= -205 釆磐詣 伐 血詣 伐 計卑 捲岫倦 伐 健岻挽 髪 健 
M=50.2 m= -410 釆磐警 伐 血警 伐 詣卑 捲岫健 伐 兼岻挽 髪 兼 

N=50.3 n= -615 釆磐 軽 伐 血軽 伐 警卑 捲岫兼 伐 券岻挽 髪 券 

P=50.4 p= -820 釆磐鶏 伐 血鶏 伐 軽卑 捲岫券 伐 喧岻挽 髪 喧 

R=50.5 r= -1025 r 

 
DFFR is a continuously delivered service that is used to 
respond to the second-by-second grid frequency changes. 
Energy storage providers must respond to changes in nominal 
grid frequency by decreasing or increasing their 
import/export power. A dead-band (DB) is defined where 
there is no requirement to import/export power to the grid but 
there is also no opportunity to charge/discharge the battery to 
manage its state-of-charge (SOC). Providers must deliver 
continuous import/export power as detailed in the DFFR 
service envelope in Table 1. The power level must remain 
within this required envelope at all times; power provided 
outside the envelope will decrease the service performance 
measurement (SPM) and hence the income revenue [32]. The 
operation principle of the proposed BESS charge/discharge 
management for delivering DFFR service (yellow block in 
Fig. 1) is detailed in the reference study [1]. According to the 
logic of the DFFR control algorithm, BESS can only 
import/export power, with respect to the NGET required 
DFFR power envelope described in Table 1, to respond to 
grid frequency changes outside of DB (±0.015Hz).  
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Fig. 1  DFFR algorithm implemented in the BESS model in Matlab/Simulink. 

3.2. Static Firm Frequency Response Control 

SFFR delivers a non-dynamic service where an agreed amount 
of power (1 MW) is delivered if the grid frequency reaches a 
certain trigger point. The service providers monitor the grid 
frequency and adjust their generation or consumption power 
when the frequency goes below the specified frequency trigger 
(e.g. 49.7 Hz or 50.3 Hz). The previous study [1] has the logic 
of the low and high SFFR services respectively, where the 
system must maintain a power output for 30 minutes. The NG 
specify a high reset frequency (50.3 Hz) and low reset 
frequency (49.7Hz) [32], [34]. The aim of the resets is to 
discontinue the frequency response if the grid frequency 
changes sharply for the period of the service.  
According to the proposed BESS management for SFFRlow 
shown in [1], when the frequency drops below the low trigger 
frequency (Flow), the BESS starts to deliver a maximum power 
response (SPower>0) until the grid frequency goes back above 
the specified high trigger frequency (Fhigh); the response 
continuation must not be interrupted until it reaches the trigger 
reset or 30 minutes. The logic is reversed for SFFRhigh control 
algorithm [1]. According to the proposed BESS management 
for SFFRhigh, when the frequency goes above the high trigger 
frequency (Fhigh), the BESS starts to import a maximum 
power response (SPower<0) until the grid frequency goes 
back below the specified low trigger frequency (Flow); the 
response continuation must not be interrupted until it reaches 
a trigger reset or a time length of 30 minutes. 

4. Simulation Results of the FFR Algorithms 
All the FFR control algorithms are simulated in 
MATLAB/Simulink using a real 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 

a capacity limitation under 1 MWh. The parameters used in 
the BESS model with FFR control algorithms are shown in 
Table 2.  
In order to show the performance of the reported FFR control 
algorithms in Section 3, the historical frequency data for the 
11th November 2015 (first 3 hours) [35] is used herein, as this 
particular day is known to have both a low and high frequency 
event. Fig. 2 shows the simulation results of the DFFR control 
algorithm. On the frequency plot, the DB (±0.015 Hz) is 
shown by the green lines. It is clear from Fig. 2, the BESS 
continuously imports/exports power within the specified 
power envelope described in Table 1. Fig. 6.b illustrates the 
power response versus grid frequency plot of DFFR control 
algorithm for 12 October 2016. The red line represents the 
NGET required DFFR power line described in Table 1. It is 
clear that the DFFR power (blue circles) does remain within 
the required envelope, meaning that the BESS achieved 100% 
availability and met the service requirements. Fig. 3 and Fig. 
4 show the simulation results for 11th Nov 2015 of the SFFR 
low and high frequency response control algorithms, 
respectively. On the frequency plots, the high and low trigger 
reset frequency set points are shown by the dotted green lines.  

Table 2 Parameters used in the BESS model. 

Parameter Value 

Nominal frequency  
Low/high DB 
High/low trigger frequency 
Max/min FFR power limit 
Battery power/capacity for FFR 
Battery power/capacity for EFR 
Battery initial SOC (SOC辿樽辿担) 

50 Hz 
±0.015 Hz (for DFFR) 
±0.3 Hz (for SFFR) 
±1 MW 
1 MW/1 MWh 
2 MW/1 MWh 
20% 
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Fig. 2 Simulation results of the DFFR control algorithm 
implemented in BESS for 11th Nov 2015 (first 3 hours):  
Frequency, power and battery SOC plots. 

 

 
Fig. 3 Simulation results of the SFFRlow control algorithm 
implemented in BESS for 11th Nov 2015 (first 3 hours). 

 

Fig. 4 Simulation results of the SFFRhigh control algorithm 
implemented in BESS for 11th Nov 2015 (first 3 hours). 

Over the 3-hour profile the algorithms deliver to the SFFRlow 
and SFFRhigh specification [32], [34] with no power being 
delivered until a frequency event occurs at 49.7 Hz and 50.3 
Hz, respectively. As seen from the simulation results of the 
SFFRlow algorithm (Fig. 3), the grid frequency drops below 
49.7 Hz, the BESS starts to export 1 MW power response 
until the frequency goes back above 50.3 Hz (trigger reset). 
As seen from the results of SFFRhigh control algorithm in Fig. 
4, as the grid frequency goes above 50.3 Hz, BESS starts to 
import 1 MW power response for 30 minutes. The aim of the 
resets in the SFFR control algorithms is to discontinue the 
frequency response if the grid frequency changes sharply for 
the period of the service. Since there is no trigger reset here 
(Fig. 4), the power response must continue for 30 minutes.  

5. Experimental Verification with Willenhall ESS 
The UK’s first grid-tied lithium-titanate (LTO) type of 
battery, Willenhall ESS, was commissioned in 2015 by the 
University of Sheffield (UoS). The facility comprises a 1 
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 
type battery, as well as different battery chemistries, for 
delivering grid support functions at scale [38]-[39]. An LTO 
battery is used in WESS due to its superior performance in 
terms of long cycle life, safety and rapid recharging 
capability. The battery storage is made up of 40 parallel-
connected racks, each consisting of 22 series-connected 
battery modules, and each module consists of 24 battery cells 
in a 2P12S formation [13]. There are 21,120 cells in the DC 
battery unit with a total capacity of approximately 1 MWh. 
The battery storage is connected to a four quadrant DC/AC 2 
MVA converter which converts a variable battery DC voltage 
to grid AC voltage. The basic structure of WESS consist of a 
1 MWh capacity of battery unit (DC storage), PCS100 ESS 
Converter (2 MW) which allows active/reactive power 
control based on the system requirement, an isolated 
transformer (2.1 MVA) which connect the power converter to 
the 11 kV AC grid. More technical details on the WESS can 
be found in [16]. 

 

Fig. 5 Comparison of the experimental and simulation 
results obtained on DFFR Model for 12 Oct 2016. 
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In this paper, to experimentally validate the performance of 
the proposed DFFR control algorithm used in the service 
scheduling method, WESS was utilized as a test bed. Fig. 5 
and Fig. 6 compares the results attained from the developed 
DFFR model and the real 1 MW/1 MWh BESS, responding 
to grid frequency deviations through the DFFR service for 24-
hour operation period for 12 Oct 2016. The figure shows that 
the DFFR model is representative of the real system with a 
RMSE of 0.71% and 29.5 kW and MAPE of 0.5% and 3% for 
SOC and power, respectively (Table 4). The sampling time is 
25ms in the WESS controller and MATLAB model, it can be 
observed from the Fig. 5 that there is a slight shift between 
the measured and simulated grid frequency due to the 
sampling time error (RMSE frequency error of 0.0136 Hz). 
This unmatched frequency causes a significant error in 
battery SOC over time due to differing power outputs. In 
addition, small discrepancies can be accounted from the 
increased losses in the WESS experimental system when 
compared to the MATLAB model. The WESS inverters have 
increased losses when operating at very low power (<100kW), 

this is evident in the night time period of the power and SOC 
plots (Fig. 5). Table 3 shows the energy flow findings of the 
proposed DFFR control algorithm for a 1 MW/1 MWh BESS.    

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

DFFR Import (kWh) Export (kWh) 
Measured 1052 792.5 
Simulation 1048 779 

Table 4. Comparison of error findings from the developed 
DFFR and EFR control algorithms. 

Error Algorithm Frequency 
(Hz) 

SOC 
(%) 

Power 
(kW) 

RMSE 
Error 

EFR(a) [13] ~0 0.19 25.8 

DFFR 0.0136 0.71 29.5 

MAPE 
Error (%) 

EFR [13] ~0 0.31 4.5 
DFFR(b) 0.027 0.5 6 

(a) 21 Oct 2015 (first 12-hour frequency data) 
(b) 12 Oct 2016 (24-hour frequency da

 

 

(a) 

 

(b) 

Fig. 6 Power versus frequency plot (a) measured (b) 
simulation using DFFR Model for 12 Oct 2016. 

 
 

As seen from the table, the import and export energy output 
difference between measured and simulated is low (import of 
4 kWh and export of 13.5 kWh), this indicates that the 
simulated DFFR control algorithm is representative of real 
world operation. The power versus frequency plot of the 
experimental WESS and simulated BESS model for 12 Oct 
2016 is shown in Fig. 6, respectively. The red line represents 
the NGET required DFFR power line. It can be seen that the 
FFR power (blue circles) does remain within the envelope 
and hence this does not cause a penalty in SPM. Comparing 
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 
service scheduling algorithm in this paper Section 6 and 
Section 7, has been experimentally 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 
period in 21st October 2015 (Table 4). The following sections 
use the experimentally validated DFFR and EFR control 
algorithms [13] in proposed balancing service scheduling 
methodology. 

6. UK Balancing Service Scheduling Approach for 
Energy Arbitrage 

BESS is capable of charging at off-peak night time hours when 
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 
‘arbitrage’ profit from the price difference. In this study, a new 
service scheduling approach is proposed to achieve maximum 
arbitrage profits whilst layering EFR and FFR services 
throughout the day to maximise revenue. The proposed 
service scheduling method is developed based on the typical 
daily electricity price pattern, the time of day, grid frequency 
profile and is based on foresight. 

To examine the general pattern of daily (week/weekend) 
electricity price, the historical UK system pricing for the 7th 
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 [40], that daily UK system prices show a 
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significant volatility at off-peak and on-peak hours during 
weekdays and weekend days. It is observed that the system 
price is significantly higher in April, October, January and 
February due to the cold weather conditions causing a high 
amount of energy demand on the power grid. The system price 
sharply decreases in summer season, especially in July, due to 
better weather conditions and increasingly higher generation 
from embedded solar sources. It is clear from Fig. 7, on the 
7th Monday of each season of 2014-2015, the system price is 
low during night time hours between 11pm-7am and relatively 
high during day time hours, where the price peaks between 
4pm-11pm. The price shows a similar pattern on the 7th 
Thursday of each season of 2014-2015, however, the peak 
price is shifted between 8am-12pm for the 17 July 2014. It is 
observed that in the non-working weekend days, the electricity 
price deviates from its general pattern as seen in Fig. 7. On 27 
April 2014, the price is generally low during night hours and 
relatively high during daytime hours, where the price reaches 
its peak between 10am-3pm (Fig. 7). The price follows the 
general pattern on 27 July 2014 and on 1 Feb 2015. However, 
on 2 Nov 2014, due to the extreme weather the price is 
relatively high during night time as well as day time, but the 
peak price is observed between 4pm-11pm, again, following 
previous patterns. In conclusion, despite some exceptions the 
UK system electricity buy/sell price follows a common pattern 
that the price is lower during the night time period (11pm-
7am) and higher during the daytime period, where the price 
typically peaks between 4pm-11pm with this shifting during 
summer months to 8pm-11pm. 

The aim of the above information is to understand the UK 
electricity price trends to use in the proposed method. The 
daily electricity pattern is now determined using the selected 
historical UK electricity price profiles Fig. 7 [40]. To 

supplement the potential arbitrate profits, the grid services 
under consideration in this study are EFR [13], DFFR, 
SFFRlow and SFFRhigh services. An existing fast EFR 
control algorithm developed in [13] is used in this paper for 
EFR service delivery. The authors have shown that the EFR 
service can be delivered whilst generating arbitrage profits. 
This is achieved by manipulating the battery SOC target in the 
proposed frequency response control algorithms; decreasing 
the SOC target band when electricity prices are high, and 
increasing the SOC band when the prices are low, effectively 
shaping the BESS energy delivery profile to export at high 
prices and import at low prices. Using UK historical electricity 
pricing data [40], the proposed SOC management strategy 
selects the appropriate battery SOC profile to maximise the 
arbitrage revenue whilst delivering the EFR service. Detailed 
analysis of the EFR service design control algorithm and the 
NGET service requirements can be found in [12]-[13]. For the 
DFFR and SFFR services, considering the electricity price 
discrepancy during the day, the proposed arbitrage control 
algorithm selects the appropriate frequency balancing services 
considering the grid frequency conditions of the day and the 
time to maximize arbitrage. SFFRhigh and SFFRlow services 
are commonly preferred at night time (off-peak) period with 
cost-effective electricity; however, DFFR can be utilised 
during on-peak as well as off-peak time periods due to the 
dynamic power delivery to the power grid. This paper does not 
cover any optimisation strategy for maximizing or calculating 
energy arbitrage revenue. The major aim of this study is to 
understand the benefits that can be gained from layering 
different balancing services throughout a day with different 
off-peak and on-peak service prices. Therefore, any existing 
energy arbitrage optimisation methods or any arbitrage 
calculation methods in literature can be implemented in the 
proposed balancing service scheduling approach in order to 

7th Monday 7th Thursday 9th Sunday 

 
Fig. 7 Real UK Electricity system price of 7th Monday, 7th Thursday and 9th Sunday of each season of 2014-2015. 
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generate profits from energy arbitrage as well as frequency 
response service delivery. The arbitrage calculation method 
used in the proposed approach is described as follows. 

Stored energy in the BESS is expressed in (2) [36]. 経件嫌潔月欠堅訣件券訣┺  鶏痛 伴 ど     継痛 噺 豹 鶏痛考帖 ┻ 穴建痛
待     

系月欠堅訣件券訣┺      鶏痛 隼 ど      継痛 噺 豹 鶏痛 ┻ 考寵 ┻ 穴建痛
待    (2) 

 

where 考帖  is the battery discharging efficiency, 考寵   is the 
battery charging efficiency, 継痛   is the energy stored in the 
BESS at hour t, if  鶏痛 伴 ど BESS exports power at hour t, if 鶏痛 隼 ど BESS imports power at hour t. The cost of the BESS 
charge/discharge and the total arbitrage revenue can be simply 
calculated using the following equation in (3), (4) [1]. 

系寵 噺 布 継痛  ┻ 畦痛ｅ鎚勅鎮鎮態替
痛退怠     if      鶏痛 隼 ど (3) 

 系帖寵 噺 布 継痛 ┻ 畦痛ｅ長通槻態替
痛退怠     if      鶏痛 伴 ど (4) 

where 系帖寵 is cost of BESS discharging, 系寵 is cost of BESS 
charging, 畦痛ｅ鎚勅鎮鎮 is system electricity sell price in £/MWh at 
hour t and 畦痛ｅ長通槻 is system electricity buy price in £/MWh at 
hour t. 畦鶏迎鳥 噺 系帖寵 伐 系寵 (5) 

The charge/discharge energy output of BESS can be 
calculated for charging cost and discharging cost as expressed 
in (3) and (4), respectively. In addition, the total arbitrage 
revenue (APRd) can be calculated by using (3) and (4) as given 
in (5) [1]. As seen from the Table 6, Table 7 and Table 8, APRy 
is calculated on a yearly basis (£/kWh.yr) as given in (6), 
where SDT is the selected balancing service delivery time in 
hours (hr), SP is selected service price in £/hr, PD is the 
amount of delivered power by the selected service in kW. It 
should be noted that PD is 2000 kW for the EFR service [13] 
and 1000 kW for DFFR and SFFR services in this study. 畦鶏迎槻 噺 鯨経劇 ┻  鯨鶏鶏経 ┻  ぬはの (6) 

7. Simulation Results of the Service Scheduling 
Approach 

The proposed balancing service scheduling control method is 
developed in MATLAB/Simulink and the simulation results 
are all based on the experimentally validated 1 MWh capacity 
of BESS delivering 2 MW EFR power [13] and 1 MW FFR 
power to the system. The frequency data of 7th Monday, 7th 
Thursday and 9th Sunday of each season of 2014-2015, 
containing high/medium/low frequency events, are simulated 
here to compare their arbitrage revenues. Based on recorded 
UK system sell/buy electricity price [40], the proposed grid 
balancing service scheduling method has been analysed for 
18 different scenarios Table 5. The findings of the proposed 
control algorithm of the 7th Monday, 7th Thursday and 9th 
Sunday of each season over the 2014-2015 are shown in 
Table 6, Table 7 and Table 8, respectively. The arbitrage price 
revenue (APRd) for the day period was summed over the year 
to attain annual values (APRy) on a £/kWhr.yr basis as 

described in Section 6. Considering the daily electricity price 
pattern extracted in Section 6, the forecasting service 
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 Table 6, Table 7 and Table 8. 

According to scenario 2 (S2), the first service selected is the 
fast EFR service with a SOC band of 90-95% to charge the 
battery until 4am during off-peak period with relatively low 
electricity price. Then, SFFR-high service is selected until 
6am in order to absorb a maximum constant active power (1 
MW) from the grid at a specified high trigger frequency of 
50.3 Hz in order to respond to this high grid frequency event 
on the system. The third service selected is EFR with a high 
SOC band of 90-95% to charge the battery until 8pm during 
low system costs and then its SOC band is decreased to a low 
band of 15-20% in order to deliver power to the grid at on-
peak time where the electricity price is high.  Comparing the 
APR findings of the scenario S1, S2, S3, S4 given in Table 6, 
Table 7 and Table 8, these scenarios do not seem beneficial 
for maximizing arbitrage profit because they mostly make 
arbitrage losses rather than profit in a number of considered 
days (14 July 2014, 17 July 2014, 2 Nov 2014 and 12 Jan 
2015). In case of a high frequency event (>50.3 Hz) during 
the considered day (e.g. 14 April 2014), SFFR-high was 
successful in charging the battery which benefitted the 
arbitrage revenue by storing energy from the grid with cheap 
electricity in order to sell it at on-peak period with expensive 
price; this helps to increase arbitrage revenue gain. For 
instance, it can be seen from Fig. 8, 14 April 2014 has a high 
frequency event (>50.3 Hz) during the night time because of 
surplus power on the grid. On this day, SFFR-high was 
successful in charging the battery which benefitted the 
arbitrage revenue. The stored low cost energy is then sold to 
the grid during on-peak hours by delivering EFR service by 
lowering the target SOC of the control algorithm. It is 
revealed that S1, S2, S3, S4 can be favourable in the spring 
season in terms of grid balancing as well as arbitrage benefit. 
However, these scenarios, covering SFFR-high service, are 
rare as they are difficult to achieve without foresight. 

Comparing S5 with S1, S2, S3, S4, despite using exactly the 
same services (SFFR-high and EFR) during the day, when 
delivering EFR service at on-peak time period, battery SOC 
will always be managed as the control algorithm does this. It 
is revealed that battery SOC management on delivering EFR 
plays an essential role in making arbitrage profit as well as 
grid frequency support. As seen from Table 5, scenarios S6, 
S7, S8, S9 have the same balancing service (only EFR) 
throughout the day. The APR obtained from each scenario is 
different because of the effect of the selected different SOC 
target profiles in the SOC management control during the 
EFR service delivery. For those scenarios, not only is SOC 
management essential for the arbitrage revenue, but also the 
electricity price profile of the considered days needs to be 
favourable to increase the amount of arbitrage revenue. For 
instance, comparing the arbitrage revenues generated from S7 
in the considered days, on the 7th Thursday of autumn (16 Oct 
2014), S7 provides a significant amount of arbitrage profit 
(£25.02) due to its high electricity price profile. However, the 
APR is less than £1 on the 7th Monday (14 July 2014), 7th 
Thursday (17 July 2014) and 9th Sunday (27 July 2014) of the 
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summer of 2014-2015.  It can be also seen that S6, S7 and S8 
do not make arbitrage losses in any day of the seasons and 
actually return a profit. 

In scenario 10 (S10), the only selected service is DFFR with 
the DB of ±0.015 Hz to deliver only dynamic active power 
throughout the day. With S10, which is a common choice for 
maximizing arbitrage profit, the battery can make arbitrage 
profit or service benefit from only DFFR service by 
importing/exporting power from the grid without having a 
battery SOC management control. This paper does not 
consider reducing the DFR tendered power to reserve power 
for SOC management. According to the scenario 12 (S12) 
shown in Table 5, the first service selected is DFFR with the 
DB of ±0.015 Hz to deliver dynamic active power until 4 am 
with a relatively low electricity price and then SFFR-high 
service is selected until 7am in order to draw a maximum 
constant power (1 MW) from the grid at a high trigger 
frequency of 50.3 Hz. The third service selected is EFR with 
a SOC band of 90-95% to charge the battery until 4pm during 
low costs and then its SOC band is decreased to 15-20% in 
order to supply power to the grid at peak time with high 
electricity price. Comparing S10, S11 and S12, and S10 and 
S12 do not suffer any arbitrage losses in any considered days, 
where S11 has a ~£5 loss in 14 April 2014 as there is a high 
frequency event (>50.3 Hz) on that day. The battery stores 
energy by absorbing 1 MW power from the grid with cheap 
electricity at 4am-7am, but cannot adequately resell the 
power with expensive electricity at 7am-12pm due to the 
absence of battery SOC management in DFFR service. But 
here, S12 makes ~£1 APR comparing the ~£4.8 loss 
generated by S11. It can be seen that providing a service 
where the battery SOC can be managed is beneficial when 
there is a frequency excursion.   

According to scenario 17 (S17), the first frequency response 
service selected is EFR with a high SOC band (90-95%) to 
charge the battery until 4am at off-peak time with low 
electricity price. Then SFFR-low service is selected until 7am 
to send a constant 1 MW active power to the grid at the 
specified low trigger frequency of 49.7 Hz in order to respond 
to this low grid frequency event in the power system. The 
third service is then selected as EFR with the high SOC band 
of 90-95% to charge the battery until 4pm with low-cost 
electricity and then its SOC band is decreased to 15-20% in 
order to export power to the grid selling at a high price (Fig. 
9). The scenarios S13, S14, S15, S16, S17, and S18 use 
SFFR-low service during off-peak time periods at varying 
times, however, there is no low frequency event (<49.7 Hz) 
during night time for all the considered days. Therefore, those 
scenarios cannot generate arbitrage profit from SFFR-low 
service, but as seen from the Table 9 the service availability 
payment is generated during the service delivery time with 
SFFR off-peak price of £4/hr. Comparing the APR obtained 
from those scenarios, S13, S14, S16 and S18 make a loss at 
least one time during the considered days. On the other hand, 
S15 and S17 do not make any arbitrage losses in any days, 
hence, these scenarios are suitable for making arbitrage 
profit, especially in high electricity price days (e.g. APR in 
S15=£29.66, S17=£22.94 in 16 Oct 2014). All in all, 
considering the general UK daily electricity pricing pattern, 
the proposed balancing service method can make the 
arbitrage revenue as shown in Table 6, Table 7 and Table 8. 

It is also revealed that S10 makes the highest arbitrage profit 
through service delivery with no power requirement for SOC 
management. The APR findings from the proposed service 
scheduling approach are comparable with the optimized 
yearly arbitrage profit gained from the 6 MW/10 MWh 
Leighton Buzzard battery system in [37]. Comparing both 
APR values in year base (/kWh.yr), the potential arbitrage 
revenue earned from the experimental battery in [37] is higher 
(%5.91/kWh.yr) than the APR generated from many 
scenarios in this proposed method for several different days, 
as shown in Table 6, Table 7 and Table 8; because in the 
reference study only arbitrage is considered, no other 
balancing services are delivered simultaneously.  

Table 5. Service scheduling method with 18 scenarios. 
Scenario (S) Time (hr) Service SOC band (%) 

S1 

12am-2am EFR 90-95 
2am-6am SFFR-high - 
6am-8pm EFR 90-95 
8pm-12am EFR 15-20 

S2 

12am-4am EFR 90-95 
4am-6am SFFR-high - 
6am-8pm EFR 90-95 
8pm-12am EFR 15-20 

S3 

12am-4am EFR 90-95 
4am-7am SFFR-high - 
7am-8pm EFR 90-95 
8pm-12am EFR 15-20 

S4 
12am-7am SFFR-high - 
7am-8pm EFR 90-95 
8pm-12am EFR 15-20 

S5 

12am-4am EFR 90-95 
4am-7am SFFR-high - 
7am-4pm EFR 45-55 
4pm-12am EFR 15-20 

S6 
12am-7am EFR 90-95 
7am-4pm EFR 45-55 
4pm-12am EFR 15-20 

S7 
12am-7am EFR 90-95 
7am-4pm EFR 70-75 
4pm-12am EFR 15-20 

S8 
12am-4pm EFR 90-95 
4pm-12am EFR 15-20 

S9 
12am-4pm EFR 90-95 
4pm-11pm EFR 15-20 
11pm-12am EFR 45-55 

S10 12am-12am DFFR - 

S11 
12am-4am DFFR - 
4am-7am SFFR-high - 
7am-12pm DFFR - 

S12 

12am-4am DFFR - 
4am-7am SFFR-high - 
7am-4pm EFR 90-95 
4pm-12am EFR 15-20 

S13 
12am-7am SFFR-low - 
7am-8pm EFR 90-95 
8pm-12am EFR 15-20 

S14 
12am-7am SFFR-low - 
7am-4pm EFR 90-95 
4pm-12am EFR 15-20 

S15 
12am-7am SFFR-low - 
7am-12am DFFR - 

S16 
12am-4am DFFR - 
4am-7am SFFR-low - 
7am-12am DFFR - 

S17 

12am-4am EFR 90-95 
4am-7am SFFR-low - 
7am-4pm EFR 90-95 
4pm-12am EFR 15-20 

S18 
12am-4am EFR 90-95 
4am-7am SFFR-low - 
7am-12am DFFR - 
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7TH MONDAY OF EACH SEASON OF 2014/2015 

Scen. 
(S) 

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

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Imp. Exp. Imp. Exp. Imp. Exp. Imp. Exp. 

S1 1528 1287 2.315 1397 1071 -0.414 1529 1299 0.008 1348 845.1 -2.841 
S2 1614 1359 2.455 1434 1102 -0.267 1650 1400 1.594 1382 873.1 -2.555 
S3 1524 1284 2.439 1397 1070 -0.364 1597 1355 1.129 1352 848.2 -2.754 
S4 1355 1142 1.7 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 
S8 1512 1267 2.82 1522 1305 1.149 1757 1500 6.888 1317 1077 0.604 
S9 1546 1267 2.608 1566 1260 0.676 1788 1497 6.682 1350 915.8 -0.558 
S10 901.8 958.2 4.292 830.9 775.7 0.912 1010 1197 15 1016 1476 13.64 
S11 1636 873.5 -4.791 735.9 662.1 0.666 957.5 978 12.46 988.4 1466 13.62 
S12 1619 1270 0.872 1458 1230 0.266 1320 1507 9.158 1312 971.6 1.402 
S13 1237 1044 1.954 1297 986.8 0.73 1385 1178 -1.462 1199 720.1 -3.429 
S14 1232 1033 1.562 1255 1082 0.501 1384 1189 3.721 1077 875.1 -0.16 
S15 698.1 714.7 2.298 607.2 508.3 0.27 790.5 736.1 11.13 772.5 1344 14.61 
S16 830.9 873.5 3.295 735.9 662.1 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 2.917 1224 518.1 -3.754 1538 746.7 4.839 1158 1384 12.84 

Table 6. Arbitrage price revenue (APR) findings and energy output of 7th Thursday of each season of 2014/2015. 
7TH THURSDAY OF EACH SEASON OF 2014/2015 

Scen. 
(S) 

SPRING (17 April 2014) SUMMER (17 July 2014) AUTUMN (16 Oct 2014) WINTER (15 Jan 2015) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/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 
S5 1206 1042 2.488 1183 956.1 0.454 1464 1246 23.13 1453 1203 3.567 
S6 1501 1289 3.056 1472 1198 0.737 1731 1470 24.29 1700 1410 4.775 
S7 1495 1284 4.808 1520 1238 0.929 1782 1512 25.02 1718 1424 5.161 
S8 1554 1333 5.751 1563 1274 1.134 1790 1518 24.3 1724 1430 5.024 
S9 1624 1282 4.73 1647 1248 0.493 1967 1464 22.69 1874 1409 4.113 
S10 1066 1057 2.586 746.5 918.5 5.0 1016 1082 31.99 962.7 1017 3.865 
S11 968.2 939.4 2.081 690.8 851.8 4.569 880.8 921.1 30.71 873 913.2 3.0 
S12 1003 1462 11.16 1482 1200 0.2 1559 1266 17.42 1400 1412 4.777 
S13 1183 1022 4.574 1408 813.2 -2.334 1441 1158 7.604 1409 1009 -1.118 
S14 993.3 863.8 2.905 1333 1081 0.31 1399 1191 17.76 1352 1119 2.188 
S15 650.5 559.6 1.316 562.6 716.2 4.37 786.7 808.7 29.66 666.9 663.8 2.562 
S16 968.2 939.4 2.081 690.8 851.8 4.569 880.8 921.1 30.71 873 913.2 2.998 
S17 1357 1168 5.405 1476 1201 0.615 1601 1360 22.94 1537 1273 3.707 
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 of 9th Sunday of each season of 2014/2015. 
9TH SUNDAY OF EACH SEASON OF 2014/2015 

Scen. 
(S) 

SPRING (27 April 2014) SUMMER (27 July 2014) AUTUMN (2 Nov 2014) WINTER (1 Feb 2015) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Energy Output 

(kWh/day) 
APR 

(£/kWh) 
Imp. Exp. Imp. Exp. Imp. Exp. Imp. Exp. 

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 1.1 
S3 1414 1170 4.621 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 1.115 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 5.572 773.7 705.6 1.148 814.1 907.4 4.401 866.9 824.1 3.273 
S11 521 464.9 5.491 670 581.6 0.752 766 850 3.597 815.6 762.7 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 
S14 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 2.513 695.5 619.1 2.247 
S16 521 464.9 5.491 670 581.6 0.752 766 850 3.597 815.6 762.7 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 745.5 -2.043 

 

Table 8 Arbitrage price revenue (APR) findings and energy output of 7th Monday of each season of 2014/2015. 

ReView by River Valley Technologies IET Generation, Transmission Distribution

2019/02/14 17:02:21 IET Review Copy Only 12

This article has been accepted for publication in a future issue of this journal, but has not been fully edited.
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.



11 
 

 

Fig. 8 Simulation results of the arbitrage control algorithm 
for 14th April 2014 for scenario 2 (S2). 

 
Fig. 9 Simulation results of the arbitrage control algorithm 
for 1st Feb 2015 for scenario 17 (S17). 

Table 9 Total service availability payment (SAP) obtained from each scenario of the service scheduling approach in Table 5. 

Scenario 
(S) 

DFFR  SFFR  EFR  
SAP(£/day

) 
SAP(£/kW

h.yr) SDT 
(hr/day) 

SP 
(£/hr) 

SAP 
(£/kWh.yr) 

SDT 
(hr/day) 

SP 
(£/hr) 

SAP 
(£/kWh.yr) 

SDT 
(hr/day) 

SP 
(£/hr) 

SAP 
(£/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 
EFR=£10/hr, DFFR=£11/hr and SFFR off peak=£4 and on-
peak=£6/hr) [32], the daily and yearly frequency response 
service availability payment (SAP) generated from each 
scenario in Table 5 are shown in Table 9. It can be seen that 
scenario 10 (S10), which delivers only DFFR throughout the 
day, makes the highest SAP (£96.36/kWh.yr) due to the 
highest availability price of DFFR service (£11/day.hr) in the 
balancing service. It should be noted that in the previous 
study [1], in the calculation of yearly based APR, the 
delivered service power (PD) was set to 2 MW for all the 
services, considering the 2 MW EFR power as a reference PD 
for all the balancing services.  But the method used in [1] is 
improved in this paper as the APR is independently calculated 
for each delivered service by using their own PD (PD in EFR 
= 2 MW and FFR = 1 MW). Considering this, S1 is selected 
as the best scenario in the previous study [1], with 

£2.315/kWh.yr arbitrage revenue. This paper almost doubles 
the revenue (£4.292/kWh.yr) with scenario 10 (S10), by 
delivering only DFFR service throughout the day and also 
around 20% higher revenue with S8, delivering only EFR 
service that has effective SOC management. 

8. Conclusion 
A dynamic (DFFR), a static high (SFFR-high) and low 
(SFFR-low) firm frequency response control algorithm based 
on a model of a 1 MW/1 MWh BESS has been developed to 
meet the NGET published service requirements. When there 
is a grid frequency deviation on the grid, the BESS supplies a 
dynamic power according to a specified DFFR envelope. 
SFFR delivers a non-dynamic service where an agreed 
amount of power is delivered if the grid frequency reaches a 
certain trigger point of 49.7 Hz (SFFR-low) or 50.3 Hz 
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(SFFR-high). In addition, a new balancing service scheduling 
method for maximizing energy arbitrage has been presented 
that uses layering of grid balancing services (DFFR, SFFR-
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 revenue 
through service layering and novel SOC management 
techniques. An existing EFR control algorithm has been used 
in the proposed approach, where the battery SOC target band 
is periodically moved according to the electricity pricing 
profile for the day in order to generate arbitrage revenue. 
Setting the SOC band low has the effect of exporting energy 
and setting the SOC band high imports energy. Simulation 
results of the proposed service scheduling approach were 
obtained using NGET frequency data for 7th Monday, 7th 
Thursday, 9th 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 
layering different balancing services throughout the day with 
foresight. The revenue generated by a BESS can be 
maximized using a suitable scheduling scenario that will vary 
depending on the day/month/season of the year.  
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