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Abstract: Energy storage systems are undergoing a transformative role in the electrical grid, driven
by the introduction of innovative frequency response services by system operators to unlock their full
potential. However, the limited energy storage capacity of these systems necessitates the development
of sophisticated energy management strategies. This paper investigates the newly introduced
frequency response service, Dynamic Regulation, within the Great Britain electrical grid. Our
study not only establishes control parameters but also demonstrates a novel approach to energy
management that pushes the boundaries of the allowable service envelope. We present two distinctive
control methods, the first serving as a reference for standard response, and the second as a dynamic
control approach, exploiting the extremities of the allowable service envelope. A comprehensive
sensitivity analysis that considers availability, the number of equivalent full cycles, and cost-revenue
analysis based on grouped dynamic control state of charge setpoints is carried out. Our results
underscore that the optimization of average availability takes precedence over merely minimizing
the number of cycles, which leads us to define a target state of charge range of between 40% and
45% for a 1-h battery to achieve an availability >95%. Furthermore, our study presents simulated
results utilizing real-world frequency data, which reveal the transformative potential of the latter
control method. By enhancing the availability of battery energy storage systems, this innovative
approach promises not only higher revenues for the asset owner but also assists the system operator
in managing frequency.

Keywords: energy storage system; dynamic regulation; energy management; frequency response;
dynamic control

1. Introduction

The increase in the integration level of variable renewable energy resources (RES),
such as wind and solar, into the power grid in the form of distributed generation (DG) has
driven global efforts to reduce greenhouse gas emissions [1,2]. These resources are con-
sidered as variable, independent, and intermittent by nature and can contribute to power
quality, stability, and reliability issues [3,4]. To mitigate these problems, excess energy
can be stored when generation exceeds demand and then this stored energy can be used
when demand exceeds supply such as at peak times [5]. Grid-connected Energy Storage
Systems (ESSs) are widely regarded as an enabler for RES [6-8]. The stored energy can be
used to improve power quality as well as to achieve better grid performance. In addition,
energy storage can be used to mitigate energy security issues that result from intermittent
renewable power. This will lead to a better contribution in the prediction response of such
resources, while, at the same time, providing additional flexibility in the energy system [9].
Integration of ESSs with the grid will enable the large-scale expansion of RES and lead
to a faster transition to a low-carbon future energy system [10,11]. ESSs can be realized

Energies 2023, 16, 7686. https:/ /doi.org/10.3390/en16237686

https:/ /www.mdpi.com/journal/energies



Energies 2023, 16, 7686

2 of 21

using different technologies, which include battery, flywheel, pumped-storage hydropower,
supercapacitor, compressed air, hydrogen, and thermal (including molten salt). There are
many features of ESSs that relate to its electrical capacity, efficiency, charge/discharge be-
haviour, lifetime, cost, and environmental /location issues. Some of these characteristics are
intimately related to each other [1]. The operational capabilities of ESS types are, therefore,
significantly different, with some being suitable to mitigate annual fluctuations, while
others could be ideally used for very short peak power requirements [10,12,13]. Pumped
hydroelectric storage (PHS) is considered the most widely deployed energy storage tech-
nology to date; however, this type of ESS is constrained by geographical limitations [14].
In [15], battery energy storage systems (BESSs) have been successfully demonstrated in grid
applications to provide power-balancing services. BESSs are considered favorable because
they have several advantages, which include high energy efficiency, good energy density,
variable charging/discharging rates, faster response time compared to conventional energy
generation sources, low self-discharge rates, and low maintenance [16]. One commonly
quoted use for a BESS is to provide ancillary services that are used to balance demand and
supply; these include fast frequency response services, voltage support, and peak power
lopping [17]. In addition, in recent years, the cost of battery cells has declined, and this has
led to increased profitability of BESSs for large-scale grid applications [18]. In Great Britain
(GB), in order to maintain frequency very close to 50 Hz, the National Grid Electricity Sys-
tem Operator (NGESO)—the primary electricity system network operator—has introduced
various frequency response services to provide a real-time response to deviations in the
grid frequency, and they include Enhanced Frequency Response (EFR), Dynamic Firm
Frequency Response (DFR) and Static Firm Frequency Response (SFR), and new frequency
response services, which include Dynamic Contaminant (DC), Dynamic Regulation (DR),
and Dynamic Moderation (DM) [19-21]. In this paper, one of the new frequency response
services, DR, which contains two service conditions, Dynamic Regulation High-Frequency
Response (DR-HF) and Dynamic Regulation Low-Frequency Response (DR-LF), has been
modeled in MATLAB/Simulink using a generalized ESS and simulated against a real-
world frequency data set obtained from NGESO [22]. The paper investigates whether the
allowable limits, as defined by NGESO, for the delivery parameters of the service could be
exploited to manage the state of charge (SOC) of the BESS using a dynamic control strategy
to achieve higher availability. This control offers either a fast or slow response to changes
in frequency to minimize energy throughput. The service error calculation for contracted
delivery is presented and used to demonstrate increased revenue through dynamic control.
Two scenarios are investigated for comparison. The first scenario (S1) is a base case, where
a stacked DR-HF and DR-LF service has been delivered without implementing the dynamic
control. For the second scenario (52), both services have been delivered using the dynamic
control to assist with SOC management. To conclude, a sensitivity analysis is carried out
to assess a stacked DR-HF and DR-LF service in terms of energy throughput, availability,
penalty payment, and number of equivalent full cycles (EFCs).

2. Dynamic Regulation (DR)

DR is considered a pre-fault service that is designed to slowly correct continuous but
small deviations in frequency. The DR contains two service conditions: Dynamic Regulation
High-Frequency Response (DR-HF) and Dynamic Regulation Low-Frequency Response
(DR-LF). The aim of such a service is to continually regulate frequency around the target
of 50 Hz. In order to comply with the NGESO specifications, as shown in Table 1, an ESS
must continually respond to the grid frequency deviation through increased or decreased
import/export power. In this service, the deadband (DB) is considered as the area that is
limited by frequency band 4-0.015 Hz. For both DR-LF and DR-HF, there is no requirement
to import/export power in the DB, but there is also no opportunity to charge/discharge
the ESS to manage its SOC. From the edge of the DB to —0.2 Hz for DR-LF or +0.2 Hz
for DR-HF, the DR power demand (Ppg) increases linearly to 100% of the contracted
quantity. According to NGESO specifications, actual BESS power (Pggss) needs to start
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responding to changes in Ppr within 2 s and must deliver the full Ppg no later than 10's [23].
DR Service Specification

Table 1. Service specification of DR service model [23].

Parameter Values Unites
Deadband (delivery %) +0.015 Hz
Delivery range +0.015 to +0.2 Hz

Initial linear range 40.015 to 0.2 (100% at £0.2) Hz

(delivery %)

Full delivery point +0.2 Hz
Max time to full delivery 10 s
Ramp time 8 s
Max ramp start 2 s
Delivery duration 1 h

Figure 1 illustrates a high-level block diagram of the DR model (DR-LF, DR-HF, or
both services) as used in MATLAB/Simulink. The first block represents the real-time grid
frequency (f) with a unit (Hz) that changes second by second and has been obtained from
the national grid (NG) [22]. The grid frequency is input into the second block, called a
service power calculation block, that calculates Ppg for the required frequency response
service (DR-LF or DR-HF) or both services. The calculation of Ppg is demonstrated in
Table 2, where the required Ppr envelope is calculated as a function of the desired limits
according to NG specifications. The obtained Ppr is measured in watts (W) and then
converted to kilowatts (kW). It is also possible to convert the power unit to per unit (p.u),
where 40 MW is equal to 1 p.u.

Calculation of Ppepang based on

Fast/Slow response and SOC limits .
Manages power limits based on BESS model

3
Nee
2 ) g 4
( N ‘ BESS Controller
1 Dynamic Dynarmc. \
Regulation Control with
Power Por SOC
f(Hz) Por 5  Management Inverter
Calculation P Model*
Demand
BPog (MW)

\ ) / < y *includes efficiency of system

components

Figure 1. Block diagram of DR Service model.
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Table 2. Ppr and frequency setpoints and calculations in the control algorithm.

Freq. (Hz) Contracted Power (p.u) Ppr (p.w)
J=495 j=1 Ppr=j
K=4938 k=1 Ppg = k
- _ L—
L =49.985 =0 Por = [({f=5) x (k=1) +1]
M =50 m=20 PDR =0
Ppr =
N =50.015 n=0 O—
[({585) * (n=0)+0]
O=502 o= —1 PDR:O
P =505 p=-—1 Ppr =p

Table 2 and Figure 2 show the algorithm for the proposed model, which starts by
detecting the position of the measured frequency in relation to the zones bounded by
frequency values ’J" to "'P’, as shown in Table 2. The Ppg setpoint can be calculated using
the appropriate equation to give Ppg (o ) OF both services. According to NGESO [23],
Pppss must be delivered as per the service envelope specification as previously described;
if the power is delivered outside the agreed range, this will then cause a reduction in a
metric called the Service Performance Measurement (SPM), resulting in a reduced payment
for the contracted service. Contractual obligations require that power delivered to the grid
is recorded at 20 Hz and must be provided as evidence of this operation to NGESO for the
SPM to be calculated. In the DB, the required Ppg = 0.

:{ Start l

Measure Frequency

Delay
each 1sec

A

Pgess = Ppr

(Battery Import)

Pgess = Ppr

(Battery Export)

Figure 2. Implemented BESS power management strategy for DR service model.

The third block represents the dynamic control with SOC management, where the
three inputs are included; SOC, power calculations Ppg(iro pr) or for both services,
and APpg(Lror iF) OF for both services, while the output is the required Ppepand, which is
connected to the BESS block through the inverter, as illustrated in Figure 1. Figure 3 shows
the implementation of dynamic control of the DR service model.
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Measure Ppp at each
(sec)

!

Calculate AP pp at each sec

A 4

APpr = Ppg(t) — Ppr(t—1)

Ppemana = Fast Response Ppemana = Fast Response Ppemana = Slow Response

| Ppemana = Slow Response

Figure 3. Flow diagram of Dynamic Control Model.

As we can see from Figure 3, the algorithm starts to measure Ppg each second then
calculates the APpp; this is based on the desired SOC limitations. Thus, if APppg is equal
to zero then the current APpr will be equal to the previous APpr. Whereas, if APpg is
negative or positive and SOC is in between the agreed limits, then Ppe,,,4 Will equal to
the contracted power (Ppr). However, if SOC is greater than SOCpq, and APpg is less
than zero, then the slow response will be implemented, while, if APpg is greater than
zero, then the fast response will be implemented (and vice versa in the case where SOC is
less than SOC;,,).

The final blocks consist of an inverter and a battery energy storage model, both
controlled by a BESS controller. The input to this controller is the dynamic control output,
Ppemand- The BESS controller manages the power delivered by the BESS based on Pp,;414,
while adhering to any power and SOC limits. These SOC limits are defined as SOCj,,, = 5%
and SOCygp = 95%. Consequently, if the battery’s SOC reaches either the upper or lower
limit, it will cease importing or exporting power. The SOC of the BESS is calculated, as
described in [15], using the following equation:

fot PgEss dt

SOCend = S50Csqart + 3600.Q

)
where S0Cstart, Q and Pprss represent initial SOC, Watt-hour capacity, and instantaneous
PpEgs, respectively.

Also, in this block, the stored energy in the BESS has been calculated using a switch,
where the input is the Ppgye,4, which is the output power of the third block calculated,
multiplied by the charge/discharge efficiency. The calculation of Stored Energy in the BESS,
as in [19], is expressed in the following equations:

t
Ei—— / LAy @)
0 YD

t
Et = —A Pt.ﬂc.dt (3)
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where 11p, 11¢, Pr, and E; refer to the battery discharge efficiency, battery charge efficiency,
battery power for charging or discharging at a specific hour (t), and stored energy in the
battery at that hour (t). It is important to note that, if Pt > 0 is positive, indicating that
the system is exporting or discharging, Equation (2) can be used, whereas, if P; is negative,
indicating that the system is importing or charging, Equation (3) can be used.

2.1. DR-LF or DR-HF Service Envelope

Figures 4 and 5 show the relationship between Ppg and the frequency data for DR-LF
and DR-HF service, respectively. In these services, the assets must respond to low or
high-frequency events by exporting and importing power.

100% -— +Pmax

80%

60%

40%

Contracted Power (%)

20%

B= - 0.015Hz

0%

49.5 49.6 49.7 49.8 49.9 50 50.1
Frequency (Hz)

Figure 4. Power vs. frequency for DR-LF service.

0%

DB=+0.015Hz
-20%

-40%

-60%

Contracted Power (%)

-80%

—Prax

-100%

499 50 50.1 50.2 50.3 50.4 50.5
Frequency (Hz)

Figure 5. Power vs. frequency for DR-HF service.

2.2. DR-LF and DR-HF Service Envelope

Figure 6 illustrates the relationship between frequency data obtained from NG and
Ppr for stacked DR-LF and DR-HF. In this service, the assets must respond to both low-

and high-frequency events by exporting and importing power. The parameters used in the
DR model are shown in Table 3.
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100% +Pnax

80%

60%

40%

20% DB
0%

49.5 49.6 49.7 49.8 49.9
-20%

Contracted Power (%)

-40% |

-60% |

-80% |

-100%

50

0.015Hz

l

—Prax

50.2 50.3 50.4 50.

s—

Frequency (Hz)

Figure 6. Power vs. frequency for DR-HF and DR-LF service.

Table 3. DR model parameters.

Parameters Values

Nominal Grid Frequency 50 Hz

DeadBand (DB) +0.015 Hz
Battery initial (SOCjy;r) 50%

Battery charge/discharge efficiency 97% [24,25]
Inverter efficiency 97% [24,25]
Battery Power/Energy 40 MW /40 MWh
Dynamic control SOC setpoints 40-45%

(SOCj & Sochigh)

2.3. Simulation Results of DR-HF Service Model

Figure 7 depicts the simulation results of a BESS delivering Demand Response with
DR-HE contracted for 40 MW, for the first 18 h of January 2019. The plots include data for
frequency, Ppepand, Peess, and SOC. The blue dashed lines on the frequency plot represent
the DB (£0.015 Hz). The Ppeyq4 and Pprgs are represented by orange and violet colors,

respectively.

Frequency Vs Time
T T

o
8

Frequency (Hz)
g
5
|

»
&

o
N
IS
>
©
5
N

P, Vs Time

Demand

N o

:

Power (kW)

A

T
I
[ 2

Pgess Vs Time

10*
T T T T T T T
1 1 . L 1 L 1 §
4 6 8 10 12 14 16 18

x10*
P T T T T T T T T
) AL VTV Ty
52 V 8
E
3
Q. 4 L 1 L L L 1 1 L |
0 2 4 6 8 10 12 14 16 18
Battery SOC SOC high=95%
1 B e e e
s
o Sof B
? SOC low=5%
B o R O oo oy
0 2 4 6 8 10 12 14 16 18
Time (hours)

Figure 7. Simulation results of DR-HF service for the first 18 h on January 2019 (40 MW /40 MWh

ESS).
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In this section, SOCgt,4y+ has been set to 5%, and the SOC limits for the BESS are indicated
on the SOC plot by purple dashed lines: SOCy;g), = 95% and SOCjyy, = 5%. It is evident that
SOChgn, is not breached in the simulation. If the BESS reaches the upper limit, as it does at
14.7 h, then the system can only export power, and Ppgss will be set to zero.

2.4. Simulation Results of DR-LF Service Model

Figure 8 presents the simulation results of a BESS delivering DR-LF, contracted for
40 MW, for the first 9 h on January 2019 for frequency, Ppepand, Peess, and SOC. The
plots include data for frequency, Ppeand, Pess, and SOC. The purple dashed lines on the
frequency plot represent the DB (£0.015 Hz). The Pp,y,,,g and Pppsg are represented by
orange and blue colors, respectively.

Frequency Vs Time
T T

Frequency (Hz)
&
- 8
EIE

&
&
@

10 Pbemana Vs Time

F o Mo A

Power(kW)
A on s

I I I I I I I I El
0 1 2 3 4 5 6 7 8 9
L 10% PBESS Vs Time

IV T NPV R

Power(kW)

£ L L L L L L L L E|
0 1 2 3 4 5 6 7 8 9

Battery SOC SOCmqh:%"/o
W T

0 1 2 3 4 5 6 7 8 9
Time (hours)

Figure 8. Simulation Results of DR-LF Service for first 9 h on January 2019 (40 MW /40 MWh ESS).

In this section, the SOCg4+ has been set to 95%, and SOC limits for the BESS are
indicated on the SOC plot by pink dashed lines and set as the same values as in DR-HF; it
is clear that SOC;,,, is not breached in the simulation. If the BESS reaches this limit, as it
does at 7.4 h, then the system can only import power and Pgggs will be set to zero.

2.5. Simulation Results of Both DR-HF and DR-LF Services

Figure 9 presents the simulation results of a BESS delivering DR-HF and DR-LF,
contracted for 40 MW, for the first 3 days of January 2019 for frequency, Pp.yand, PBESS,
and SOC. The blue dashed lines on the frequency plot represent the DB (£0.015 Hz). The
Ppemand and Ppgss are represented by red and blue colors, respectively.

Frequency Vs Time
T T

@
S
[

Frequency (Hz)
8
> &

L
30
P, Vs Time
T

L

Demand

Power(kW)

L A L
40 50 60 70
T T T
L L L L ﬂ
30 40 50 60 70
P, Vs Time
T

s
I b

0 10 20 30 40 50 60 70
Battery SOC SOC,,,,.=95
T T T T T

Power(kW)
AN own s

0 10 20 30 40 50 60 70
Time (hours)

Figure 9. Simulation results of DR-HF and DR-LF Services for the first 3 days of January 2019
(40 MW /40 MWh BESS).
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In this section, SOCg,y¢ has been set to 50%, and the SOC limits for the BESS are
indicated on the SOC plot by grey dashed lines: SOCy;g), = 95% and SOCjgyy = 5%. It can be
seen that Pp,;.,4 and Pppgs are changing proportionally with change in the frequency data
that are obtained from NG [22] second by second, and the deadband (DB) is shown with
the limits (£0.015 Hz); in this area, there is no opportunity for BESS to manage SOC, which
means power is equal to zero. Also, it shows both SOCy;g, and SOCjy, are not breached
in the simulation. If the BESS reaches a higher limit, as is shown in this figure, then the
system can only export power and BESS will be set to zero, whereas, if the BESS reaches
the lower limit, as it does in this figure, then the system can only import power and Ppgss
will be set to zero.

2.6. Dynamic Control of DR-LF or DR-HF

The objective of implementing the dynamic control is that there is an opportunity
to exploit the speed of the control response to assist with SOC management as there is
no opportunity in the DB. In this section, we consider the ESS delivering either DR-LF or
DR-HF and do not consider the case of delivering both in a stacked bid [23]. The strategy in
this work is to minimize the energy throughput for either service by responding quickly to
decreases in Ppr and slowly to increases in Ppg, the sign of which depends on the service
being delivered. The fast response will use a 100% p.u./s ramp rate for Ppey,4, resulting
in the power being delivered within 1 s. The slow response follows the slower limits of
the service specification, in that Ppg must be delivered no later than 10 s, with a minimum
delay period of 2 s. This is implemented using a fixed control delay of 2 s and a ramp rate
of 12.5% p.u./s.

2.6.1. Dynamic Control of DR-HF

For DR-HF delivery, the SOCg,+ will be set at the lower limit (SOCy,, = 5%). The fast
response will be delivered if the change in DR-HF power APpg_ ) > 0, whereas the slow
response is implemented if APpr_pr) < 0.

Figure 10 shows the simulation results of DR-HF for both fast and slow responses by
using an illustrative example input which represents P(pr_yr). It can be seen that, when
P(pr—pr) increases (AP(pr_pr) < 0), then the slow control response is applied, whereas,
when (APpr_pr) > 0), then a fast response is used. In this methodology for DR-HF,
the control is switching between ramp rates and uses the maximum allowable delay to
minimize the charging power.

p
Dela%=25ec Demand
PDRVHF
30 AP - wr change sign 1<~ 10sec>!
from (-) to (+)
-35 ;
0 10 20 30 40 50 60
Time (sec)

Figure 10. Simulation results of DR-HF with Dynamic Control using test inputs.
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2.6.2. Dynamic Control of DR-LF

For DR-LF, the SOCsgy+ will be set at a higher limit ( SOChigh =95%). The fast response
will be delivered if the change in DR-LF power AP(pr_ ) < 0, whereas a slow response
could be implemented if AP(pg_pF) > 0.

Figure 11 illustrates the simulation results of DR-LF for both fast and slow responses
again by using an illustrative example that represents P(pr_; ). It can be seen that, when
P(pr-rr) increases (APpr_rr) > 0), a slow control response is applied; when (AP(pr_ )
< 0), then the fast response is used. For DR-LF, this means that the discharging power is
minimized. The result is that, for both DR-HF and DR-LF, the energy throughput is minimized
over the service delivery with the aim of extending the time before the SOC limits are reached.

x10*
4 P ' ' ' ' 10sec »

Demand

35 Por-LF

AP Lr change sign

frﬁm (+)to (-)

Delay=2sec *

Delay=2sec

[ Delay=2sec

0 5 10 15 20 25 30 3 40 45 50
Time (sec)

Figure 11. Simulation results of DR-LF with Dynamic Control using test inputs.

2.7. BESS Auvailability

In this work, the availability of the BESS is defined as the percentage of time that it can
deliver Ppgyand; it is considered unavailable when the SOC is at its limit and, therefore, unable
to deliver Ppep0,4. The availability of BESS can be calculated using Equation (4) [26]:

(Non — available BESS time)

Availability = (1 —
vailability = ( (Total simulation time)

) x 100 @)

In the results, ‘avg. Awvailability’ is presented; this is the average value of the BESS
Availability for each month and includes the BESS being available when the Ppgy,,4 = 0.

2.8. Number of Equivalent Full Cycles (EFCs)

In this paper, a method is used to calculate the number of Equivalent Full Cycles (EFCs)
required to deliver a service over a time period. This is particularly important for a BESS,
as the system will degrade (reduced capacity, for example) with increased cycles; Ref. [27]
states that, in commercial documents such as warranties, an EFC is calculated using energy
throughput, as shown in Equation (5):

Totalof Exportand Import Energyof ESS
EFCs = -
Total Energy throughput by Capacity

©)

2.9. Penalty Payment

To define load profiles through the day, there are six Electricity Forward Agreement
(EFA) blocks in 24 h, and each EFA block represents 4 h of the day [28]. These are the
minimum units of time an ESS can bid to deliver a service. Each half-hour period of the day
is referred to as the Settlement Period (SP) and is used as a time unit for the purposes of
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energy trading and balancing. To calculate the penalty payment for the service, we need to
define the upper and lower bounds of the service. Based on the scenarios presented in this
paper, these correlate with the fast (Ppr (UPW)) and slow (Ppgr (Zow)) control response. If the
PgEss is on or between these bounds, then the error is calculated as zero. However, if Pgggg
is outside of these bounds, then the error can be calculated by taking the difference between
Pprss and the upper or lower bounds [22,29]. The error e, for one-time measurement and
metered response (Pprsg) can be calculated using Equation (6) and implemented as shown
in Figure 12.

PDR 1yuer) — PBESS PBESS < PDR 1y150r)
em = 0 PDR(Iuwer) < PBESS S PDR(“PP”) (6)
Ppess — Ppr Ppess > Ppr,

Measure Pgggs at
each (sec)

upper) upper)

Ppr 1ower < PpEss && Pppss < Ppryyyper

Delay
each (sec)

H——{ em = Pprower — PBEss

| ém= PgEss - Ppr ypper

Figure 12. Implemented error calculation (e;;) for DR service model.

The scaled error (es;;) for one measurement is given by
e
oSy = ——— @)
Peontract

where ¢, is the calculated error and Peontract is the contracted quantity that the provider is
contracted to deliver; in this work, the example is 40 MW. For each settlement period (SP),
the performance score can be calculated using

E — max (rolling_mean esm) ®)

m over 2 seconds

and the factor for each SP can be calculated as shown in Equation (9):

E<A
— E-A
0 E>B

where A = 0.03 and B = 0.07. For each contracted EFA block, the K, factor can be calculated
as shown in Equation (10):
K, = minK; (10)
]

The payment adjustment (K, factor) curve is shown in Figure 13.
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Figure 13. The payment adjustment (K, factor) curve.

2.10. Dynamic Control of DR-LF and DR-HF

In this section, BESS has been procured for staking DR-LF and DR-HF services.

The SOCst4t is set at 50%, and fast and slow responses are delivered based on the dy-
namic control SOCpjgner & SOC)oyper setpoints. Therefore, four steps are taken into account:

1.

For DR-LF delivery, the slow response will be delivered if (APpg,, > 0)
&& (APpr e 0) && (SOC < SOCjyyper), Whereas the fast response is implemented if
(APDR(H) < 0) && (APDR“) < 0) && (SOC < SOCjyyer), and the results are shown
in Figure 10. Figure 10 illustrates the simulation results of DR-LF for both fast and slow
responses again by using an illustrative example, which represents P(pr_pr) when
(SOC < SOCjpyer)- It can be seen that, when P(pg_pf) increases (PDR_LFWI) > 0) &&
(APDR_me > (), a slow control response is applied; when (PDR_LP(H) < 0) &&
(APpr_1. Fy < 0), then the fast response is used. For DR-LF, this means that the discharging
power is minimized,;

For DR-HF delivery, the slow response will be delivered if (APpgr ey >0
&& (APDRm > 0) && (SOC < SOCjgyper), Whereas the fast response is implemented if
(APDR(t—l) <0) && (APDRM < 0) && (SOC < SOCjyyer), and the results are shown in
Figure 14.

Figure 14 presents the simulation results of DR-HF for both fast and slow responses by us-
ing an illustrative example input which represents the Ppr_ yr) when SOC < SOCjyzper-
It can be noticed that, when Ppgr_pr) decreases, which means (Ppr- HFy_y) > 0)
&& (APpgr_ HE#) > 0), a slow control response is applied, while, when (Ppr_ HF_y,
< 0) and (APpr_ HFy < 0), then the fast control response is applied. The aim of
this methodology for DR-HF control is switching between ramp rates and using the
maximum allowable delay to minimize the discharging power when SOC < SOCjyyer;
For DR-HF delivery, the slow response will be delivered if (APDR(H) < 0) &&
(APDR“) < 0) && (SOC > SOCy;igner), whereas the fast response is implemented if
(APDR(H) > 0) && (APDR“) > 0) && (SOC > SOCyigper), and the results are shown
in Figure 11. Figure 11 shows the simulation results of DR-HF for both fast and
slow responses by using an illustrative example input, which represents Ppg ).
It can be seen that, when Ppgr_gr) increases (APpr_gr) < 0), then the slow control
response is applied, whereas, when (APpr_pgr) > 0), then a fast response is used.
In this methodology, the target of the dynamic control for DR-HF is to be used to
minimize the charging power when SOC > SOChigher;

For DR-LF delivery, the slow response will be delivered if (APpR,, ,, < 0) &&
(APDR(” < 0) && (SOC > SOCy;igner), whereas the fast response is implemented if
(APDR(H) >0) && (APDR(t) > 0) && (SOC > Sochigher)/ and the results are shown in
Figure 15.
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Figure 15 illustrates the simulation results of DR-LF for both fast and slow responses by
using an illustrative example input, which represents Pipr-rF) when SOC> SOCpgper-
It is clear that, when P(pr_rp) increases (APpr_gr) > 0), then the fast control re-
sponse is implemented, whereas, when (APpr_rr) < 0), then a slow response is used.
The aim of this methodology is to exploit the dynamic control for DR-HF to minimize
the charging power when SOC > SOCpgper-

4
0 10 T T T T
T PDR—HF
p
L Demand
0.5 Delay=2sec
17 [
|
|
|
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Figure 14. Simulation results of DR-HF with Dynamic Control (SOC < SOCj,y,r) using test inputs.
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Figure 15. Simulation results of DR-LF with Dynamic Control (SOC > Sochigher) using test inputs.

2.11. Analysis of the Availability of BESS Used to Deliver DR-LF and DR-HF Services Based on
Grouped Dynamic Control SOC Setpoints

In this section, BESS availability has been calculated using Equation (4) in Section 2.7
and based on grouped dynamic control SOC setpoints (SOCpjgper) and (SOCjoyer), in order
to select the optimum range of dynamic control SOC setpoints which will have high average
availability. The SOCjyy,, grouped as (10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%),
while SOChighgr grouped as (45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%), and the
results are shown in Table 4 and Figure 16.
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Table 4. Simulation results of average availability of BESS used to deliver DR-HF and DR-LF services

based on a group of dynamic control SOC setpoints for the first 6 EFA blocks for November 2019

frequency data.

Soclower(%)
10 15 20 25 30 35 40 45 50
90 89.3809 89.4055 89.4310 89.4672 89.5051 89.5385 89.5595 89.5104 §89.4488
85 89.4645 89.4891 89.5139 89.5506 89.5886 89.6213 89.6340 89.5894 89.5467
80 89.5540 89.5785 89.6033 89.6419 89.6799 89.7126 89.7218 89.6599 89.6129
9 75 89.5954 89.6192 89.6439 89.6816 89.7198 89.7527 89.7660 89.7096 89.6643
% 70 89.6889 89.7127 89.7381 89.7759 89.8138 89.8471 89.8561 89.7783 89.7163
g 65 89.7163 89.7400 89.7647 89.8039 89.8430 89.8751 89.8886 89.8072 89.7469
b 60 89.7472 89.7711 89.7965 89.8342 89.8722 89.9050 89.9159 89.8374 89.7955
55 89.9423 89.9626 89.9882 90.0252 90.0638 90.0963 90.0764 89.9693 89.9060
50 90.2584 90.2813 90.3090 90.3458 90.3913 90.4154 90.4177 90.0893 90.0007
45 90.3262 90.3499 90.3775 90.4144 90.4607 90.4848 90.4879 90.1967 90.1967
4804
H903
90.2
90.6 ~
80.1
90.4 ~|
& 90.2 [0
£ g
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é‘ 89.6 BO.8
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Figure 16. Simulation results of BESS used to deliver DR-HF and DR-LF with dynamic control for
the first 6 EFA blocks for December 2019 frequency data (Avg. availability vs. Dynamic Control

SOC setpoint).

From Table 4 and Figure 16, it is clear that, from 10-40% SOCj,,, range and at all
ranges of SOCjjgpr, the average availability increases by the increase in SOCjgy,, and with
the decrease in SOCy;gper, and vice versa. The highest value of average availability was
at 45% SOChjgher and 40% SOCigqer, With a value equaling ~ 90.49%. However, when
SOCiower > 40% at all ranges of SOCy;gpr, the average availability was decreased gradually
compared to SOCj,y,.r Wwhen it was equal to 40%. Therefore, the suitable range of dynamic
control SOC setpoint is 40%SOCyer—45% SOChigner-
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2.12. Analysis of the EFCs of BESS Used to Deliver DR-LF and DR-HF Services Based on a
Grouped Dynamic Control SOC Setpoints

In this section, the number of cycles has been obtained from the EFCs counting
method using Equation (5) and based on grouped dynamic control SOC setpoints, which
are demonstrated in Section 2.11, and the results are shown in Table 5 and Figure 17.

Table 5. The number of cycles obtained from the EFCs counting method based on grouped dynamic
control SOC setpoint using BESS used to deliver DR-LF and DR-HF services with implementing
dynamic control for the first 6 EFA blocks for November 2019 frequency data.

SOCipwer(%)
10 15 20 25 30 35 40 45 50
90 20559 2.0546 2.0524 2.0493 2.0489 2.0469 2.0454 2.0396 2.0356
85 20559 20546 20524 2.0493 20489 2.0469 2.0453 2.0396 2.0357
80 20559 20546 20525 2.0494 20489 20471 2.0453 20396 2.0357
~ 75 20557 20544 20522 2.0492 20487 2.0468 2.0452 2.0394 2.0355
ig 70 20557 20544 20522 2.0491 20487 2.0468 20451 2.0394 2.0355
QE" 65 20557 20544 20522 2.0491 20487 20468 20451 2.0394 2.0355
2 60 20551 20537 20516 2.0485 20481 2.0462 2.0445 2.0387 2.0348
55 2054 20533 20511 20480 2.0476 2.0457 2.0440 2.0383 2.0344
50 20526 20515 20502 2.0478 20477 20459 20444 2.0387 2.0348
45 20523 20512 20498 20475 2.0474 20456 2.0439 2.0383 2.0383
B
206

EFCs (cycles)

2045

=

soc (%) a5 20

a0 4y B 80C, (%)

lower

higher

Figure 17. The obtained number of cycles from EFCs for BESS used to deliver DR-HF and DR-LF
with Dynamic Control, based on grouped dynamic control SOC setpoint for the first 6 EFA blocks for
November 2019 frequency data.

From Table 5 and Figure 17, it can be seen that the number of equivalent full cycles is de-
creased with the increase in SOCjyy,, and decrease in SOCy;gper, and vice versa. The highest
number of full cycles was at SOCigyer = 10% and SOCpjgper = 80%, 85%, and 90%, whereas
the lowest number of full cycles was at SOCjgye, = 50% and SOCygper = 50%. However,
based on the results that are obtained from Section 2.11, the availability of BESS in this
region was lower compared to the region, which is SOCjgqer = 40% and SOChjgher = 45%.
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When it comes to the revenue, the higher availability is more important than the higher
number of full cycles for example; if we have BESS (Li-ion) with a capacity of 40 MWh,
a total number of cycles (10,000 cycles), and Purchase Cost (£200/kWh), this value includes
the other costs such as battery inverter (£/kW), electrical balancing of the system (BOS)
(E/kW), structural balancing of the system (BOS) (£/kW), amd operation and maintenance
(O & M) (E/kW-yr). The BESS cost per cycle can be calculated using

Cost of BESS (£/MWh)

Number of cycles (cycle)

_ £200/kWh x 40 MWh  £8,000,000
o 10,000 cycle 10,000 cycle

= £800/cycle

Cost per cycle = (11)

As we discussed above, the highest number of cycles for the first 6 EFA blocks for
November 2019 required 2.0559 cycles; therefore, the cost per cycle/day = £800/cycle x
2.0559 cycle = £1644.72. In case of availability, we assume that the capacity of BESS is still
the same as in the above example, and it is used to deliver DR-HF and DR-LF services
for the first 6 EFA blocks for November 2019; the DR service price for the year 2022 is
£19.37/MW [30], so revenue can be calculated using

Revenue = Contracted Volume(MW) x Service
Price(£/MW /Hour) x 24 Hours x Daysof month (12)

Revenue = 40 MW x (£19.37/MW) /Hour x 24 Hours x 1
= £18,595.2

Therefore, based on the obtained results, we can decide that the highest Avg.availability
is more important than the highest number of cycles, so the range, which is
SOCigwer=40% and SOCpjgper=45%, is considered in this paper when it comes to calculating
Avg.availability, number of cycles, and penalty payment.

2.13. Analysis of BESS Used to Deliver DR-LF & DR-HF Services

In this section, each service has been procured for six EFA blocks, and each two EFA
blocks have been simulated back-to-back together. Two scenarios have been applied to
examine the stacking of both services (DR-LF and DR-HF):

*  (S1)—The base case that uses a fixed delay (2 s) and maximum ramp rate;
*  (52)—Using dynamic control, as previously described.

Each pair of EFA blocks has been simulated in MATLAB and, to illustrate the differ-
ences between the two scenarios, the SOCg,y¢ for the stacking of DR-LF and DR-HF are set
to different values (30%, 50%, 70%), and the dynamic control setpoints of the SOC are set to
(SOChigner = 45%) and (SOCjyqer = 40%). The results are shown in Tables 6-8 and Figure 18.
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Table 6. Simulation results of DR-HF and DR-LF services with the two different scenarios for the first
6 EFA blocks for December 2019 frequency data, SOCstgyt = 50%.

Total

Total

Number of S(s)(g: Emt & Import Export Av;r,];iﬁ:/ail- EFC Kj for Bach o o S .
Blocks © /0;“‘1 Energy Energy %) y S EFA Block e ractor cenartos
(MWh) (MWh)
Block1 50-27.77 —11.63 18.67 100 0.379 0 1 S1
50-29.06 —-11.32 18.17 100 0.373 0 1 S2
Block2 27.77-5.46 —8.93 16.30 99.58 0.315 0 1 S1
29.06-5.48 —8.87 16.47 99.72 0.334 0 1 52
Block3 50-49.18 —11.58 10.56 100 0.277 0 1 S1
50-49.86 —11.22 10.29 100 0.269 0 1 S2
Block4 49.18-70.85 —21.42 10.83 100 0.403 0 1 S1
49.87-68.73 —19.78 10.78 100 0.382 0 1 S2
Block5 50-53.63 —16.97 13.66 100 0.383 0 1 S1
50-54.67 —15.71 13.59 100 0.366 0 1 S2
Blocké6 53.62-57.55 —19.34 15.66 100 0.438 0 1 S1
54.6-54.85 —18.25 15.57 100 0.423 0 1 S2
Table 7. Simulation results of DR-HF and DR-LF services with the two different scenarios for the
first 6 EFA blocks for December 2019 frequency data, SOCsart = 30%.
Number of Sgg(s:tart - I;l;lo;(a)lrt EE:;L Avfl;iﬁvail- EFCs Kj for Each K. Factor Scenarios
Blocks © /0‘)’“‘1 Energy Energy © /O)ty EFA Block €
(MWh) (MWh)
Block1 30-15.60 —11.63 15.72 98.90 0.342 0 1 S1
30-15.58 —11.59 15.69 99.14 0.341 0 1 S2
Block2 15.61-5.46 —8.93 11.73 95.89 0.258 0 1 S1
15.58-5.48 —8.88 11.67 96.78 0.257 0 1 S2
Block3 30-29.18 —11.58 10.56 100 0.277 0 1 S1
30-31.76 —11.51 9.59 100 0.264 0 1 S2
Block4 29.19-50.85 —21.42 10.83 100 0.403 0 1 S1
31.77-53.27 —21.31 10.77 100 0.388 0 1 S2
Block5 30-33.63 -16.97 13.66 100 0.383 0 1 S1
30-34.31 —16.41 13.30 100 0.371 0 1 S2
Block6 33.62-37.55 —19.34 15.66 100 0.4375 0 1 S1
34.31-39.16 —18.99 15.12 100 0.426 0 1 52
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Table 8. Simulation results of DR-HF and DR-LF services with the two different scenarios for the first
6 EFA blocks for December 2019 frequency data, SOCstgyt = 70%.

Number of S(s)g Emt & Irio;zlrt Erl;((])::it Avag];iﬁ:ail- EFC Kj for Each K. Fact S .
Blocks (%;nd Energy Energy (%) Y s EFA Block e ractor cenarios
(MWh) (MWh)

Block1 70-47.77 —11.63 18.67 100 0.379 0 1 S1

70-44.52 —11.04 18.59 100 0.370 0 1 S2

Block2 47.78-18.64 —8.93 18.87 100 0.348 0 1 S1

44.53-19.04 —8.55 18.47 100 0.338 0 1 S2

Block3 70-69.18 —11.58 10.56 100 0.277 0 1 S1

70-67.70 —10.52 10.49 100 0.263 0 1 S2

Block4 69.19-85.13 —18.99 10.83 98.69 0.373 0 1 S1

67.71-84.76 —19.76 10.78 99.97 0.382 0 1 S2

Block5 70-69.38 —15.17 13.66 97.29 0.360 0 1 S1

70-69.53 —15.12 13.59 98.90 0.359 0 1 S2

Block6 69.37-73.30 —-19.34 15.66 96.01 0.438 0 1 S1

70-47.77 —18.25 15.57 97.95 0.423 0 1 S2

Figure 18 and Tables 68 present the simulation results that are obtained by implement-
ing both DR-LF and DR-HF services for the first six EFA blocks in Dec-2019, based on the
two different scenarios (S1&S2). From all these tables, it can be noticed that, in all scenarios,
the penalty payment has not occurred at any EFA blocks because the K, factor is equal to 1,
which means that the providers can receive a full payment. In addition to that, the obtained
results that are shown in the EFA odd blocks (1, 3, and 5) for all different SOCs;,y+ illustrate
that, at S2, the total export/import energy is minimized over the time compared to S1,
and this led to a decrease in the total number of cycles that are obtained from EFCs; the
main reason behind this is that the implemented dynamic control has allowed more time
for BESS to be charged or discharged. Moreover, from Table 6, the results show that, in all
EFA odd blocks when the SOCst4rt =50%, in both scenarios (51&S2), the average availability
of BESS is 100%, whereas, at the same EFA blocks and for SOCsart = 30%, the average
availability for BESS reaches 100% for the EFA blocks 3 and 5. However, for EFA block
1 at 51, it is almost 98.90%, and, for S2, it was increased to approximately 99.14%. When
SOCstgrt = 70%, the battery reached 100% average availability for both scenarios at EFA
blocks (1 and 3), but, for block 5 at (S1), it was ~97.29%, and it increased to almost 98.90%
for S2.

In the EFA even blocks (2, 4, and 6) for SOCssrt = 50%, the average availability of
BESS reached 100%, except for block 2 (with 99.58% for S1), and it increased to ~99.72.
However, for SOCstart = 30%, the average availability reached 100% for both S1 and S2
for EFA blocks (4 and 6), but, for block 2, it equates to 95.89% for S1, and it increased to
approximately 96.78%. For SOCgyart = 70%, BESS reached 100% average availability at only
EFA block 2, and the main reason why BESS did not reach 100% average availability for
the first and second EFA blocks, although a dynamic control had been applied, is that the
battery reached SOCjyyer = 5%, which made it unavailable for a certain time.
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Figure 18. Simulation results for battery SOC for different scenarios (S1 and S2) for the first six EFA
blocks of December 2019 frequency data, SOCstar¢ = 50%.

3. Conclusions

The analysis of Battery Energy Storage Systems for delivering both DR-LF and DR-HF
services has provided valuable insights into the dynamic control strategies and performance
metrics of these systems. The study explored various scenarios, including fixed delay (S1)
and dynamic control (52) for SOC management. The findings reveal that the dynamic con-
trol strategy (S2) significantly improved the overall performance of BESS by minimizing the
total import/export energy and the number of equivalent full cycles (EFCs). This reduction
in energy throughput and EFCs indicates the potential for extending the operational life
and reliability of the BESS, while still meeting the service demands effectively.

Furthermore, the analysis emphasized the importance of BESS availability, where a
higher average availability of the system was considered more crucial than achieving a
higher number of cycles. This is particularly relevant when considering the economics of
BESS deployment and the associated cost per cycle. Overall, the study underscores the
significance of dynamic control strategies in optimizing BESS performance for DR-LF and
DR-HEF services. These insights can be beneficial for decision-makers and stakeholders in
the energy sector seeking to implement efficient and cost-effective energy storage solutions
while enhancing grid stability and reliability.
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