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Enhanced Frequency Response From Industrial
Heating Loads for Electric Power Systems

Yue Zhou

Abstract—Increasing penetration of renewable genera-
tion results in lower inertia of electric power systems.
To maintain the system frequency, system operators have
been designing innovative frequency response products.
Enhanced frequency response (EFR) newly introduced in
the UK is an example with higher technical requirements
and customized specifications for assets with energy stor-
age capability. In this paper, a method was proposed to esti-
mate the EFR capacity of a population of industrial heating
loads, bitumen tanks, and a decentralized control scheme
was devised to enable them to deliver EFR. Case study was
conducted using real UK frequency data and practical tank
parameters. Results showed that bitumen tanks delivered
high-quality service when providing service-1-type EFR, but
underperformed for service-2-type EFR with much narrower
deadband. Bitumen tanks performed well in both high- and
low-frequency scenarios, and had better performance with
significantly larger numbers of tanks or in months with
higher power system inertia.

Index Terms—Bitumen tanks, decentralized control, en-
hanced frequency response (EFR), industrial heating loads.

|. INTRODUCTION

REQUENCY is an indicator of the real-time balance be-
F tween supply and demand of an electric power system,
and is also an important aspect of power quality that affects the
power usage of all the customers. In the process of low-carbon
transition due to environmental concerns, many countries have
been witnessing increasing penetration of renewable generation
and decreasing capacity of conventional synchronous genera-
tors in their generation mix. This fact results in lower power
system inertia, and hence makes it even difficult to maintain the
system frequency within the required range.

As a result, power system operators in many countries have
been investigating innovative frequency response products. For
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example, the Italian transmission system operator (TSO) trialed
frequency containment reserve and synthetic rotational iner-
tia to obtain fast acting response proportional to the frequency
deviation and the rate of change of frequency (ROCOF) [1].
PIM in the US designed Regulation D (RegD) product for de-
vices with high ramp rate but limited energy supply capability
[2]. In Ireland, fast frequency response (FFR) was designed
to provide faster response than the existing primary operating
reserve [3].

In the UK, National Grid Electricity Transmission (NGET),
the TSO of Great Britain (GB), created an innovative frequency
response product, enhanced frequency response (EFR), in 2016,
with higher technical requirements and customized specifica-
tions for assets with energy storage capability [4]. EFR sets a
deadband in which the active power output of EFR assets is al-
lowed to vary within a 9% range, so that the response capabil-
ity of the assets is able to be managed and recovered. Moreover,
EFR specifies higher technical requirements on response speed
(within 1 s), accuracy and ramp rate. These distinct features
make EFR be one of the leading frequency response products
in the world [5].

Since 2017, several studies have been made on using bat-
tery energy storage systems (BESSs) to provide EFR. A control
algorithm was devised in [6] to provide EFR considering all
the technical requirements of EFR. Triad avoidance was con-
ducted at the same time, and the control was verified by a real
2 MW/1 MW h lithium-titanate type BESS. Provision of EFR
from BESSs was also evaluated by real-time network simula-
tion and power hardware in the loop in [5]. Energy arbitrage
was considered along with EFR provision in [7]. EFR from
both BESSs and hybrid energy storage systems was studied in
[8]. Energy exchange and battery cycling aging were evaluated.
In [9], EFR was generalized, simulated, and assessed in the
Continental Europe System. In [10], EFR was compared to tra-
ditional firm frequency response (FFR) services in the UK, and
some EFR specifications were examined. With these studies, it
is shown that BESSs are able to provide EFR well, even with
other services provided at the same time.

Besides BESSs, thermostatically controlled loads (TCLs) are
the major category of flexible demand that has the potential to
provide EFR due to their thermal storage capability. All types of
TCLs, including residential, commercial, and industrial TCLs,
are candidates. There have been extensive studies made to ex-
plore demand response from TCLs, including arbitrage in en-
ergy markets [11] and provision of various ancillary services
such as renewable generation following [12], peak shaving [13],
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voltage support [14], network loss reduction [15], frequency
control and reserves [16], [17].

For frequency response, in terms of residential TCLs, au-
thors in [18] and [19] investigated the potential and developed
design considerations and parameter selection for residential
air conditioners to provide load following and secondary fre-
quency control services. Authors in [20] and [21] evaluated
economic and environmental benefits of residential refrigerators
that provide primary frequency control services in the future GB
power system. Kondoh et al. [22] evaluated the potential of res-
idential electric water heaters to provide secondary frequency
control services. For commercial buildings, the heating, venti-
lation and air conditioning systems attract increasing attention
recently. The electrical load of air handling units was modulated
to provide secondary frequency control services in three differ-
ent ways: fan speed offset [23]-[25], supply pressure/mass flow
setpoint offset [25], [26], and thermostat setpoint offset [27],
[28]. A comprehensive review has been conducted in [29].

Industrial heating loads are also important candidates that
contribute to frequency control of electric power systems due
to their large power consumption and high automation level.
For decades, industrial heating loads such as those in steel-
works have been participating in underfrequency load shedding
schemes, where they are set to be disconnected automatically at
a predefined low frequency. Recently, some studies have been
conducted to enable industrial heating loads to provide dynamic
frequency response services. For example, a control algorithm
was devised for bitumen tanks for the GB power system [30].
Similar methodology was applied to melting pots that smelt
aluminum [31].

In this paper, a novel contribution was made to enable in-
dustrial heating loads to provide EFR that has different and
higher technical requirements compared with the conventional
frequency response services. Also, performance evaluation was
conducted in practical context. Specifically, bitumen tanks were
studied as a representative. The main work of this paper is pre-
sented as follows.

1) A method was proposed to estimate how much capacity
a population of bitumen tanks can provide for EFR.

2) A decentralized control scheme was devised to enable the
tanks to provide EFR.

3) For EFR from bitumen tanks, technical and economic
performances were evaluated using real UK frequency
data and real tank parameters from field tests.

Compared to the existing studies focusing on utilizing res-
idential [18]-[22] or commercial TCLs [23]-[29] to provide
conventional frequency response services, this paper focuses on
utilizing industrial heating loads, which have similar but dif-
ferent thermal features and parameters, to provide EFR ser-
vice, which is an innovative frequency response product in
the UK with unique technical requirements and remuneration
mechanism.

Compared to the existing studies using industrial heating
loads to provide conventional frequency response service [30],
[31], this paper is a comprehensive extension to enable and
evaluate industrial heating loads to provide the innovative EFR
service, which is of concrete significance in practice. To achieve
this, this paper has made three major contributions: 1) a method
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Fig. 1. EFR delivery envelope [4].

was proposed to estimate the capacity of a group of indus-
trial heating loads to provide EFR; 2) new control rules have
been developed to fit the requirements of EFR, specifically, the
setting of trigger frequencies considers the delivery envelope
and symmetry requirements specified in EFR, based on the
EFR capacity estimated, as detailed in Section III-C2; and 3)
economic evaluation from the market perspective (i.e., the re-
muneration assessment based on the technical performance and
the remuneration rules) was conducted.

Il. TECHNICAL SPECIFICATIONS AND EVALUATION
METRICS OF EFR

EFR was designed by NGET as an alternative solution to
procuring larger volumes of existing frequency response prod-
ucts to improve management of system frequency in both pre-
fault and postfault situations. NGET issued detailed technical
specifications and evaluation metrics for EFR [4].

A. Technical Specifications

The technical specifications for EFR are divided into five
aspects: delivery envelope, ramp rate, speed, duration, and
symmetry.

1) Delivery Envelope: The delivery envelope specifies the
area in which the response of EFR assets should lie, as shown
in Fig. 1 [4].

In Fig. 1, upper and lower limits of the response at different
frequencies are illustrated. It is seen that there is a deadband
(the gray zone) in which the response is allowed to vary in a
wide range, which is designed for EFR assets to recover their
response capability. Outside the deadband, the allowable band
specified by the upper and the lower limits gradually shrinks and
finally collapses into a single line when the frequency deviation
is large (in both overfrequency and underfrequency directions).

EFR is divided into two different types of services when the
knee points of the delivery envelope take different values, as
presented in Table I [4]. Note that in Table I, the response is
normalized as a percentage of the contracted capacity. The key
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TABLE |
PARAMETERS OF EFR DELIVERY ENVELOPE [4]

Service 1 Service 2 Service 1 Service 2
Frequency (Hz) (H2) Response %) %)
A 49.5 49.5 t 100 100
B 49.75 49.75 u 44.44444 | 48.45361
C 49.95 49.985 v 9 9
D 50.05 50.015 w 0 0
E 50.25 50.25 X -9 -9
F 50.5 50.5 y -44.44444 | -48.45361
z -100 -100
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Fig. 2. Zone division for ramp rate constraints for EFR [4].
TABLE Il
RAMP RATE CONSTRAINTS FOR EFR [4]
Zone Constraints of the rate of change of response, ROCOR
A —0.01<ROCOR<0.01 (1)
B LA ho1<rocor<—L. Y o0 )
k dt k dt
C —0.1<ROCOR<0.1 3)
D ~2<ROCOR<2 )

difference between the two services lies in that service-2-type
EFR has a much narrower deadband, which imposes a higher
technical requirement on EFR assets.

2) Ramp Rate Constraints: EFR assets also need to satisfy
the constraints on ramp rates (i.e., the rate of change of re-
sponse) to avoid the possible short-term stability problems, con-
sidering EFR is much quicker than the conventional frequency
response [5].

The ramp rate constraints vary with the system frequency
and the response provided at certain time point. Specifically, the
status of EFR assets is divided into four zones, as illustrated in
Fig. 2, with different constraints on ramp rates, as presented in
Table II [4]. The ROCOR values in Table II are normalized by
the contracted capacity per second.

Note that in (2) for Zone B, k takes different values for dif-
ferent types of EFR. For service-1-type EFR, k equals to 0.45,

while for service-2-type EFR, k equals to 0.485. df /dt is the
ROCOFE.

Also note that the delivery envelope always takes precedence
over the constraints on ramp rates whenever they contradict each
other.

3) Response Speed: Response speed is measured by the
time delay between the frequency deviation and response deliv-
ery. EFR requires this time to be no greater than 1 s [4]. The
requirement is significantly higher than that of the conventional
primary response in the UK, which requires the response to be
delivered within 10 s [32].

4) Response Duration: EFR assets are required to have the
capability to provide 100% contracted capacity (in both over-
frequency and underfrequency directions) continuously for at
least 15 min. Note that storage facilities (e.g., BESS) are ex-
empted from providing EFR for a period of time after providing
15-min service with full capacity (this period called “extended
frequency event”), but this kind of exemption is not applicable
for flexible demand that provides EFR [4].

5) Symmetry: The contracted capacity of EFR assets in
overfrequency and underfrequency directions is required to be
the same [4].

B. Evaluation Metrics

NGET defined two indexes, service performance measure
(SPM) and availability factor (AF), to measure the provision of
EFR from technical and economic perspectives, respectively.

1) SPM: SPM is a normalized index calculated per settle-
ment period (half an hour, i.e., 1800 s, in the UK) to reflect
the delivery level of EFR. To define SPM, second-by-second
performance measure (SBSPM) is first defined to quantify the
service delivery for 1 s [4]

SBSPM =

1 Rlower —e< R < RUPPET o
max (1 — |R — R 0) R > RWPT 4 ¢
max (1 — |R — R[,0) R <R —¢

(5)

where R'°%¢" and R“PP°" are the lower and the upper limits of the
response at the second, as detailed in Fig. 1 and Table I; ¢ is the
accuracy threshold, being 0.01; R is the normalized response
actually provided by the EFR assets, calculating as

R= (6)

R
C
where R (kW) is the actual response at the second before nor-
malization, and C' (kW) is the contracted EFR capacity.

From (), it is seen that SBSPM ranges from “0” to “1,” with
larger values representing better performance. When the actual
response is within the delivery envelope, SBSPM takes the best
value, “1.” When the actual response goes out of the upper or
lower limit, SBSPM is reduced according to the magnitude of
deviation from the upper or the lower limits.
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TABLE I
DEFINITION OF AF FOR EFR [4]

Service Performance Measure Availability Factor
SPM < 50% 0%

50% < SPM <75% 50%
75% < SPM <95% 75%
SPM > 95% 100%

Based on SBSPM, SPM is calculated as the average of SB-
SPM over a settlement period (1800 s) [4]

S .cs SBSPM,
1800

where S is the set of all the seconds in the settlement period,
and s is the index of a second.

Furthermore, annual service performance measure is cal-
culated as the average of SPM over a rolling 12-month
period [4]

SPM = (N

ZjeJ SPMJ

ASPM; = =7

)
where J is the set of all the settlement periods in the 12 months
considered, and 7 is the index of a settlement period.

If APSM <95%, NGET will look to discuss the underper-
formance with the EFR provider with a view to identifying
underlying causes and mitigation measures (thus in this paper,
the “95%” is called as “underperformance limit”). If APSM
<50%, the EFR contract will be terminated by NGET (hence,
the “50%” is called as “termination limit”).

2) AF: AF is defined based on SPM to decide the propor-
tion of remuneration that the EFR provider can obtain for each
settlement period, as detailed in Table III.

For example, if SPM >95%, the EFR provider is able to obtain
100% contracted remuneration for that settlement period, but if
75% < SPM <95%, only 75% remuneration can be obtained.

lll. EFR FROM BITUMEN TANKS

This section details how bitumen tanks, as a representative
of industrial heating loads, provide EFR. First of all, bitumen
tanks and their modeling are briefly described. Then, a method
for estimating the EFR capacity of a population of tanks is
proposed. Finally, a decentralized control scheme is devised for
the tanks to provide EFR.

A. Modeling of Bitumen Tanks

Bitumen tanks are well-insulated tanks for storing liquid bi-
tumen that is required to be stored within a certain temperature
range. Conventionally, hysteresis control is used to control the
electric heater of a tank, and the resulting temperature dynam-
ics are illustrated in Fig. 3. It is observed that the temperature
increases when the heater remains ON, while decreases due to
stand-by heat loss when the heater is OFF. The heater turns OFF
when the temperature reaches the upper limit, while turns ON
when it reaches the lower limit.

Bitumen Temperature (°C)

180 [-=—--—--——=— =~ Upperlimit

150 |---------===

Heater
Status

0 2 4 6 8 10

—-— Lowerlimit

-

12 Time (hour)

Fig. 3. Thermodynamics and heater ON/OFF status of a bitumen tank.

4 Bitumen Temperature (°C)

180 |~ = -~ - @ Upperlimit

150¢ -- Lowerlimit

-
T -

Time (hour)

ToN ‘ TOFF ‘

Fig. 4.
tank [30].

Diagram of tonx and topp at some temperature of a bitumen

The evolving thermodynamics of a tank are able to be mod-
eled by an ON—OFF time model [30]. As shown in Fig. 4, in the
ON-OFF time model, the state of a tank, i.e., any temperature
point between the upper and the lower temperature limits (e.g.,
Point A in Fig. 4), is mapped to a pair of variables (ton, toFF)-
ton is defined as the time needed from the current temperature
point to the upper limit if the heater keeps ON (Curve AC in
Fig. 4). Similarly, torr is defined as the time needed from the
current temperature point to the lower limit if the heater keeps
OFF (Curve AE in Fig. 4).

In the ON—OFF time model, a tank is characterized by its ON
and OFF periods, marked as 7on and 7orr. The ON period, 7o,
is defined as the time needed from the lower limit to the upper
limit if the heater keeps ON (Curve BC in Fig. 4). Similarly, the
OFF period, ToFF, is defined as the time needed from the upper
limit to the lower limit if the heater keeps OFF (Curve CD in
Fig. 4). According to the field test data [30], typical ON periods
range from 42 to 180 min, and typical OFF periods range from
60 to 480 min.

With the above definitions, the relationship between ton and
torr of a tank, which is characterized by 7on and 7oy, is able
to be expressed as follows:

2
t

toN = TON - 1—( OFF) 9)
TOFF
ton g

torr = TorF -4/ 1 — (7'0N> . (10)
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TABLE IV
MODELING OF DYNAMIC STATE EVOLVEMENT OF A TANK
Heater Status .
State Evolvement Expression
t t+ At
ON ton(f + Af) =ton(r) — At 1)
ON 3
OFF torE(t + Ar) = 7or% \1-[(ton (D) — A1)/ Ton]? (12)
__ON | opp | foN+AD=zox A= [torr ()= An) /rore]® (13)
OFF tOFF(t + Af) = torF(f) — At (14)

As detailed in [30], (9) and (10) were obtained from the
physical thermodynamic model of bitumen tanks and verified
by practical field tests. Based on the physical thermodynamic
model, alarge number of (ton, torr) pairs were generated, cor-
responding to the different bitumen temperature points. Then,
the curve fitting tool “cftool” in MATLAB was used to obtain the
semicircle relationship between ton and topr as described by
(9) and (10). Then, practical field tests were conducted using
two 40-kW and two 25-kW tanks. ton and topp Wwere mea-
sured at different temperatures of the tanks. It was shown that
the (tox, torr) pairs generated by (9) and (10) matched closely
with the measured ones, indicating that (9) and (10) can describe
the thermodynamics of bitumen tanks very well.

Based on (9) and (10), the dynamic state evolvement of a
tank, i.e., the relationship between the state at a time step ¢,
(ton.t, torr.t), and the state at the next time step t + At,
(tox,1+At, tOFF.i+A1L), is able to be described by the formulas
in Table IV, given different heater status. Note that for the sim-
ulation regarding frequency response, the length of time steps,
At, is usually taken from tens of milliseconds to 1 s. For exam-
ple, in the case study section of this paper, for Cases 1 and 3-6
focusing on general technical and economic performance, 1 s
was chosen, while for Case 2 exploring the time delay, a much
shorter time step was used, being 10 ms.

With the state evolvement expression in Table IV, the hystere-
sis control applied to a tank is able to be described as follows:
1) if ton ;. decreases to O, the heater turns OFF at the next time
step t + At; and 2) if topr ¢ decreases to 0, the heater turns ON
at the next time step ¢t + At.

The model described in this section was used to simulate the
bitumen tanks for the evaluation presented in Section IV of this

paper.

B. Estimation of EFR Capacity for a Population of Tanks

Before being able to provide EFR, an EFR provider needs
to submit the capacity (i.e., maximum amount of response) it
can deliver in a tender to NGET. Once the tender is accepted,
NGET contracts with the EFR provider, who then needs to pro-
vide the response that is proportional to the frequency deviation
and the contracted capacity as shown in Fig. 1. Therefore, the
EFR capacity of a population of tanks needs to be estimated
beforehand.

1) Baseline Estimation: The response of a tank population,
R (kW), is calculated as the difference between a pre-estimated
baseline and the actual value of the active power consumption

8 T T T T
N
—— Aggregated load
max
As Lup N
s
£
o 4r y
S 4 Hl ' |
Wl LA AR L TG | I I A 1) I
-3 \‘w ‘ ! \IVU F LD |'w“‘ TV o L ylH ‘l\ I i v
2+ §
max
1L Ldown i
o V. . . ,
0 0.5 1 1.5 2 2.5

Time (second) x10°

Fig. 5. Example of aggregated load of a population of 200 tanks over
one month.

of the population

R=P-3"P-u (15)

iel
where P represents the baseline of the tank population. I repre-
sents the set of the tanks and 7 is the index of a tank. P represents
the rated power of the heater of a tank. y represents the actual
ON/OFF status of the heater of a tank.

In practice, the tanks are highly heterogeneous, because of the
diversity in a variety of tank parameters (e.g., the power rating of
heaters, tank sizes, thermal insulation materials) and operational
environments (e.g., properties of the bitumen stored and ambient
air temperature). As a result, the aggregated load of a population
of tanks, when not providing any frequency response, is usually
stabilized at a certain level with some variations, as illustrated
in Fig. 5.

Considering that the uncertainties are numerous and some
of them are constantly changing, it is difficult to forecast the
baseline in real time without delicate measurement and com-
munication facilities. Therefore, in this paper, the baseline load
of the tank population is simply estimated as the mean value
of the historical aggregated load throughout a period of time
during which the tanks did not provide any frequency response
service

p— Drer dier Pi -t
T

where T represents the set of the time steps within the time
window considered, and ¢ is the index of a time step. Note that
the length of the time window considered for baseline estimation
should be comparable to the service time window during which
the assets tender to provide EFR, usually ranging from one
month to several months, and up to 48 months for EFR [4].

In practice, the baseline load of a tank population will not
vary significantly at different times of a year. The reason is that,
according to the physical thermodynamic model of tanks as de-
tailed in [30], the electric power consumption of a tank is closely
related to the heat loss which is the product of the overall heat
transfer coefficient of the tank (W-m=2-K™"), the surface area of
the tank (m?), and the difference between bitumen temperature

(16)
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in tank and ambient temperature (°C). Bitumen tanks are well
insulated, and thus the overall heat transfer coefficient is very
small. Furthermore, considering that the bitumen temperature
is very high (normally 150-180 °C), the temperature difference
between bitumen and ambient temperature is large and thus will
not change a lot in percentage with the change of the ambient
temperature. As a result, the variation of ambient temperature
will not significantly affect the heat loss and thus will not signif-
icantly affect the power consumption. This conclusion has been
supported by practical field tests conducted for a population of
76 bitumen tanks in the UK, showing that the variation of am-
bient temperature will not cause large variation for the electric
load of the tank population [33].

2) EFR Capacity Estimation: Based on the baseline esti-
mated, the EFR capacity of the tank population is able to be
estimated. First of all, the maximum load increase potential of
the tank population is calculated as

Lyx=>"P-P

iel

a7)

while the maximum load reduction potential is just equal to the
baseline load

down = P (18)
Then, considering the symmetry requirement of EFR (as pre-
sented in Section II-AS5), the EFR capacity of the tank population

should be
C — min {Lmax max} .

down» ~up

(19)

In practice, for bitumen tanks, the OFF period, Tor, is much
longer than the ON period, o, s0 Ly, is smaller than L.
As a result, (19) can be simplified as

C_ max :P

— “down

(20)

It can be seen that for a specific population of tanks, the
EFR capacity is decided by its baseline load. As detailed in
Section III-B1, the baseline may change, but will not vary sig-
nificantly at different times of a year. Therefore, the EFR capac-
ity may also change, but will not vary significantly throughout a
year as well. Furthermore, even though there is some variation
for baselines and thus EFR capacity in different seasons of a
year, this does not matter a lot, because it is allowed to tender
different EFR capacity for different months. Different baselines,
which can be estimated based on the historical data of the same
months in the past years, can be used to decide the EFR capacity
tendered for different months.

C. Decentralized Control for Providing EFR

After submitting the EFR capacity to NGET, the tanks need
to provide the corresponding EFR in real time according to the
frequency deviation. A decentralized control scheme is devised
to achieve this purpose, as illustrated in Fig. 6.

As shown in Fig. 6, the decentralized control scheme is ap-
plied to each bitumen tank and takes only local measurement of
system frequency and bitumen temperature as input. The scheme
is composed of a temperature control module, a frequency con-
trol module, and a coordination logic that integrates the output

T

Temperature | _ Measurement (=
Control !
1

ON/OFF/KEEP

Frequency
Control
1

Frequen

Measurement
- ,‘
1

Y Y

Coordination Logic

Power Grid Bitumen Tank

Fig. 6.

C

Decentralized control scheme of a tank for the provision of EFR.

)
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of bitumen temperature ¢

0 > grrer

higher than upperlimit? Generate “OFF mgnal)

0 < elnwer
lower than lowerlimit?

Generate “ON” signal )

(Generate “KEEP” signal)

Fig. 7. Flowchart of the hysteresis temperature control.

signals from the previous two modules. The components are
detailed as below.

1) Temperature Control: The hysteresis control of a tank,
as described in Section III-A, is kept in the proposed scheme
to guarantee the primary function (i.e., bitumen storage) of the
tanks. The control takes local measurement of bitumen tempera-
ture as the input, and generates three types of output signals (i.e.,
“ON”, “OFF,” and “KEEP”). The “ON” and “OFF” signals mean
to turn the heater of the tank ON and OFF, respectively, while the
“KEEP” signal means to keep the heater status unchanged. The
control logic is summarized in Fig. 7.

2) Frequency Control: An additional frequency control is
applied to each tank for providing EFR. The control takes local
measurement of system frequency as the input, and also gener-
ates three types of output signals (“ON,” “OFF,” and “KEEP”). A
pair of trigger frequencies, fox and fopp, are assigned in the
control. If the measured frequency, f, is lower than the trigger-
OFF frequency, forr, the “OFF” signal is generated, while the
“ON” signal is generated if f is higher than the trigger-ON fre-
quency fon. If f lies between fon and fopp, the “KEEP”
signal is generated. This control logic is illustrated in Fig. 8.

In order to deliver the service that satisfies the EFR speci-
fications, the trigger frequencies, fon and fopr, are preset in
delicate ways. The forp of each tank is randomly sampled from
the interval [f4, fc) that follows uniform distribution, where
fa and fo are the frequencies at Points A and C in Fig. 1, with
fa being 49.5 Hz and fo being 49.95 Hz (service-1-type) or
49.985 Hz (service-2-type). With this setting for each tank, the
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Fig. 8. Flowchart of the proposed frequency control.
following performance is achieved from the perspective of the
whole tank population.

1) When the system frequency f is within [ f¢, 50], no tank
is triggered to be turned OFF because f > forrp for any
tank. This is consistent with the EFR specification that no
response is required to be provided within the deadband
as specified in Fig. 1.

2) When the system frequency f keeps decreasing below
fc, an increasing number of tanks are triggered to be
turned OFF accordingly, because the trigger-OFF frequen-
cies of the tanks are evenly distributed in [f4, fc). In
this way, underfrequency response (i.e., load reduction)
is delivered proportional to the frequency deviation as
specified in Fig. 1.

The trigger-ON frequencies, fon, are preset in the similar
way, except that only a portion of tanks in the population should
respond to overfrequency events because the EFR capacity of the
population is smaller than the maximum load increase potential
of the population (as previously presented in Section III-B).
Therefore, the trigger-ON frequencies of a portion of the tanks
(the proportion being (1 — Lix, /Lyy™) x 100%) are preset as
a number higher than fr (50.5 Hz as shown in Fig. 1) so that
those tanks will always not be triggered to be turned ON. The
trigger-ON frequencies of the rest of the tanks in the population
are randomly sampled from (fp, fr] (as specified in Fig. I and
Table I). In this way, overfrequency response (i.e., load increase)
is able to be delivered, proportional to the frequency deviation
and the contracted EFR capacity.

It is worth noting that the trigger frequencies for all the tanks
can be updated locally and periodically (e.g., one week, one
month, etc.) to ensure all the tanks have equal responsibility
for providing EFR. The update should be conducted when the
system frequency is within the deadband to avoid affecting the
provision of EFR.

3) Coordination Logic: The coordination logic takes the sig-
nals from the temperature control and frequency control mod-
ules as the input and output the final command that decides
the status of the heater. The final command also includes three
types: “ON,” “OFF,” and “KEEP.”

C Take the output of temperature controls ¢

Take the output of frequency control s_f°

s t=“ON”
(Temperature-triggered
“ ON ” )

Generate “ON” signal )

s_t= “OFF”
(Temperature-triggered
3 OFF ” )

Generate “OFF”

s f=“ON”
(Frequency-triggered
“ ON ” )

Generate “ON”

s f= “OFF”
(Frequency-triggered
“ OFF ” )

Generate “OFF” signal )

(Generate “KEEP” signal)

Fig. 9. Flowchart of the proposed coordination logic.

TABLE V
TYPICAL VALUES OF PARAMETERS OF BITUMEN TANKS [30]

Parameters Range of Values
Rated Power 17— 75 kW

ON Period 42 — 180 minutes
OFF Period 60 — 480 minutes

The principle of coordination is that the temperature control
takes precedence over the frequency control anytime the tem-
perature control outputs “ON”" or “OFF” signals. Only when the
temperature control outputs “KEEP” signals, the heater status is
decided by the output of frequency control. This principle is to
guarantee the primary function of the tanks and to avoid safety
issues, e.g., the bitumen temperature far exceeds the upper limit.
The detailed coordination logic is presented in Fig. 9.

[V. EVALUATION RESULTS

The performance of EFR service from bitumen tanks using the
proposed capacity estimation method and decentralized control
was evaluated based on real frequency data of the UK and
tank parameters from real field tests conducted by Open Energi
(a commercial aggregator in the UK). The second-by-second
frequency data of the GB electric power system in 2016 was
used [34]. The tank parameters were randomly sampled from
the ranges as presented in Table V [30].

The total time for frequency measurement, frequency trigger
and heater action of a tank follows a Gaussian distribution with
the mean value being 0.7 s and standard deviation being 0.3125s.
This data come from a real field test conducted by Open Energi.
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Fig. 10. Normalized response of the tank population in Case 1.

In the simulation, the time delay of each tank was randomly
sampled from this Gaussian distribution.

Six cases were conducted in total. Case 1 is the base case that
evaluated the technical and economic performance of EFR from
the tanks. Case 2 studied the response speed (i.e., time delay of
the response). Cases 3, 4, and 5 evaluated the impact of service
types, frequency deviation, and size of the tank population,
respectively. Case 6 verified the performance over long periods
of time, i.e., two months with the highest and lowest system
inertia of the year.

Note that the impact of the location of bitumen tanks was
not evaluated in the case study, because the location has little
impact on the performance of EFR. According to the technical
specifications and evaluation metrics issued by NGET regarding
EFR [4], when examining the performance of EFR, the actual
response and the delivery envelope are calculated based on the
active power and system frequency locally measured by on-site
monitoring equipment of the EFR assets, i.e., bitumen tanks in
this case (referring to [4, Appendix 7]). Furthermore, even if
bitumen tanks at different site locations are aggregated to pro-
vide EFR, they are seen as a notional “aggregated facility,” for
which the aggregated response is the aggregation of the response
locally measured at the individual tank subgroups at different
locations (referring to [4, Appendixes 3 and 4]). That is to say,
even if the frequencies are different at different locations of the
power system (note that the differences are usually neglectable),
the bitumen tanks only have the obligation to respond to the fre-
quency locally measured. Therefore, the location of bitumen
tanks has little impact on the performance of EFR, so in this
paper, the location factors were not considered in the design of
the method and not evaluated in the case study.

A. Case 1: Base Case

Sevice-1-type EFR from a population of 200 tanks was eval-
uated in a day with the highest system frequency in 2016 (16
November 2016). The time step of simulation was 1 s. The
response was illustrated in Fig. 10.

In Fig. 10, the second-by-second response of the tank popu-
lation (the black line), normalized by the contracted capacity, is
illustrated with the allowable response range (the teal zone). If
the response lies in the teal zone, it means that the response lies
within the delivery envelope, thus satisfying the requirement.
On the other hand, if the response lies outside the teal zone (i.e.,

0.8
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Fig. 11.  SPM and AF for Case 1. (a) SPM. (b) AF.
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Fig. 12.  Normalized ramp rates of the tank population in Case 1.

within the white zones), it means that the response violates the
delivery envelope at that time point. It is seen from Fig. 10 that
the response varied with the system frequency deviation and
lied within the delivery envelope most of the time throughout
the day.

To further quantify the response quality and assess its impact
on the remuneration, the scores of SPM and AF were calculated
as shown in Fig. 11. From Fig. 11(a), it is seen that the SPM was
generally at a high level, with the minimum SPM being 0.8401.
It is further calculated that the average SPM throughout the day
was 0.9613, which is higher than both the underperformance
limit (95%) and termination limit (50%) specified by NGET,
showing that the performance of EFR from the tanks is qualified
in this sense. From Fig. 11(b), it is seen that the AFs were 0.75
or 1.00 throughout the day and the average AF was 0.9219,
indicating that the tank population could obtain 92.19% of the
contracted remuneration.

The actual and allowable ramp rates across the day are shown
in Fig. 12. Similar to Fig. 10, the teal zones represent the al-
lowable ramp rates while the outside white zones represent that
the ramp rates violate the requirement. It is seen that most of
the time the ramp rates were within the constraints across the
day except for a few cases. NGET has not issued any quantified
penalty guidelines for the violation of ramp rate constraints.

B. Case 2: Study of Response Speed

All the settings of this case were kept the same as those of
Case 1 except that the simulation time step was chosen as a much
smaller value, 10 ms, for assessing the response speed. Besides,
instead of simulating the whole day, only the settlement period
containing the highest frequency of the year (13:30-14:00) was
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TABLE VI
AVERAGE SPM AND AF FOR HIGH-FREQUENCY AND LOW-FREQUENCY
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studied in this case, due to the short time step and the resulting
high computational burden.

A cross-correlation analysis between the expected response
(the average values of the upper and lower limits of the response
envelope in Fig. 1) and actual response was conducted. The
results are shown in Fig. 13.

It is seen that the maximum correlation happened with a lag
of —0.8 s, implying that the time delay of EFR from the tank
population was 0.8 s, which satisfies the EFR specification on
response speed (less than 1 s).

C. Case 3: Study of Service Types

All the settings of this case were kept the same as those of Case
1 except that the tanks were assumed to provide service-2-type
EFR, for assessing the impact of service types. The SPM and
AF for providing service-2-type EFR are illustrated in Fig. 14,
together with the results of service-1-type EFR from Case 1.

It is seen that generally the SPM and AF for service-2-type
EFR were worse than those for service-1-type EFR, because
of the much narrower deadband. The average SPM of service-
2-type EFR is 0.9130, which has already been lower than the
underperformance limit, although still much higher than the
termination limit. The average AF was 0.8542, which was 7.34%
lower than that of service-1-type EFR.

D. Case 4: Study of Frequency Deviation Types

All the settings of this case were kept the same as those of
Case 1 except that the tanks were assumed to provide EFR in a
day with the lowest frequency in 2016 (20 November 2016), for
assessing the impact of frequency deviation types. The average
SPM and AF were presented in Table VI, together with results
of Case 1 for comparison.

E. Case 5: Study of Tank Population Size

All the settings of this case were kept the same as those of
Case 1 except that the tank populations with different sizes were
assumed to provide EFR, for assessing the impact of size of the
tank population. The results are illustrated in Fig. 15.

It is seen that generally a larger number of tanks (e.g., 500-
1000) resulted in higher SPM and AF scores than a smaller
number of tanks (e.g., 100-500). However, if the numbers of
tanks are close (e.g., 200 and 300, or 600 and 700 in Fig. 15),
larger numbers of tanks did not necessarily result in better per-
formance. Overall speaking, the SPM was always higher than
the underperformance limit and the AF was always higher than
0.9 (which means that more than 90% of contracted remunera-
tion could be obtained) for the tank populations with their sizes
ranging from 100 to 1000, when providing service-1-type EFR.

F. Case 6: Evaluation Over Longer Periods of Time

All the aforementioned sections evaluated the performance
over two extreme days of the year to have a close look at how
the service was provided and what the performance is like. In
this section, longer periods of time were used for evaluation to
obtain more robust results. Specifically, two months, January
and July of 2016, have been selected to conduct the simulation,
considering that they are the months with highest and lowest
inertia of the year for the GB power system. Note that all the
other settings are kept the same as those of Case 1.

Both the technical and economic performance (measured by
SPM and AF) have been evaluated for both service-1-type and
service-2-type EFR in January and July. The SPM and AF for
each settlement period are shown from Figs. 16 to 19, and the
average SPM and AF are presented in Table VII.

Comparing the results with different service types (i.e., com-
paring Figs. 16 and 17 for January, as well as Figs. 18 and
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19 for July), it is observed that for many settlement periods,
the SPM and AF of service-2-type EFR were lower than those
of service-1-type EFR for both January and July. In terms of
the average performance as presented in Table VII, the aver-
age SPM and AF of service-2-type EFR were about 5% lower
than those of service-1-type EFR in both January and July,
and were both lower than the underperformance limit specified
for EFR. This conclusion is consistent with the one drawn in
Section IV-C which was conducted given an extreme day of
the year.

Comparing the results in different months (i.e., comparing
Figs. 16 and 18 for service-1-type EFR, as well as Figs. 17 and
19 for service-2-type EFR), it is seen that for many settlement
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Fig. 18. SPM and AF for service-1-type EFR in July. (a) SPM. (b) AF.
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Fig. 19. SPM and AF for service-2-type EFR in July. (a) SPM. (b) AF.

TABLE VI
AVERAGE SPM AND AF FOR DIFFERENT SERVICE TYPES IN
JANUARY AND JuLY

Month Service Type Average SPM Average AF
January 1 0.9726 0.9553
2 0.9496 0.9071
Tuly 1 0.9694 0.9471
2 0.9425 0.8980

periods, the SPM and AF in January were higher than those
in July. In terms of the average performance as presented in
Table VII, the average SPM and AF in January were slightly
(around 1%) higher than those in July. This is because in January
the power system inertia was higher than that in July, having
resulted in less severe fluctuation in system frequency.
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The impact of the tank population size on the EFR perfor-
mance was also verified by one-month simulation (service-1-
type EFR in July was chosen). The results are illustrated in
Fig. 20. It is seen that with the increasing number of tanks in the
population, the EFR performance got better, which is consistent
with the results in Section IV-E which was conducted given an
extreme day of the year.

V. CONCLUSION

This paper studied using industrial heating loads to provide
novel frequency response service with more complex and strict
technical requirements. Bitumen tanks and EFR in the UK were
studied as representatives. A method was proposed to estimate
the EFR capacity of a population of bitumen tanks, and a de-
centralized control scheme was devised to enable the tanks to
deliver EFR service.

The performance of EFR service from bitumen tanks was
evaluated using real system frequency data of the UK and tank
parameters from field tests. Simulation results in the day with
the highest frequency of the year showed that when provid-
ing service-1-type EFR, bitumen tanks satisfied all the techni-
cal specifications including underperformance limit, termina-
tion limit, and response speed, except some minor violation
for ramp rate constraints. Over 90% of contracted remunera-
tion could be obtained. However, when providing service-2-type
EFR, the underperformance limit was violated. Simulation re-
sults in the day with the lowest frequency of the year showed
that bitumen tanks performed well in both high-frequency and
low-frequency scenarios. Moreover, it was revealed that better
performance could be achieved with significantly larger num-
bers of tanks. Simulation over longer periods of time (months)
confirmed the conclusions that higher performance could be pro-
vided for service-1-type EFR than that for service-2-type EFR,
and the performance would be better with an increasing num-
ber of tanks in the population. Besides, it was revealed that the
performance would be better in the months with higher power
system inertia.

Regarding the applicability, this paper took bitumen tanks
as a representative to be studied, but the proposed method can
be applied to other industrial heating loads such as melting
pots in aluminum and steel making processes, which are im-
portant industrial loads in many countries and consume a large
amount of electric energy. Possible concrete examples refer to
the many practical case studies conducted by Open Energi (al-

though they are now providing conventional frequency response
services rather than EFR), including various industrial heating
loads in asphalt plants, building material manufacturing plants,
aluminum gravity die casting plants, etc. [35]. However, it is also
worth noting that although other industrial heating loads may
share very similar thermal characteristics with bitumen tanks,
the specific values of thermal parameters may be significantly
different (e.g., 715-755 °C for melting pots, which is much
higher than 150-180 °C for bitumen tanks), so the technical
and economic evaluation need to be reconducted using the pro-
posed method for other industrial heating loads to reveal their
capability to provide EFR.

REFERENCES

[1] R. Benato, G. Bruno, F. Palone, R. M. Polito, and M. Rebolini, “Large-
scale electrochemical energy storage in high voltage grids: Overview of
the Italian experience,” Energies, vol. 10, no. 1, pp. 1-17, 2017.

[2] T.K.Chau, S.S. Yu, T. Fernando, and H. H. Tu, “Demand-side regulation
provision from industrial loads integrated with solar PV panels and energy
storage system for ancillary service,” IEEE Trans. Ind. Informat., vol. 14,
no. 11, pp. 5038-5049, Nov. 2018.

[3] SEM-13-098 DS3 System Services Technical Definitions—Decision
Paper, SEM Committee, Jun. 2018. [Online]. Available: https:/www.
semcommittee.com/sites/semcommittee.com/files/media-files/SEM-13-
098%20%20DS3%20System%20Services%20Technical %20Definitions
9%20Decision%20Paper%20-%20FINAL_0.pdf

[4] Enhanced Frequency Response—Invitation to Tender for Pre-
qualified Parties v2.2, Nat. Grid plc, Jun. 2018. [Online]. Available:
https://www.nationalgrid.com/sites/default/files/documents/Enhanced%
20Frequency%20Response %20ITT%20v2_2%?20clean.pdf

[5] D.M. Greenwood, K. Y. Lim, C. Patsios, P. F. Lyons, Y. S. Lim, and P. C.
Taylor, “Frequency response services designed for energy storage,” Appl.
Energy, vol. 203, pp. 115-127, 2017.

[6] B. Gundogdu, S. Nejad, D. T. Gladwin, M. P. Foster, and D. A. Stone, “A
battery energy management strategy for UK enhanced frequency response
and triad avoidance,” IEEE Trans. Ind. Electron., vol. 65, no. 12, pp. 9509—
9517, Dec. 2018, doi: 10.1109/TIE.2018.2818642.

[7]1 B.Gundogdu, D. T. Gladwin, and D. A. Stone, “Battery SOC management
strategy for enhanced frequency response and day-ahead energy schedul-
ing of BESS for energy arbitrage,” in Proc. 43rd Annu. Conf. IEEE Ind.
Electron. Soc., Beijing, China, Oct. 2017, pp. 7635-7640.

[8] M. Bahloul and S. K. Khadem, “Design and control of energy storage
system for enhanced frequency response grid service,” in Proc. IEEE Int.
Conf. Ind. Technol., Lyon, France, Feb. 2018, pp. 1189-1194.

[9] S. Canevese, D. Cirio, A. Gatti, M. Rapizza, E. Micolano, and L.

Pellegrino, “Simulation of enhanced frequency response by battery stor-

age systems: The UK versus the Continent Europe system,” in Proc. [IEEE

Int. Conf. Environ. Elect. Eng. IEEE Ind. Commer. Power Syst. Eur., Milan,

Italy, Jun. 2017, pp. 1-6.

A. Cooke, K. Forkasiewicz, and D. Strickland, “Energy storage for en-

hanced frequency response services,” in Proc. Int. Univ. Power Eng. Conf.,

Heraklion, Greece, Aug. 2017, pp. 1-6.

J. Mathieu, M. Kamgarpour, J. Lygeros, G. Andersson, and D. Callaway,

“Arbitraging intraday wholesale energy market prices with aggregations

of thermostatic loads,” IEEE Trans. Power Syst., vol. 30, no. 2, pp. 763—

772, Mar. 2015.

D. Wang et al., “A demand response and battery storage coordination al-

gorithm for providing microgrid tie-line smoothing services,” IEEE Trans.

Sustain. Energy, vol. 5, no. 2, pp. 476—486, Jan. 2014.

O. Erding, A. Tagcikaraoglu, N.G. Paterakis, Y. Eren, and J. P. S. Cataldo,

“End-user comfort oriented day-ahead planning for responsive residential

HVAC demand aggregation considering weather forecasts,” IEEE Trans.

Smart Grid, vol. 8, no. 1, pp. 353-361, Jan. 2017.

D. Wang, K. Meng, X. Gao, J. Qiu, L. L. Lai, and Z. Y. Dong, “Coordi-

nated dispatch of virtual energy storage systems in LV grids for voltage

regulation,” IEEE Trans. Ind. Informat., vol. 14, no. 6, pp. 2452-2462,

Jun. 2018.

Q. Wang, C. Lei, Y. Li, T. Wang, C. Wang, and N. Zhou, “A reactive

power optimization model of high voltage distribution network consider-

ing DLC cycle control of air-conditioning loads,” Proc. CSEE, vol. 38,

no. 6, pp. 1684-1694, Mar. 2018.

[10]

[11]

[12]

[13]

[14]

[15]


https://dx.doi.org/10.1109/TIE.2018.2818642

ZHOU et al.: EFR FROM INDUSTRIAL HEATING LOADS FOR ELECTRIC POWER SYSTEMS 3399

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

H. W. Qazi and D. Flynn, “Synergetic frequency response from multiple
flexible loads,” Elect. Power Syst. Res., vol. 145, pp. 185-196, Jan. 2017.
J. Wang, H. Zhang, and Y. Zhou, “Intelligent under frequency and un-
der voltage load shedding method based on the active participation of
smart appliances,” IEEE Trans. Smart Grid, vol. 8, no. 1, pp. 353-361,
Jan. 2017.

N. Lu and Y. Zhang, “Design considerations of a centralized load con-
troller using thermostatically controlled appliances for continuous reg-
ulation reserves,” IEEE Trans. Smart Grid, vol. 4, no. 2, pp. 914-921,
Dec. 2013.

Y. Zhang and N. Lu, “Parameter selection for a centralized thermostatically
controlled appliances load controller used for intra-hour load balancing,”
IEEE Trans. Smart Grid, vol. 4, no. 4, pp. 2100-2108, May 2013.

M. Aunedi, P. Kountouriotis, J. Calderon, D. Angeli, and G. Strbac, “Eco-
nomic and environmental benefits of dynamic demand in providing fre-
quency regulation,” IEEE Trans. Smart Grid, vol. 4, no. 4, pp. 2036-2048,
Dec. 2013.

V. Trovato, F. Teng, and G. Strbac, “Role and benefits of flexible ther-
mostatically controlled loads in future low-carbon systems,” IEEE Trans.
Smart Grid, vol. 9, no. 5, pp. 5067-5079, Sep. 2018.

J. Kondoh, N. Lu, and D. J. Hammerstrom, “An evaluation of the water
heater load potential for providing regulation service,” IEEE Trans. Power
Syst., vol. 26, no. 3, pp. 1309-1316, Aug. 2011.

H. Hao, T. Middelkoop, P. Barooah, and S. Meyn, “How demand response
from commercial buildings will provide the regulation needs of the grid,”
in Proc. 50th Annu. Allerton Conf. Commun. Control Comput., Monticello,
IL, USA, Oct. 2012, pp. 1908-1913.

H. Hao, A. Kowli, Y. Lin, P. Barooah, and S. Meyn, “Ancillary service
for the grid via control of commercial building HVAC systems,” in Proc.
Amer. Control Conf., Washington, DC, USA, Jun. 2013, pp. 467-472.

Y. Lin, P. Barooah, S. Meyn, and T. Middelkoop, “Experimental evaluation
of frequency regulation from commercial HVAC system,” IEEE Trans.
Smart Grid, vol. 6, no. 2, pp. 776-783, Dec. 2015.

Y. Lin, P. Barooah, and S. Meyn, “Low-frequency power grid ancil-
lary services from commercial building HVAC systems,” in Proc. [EEE
Int. Conf. Smart Grid Commun., Vancouver, BC, Canada, Oct. 2013,
pp. 169-174.

G. Goddard, J. Klose, and S. Backhaus, “Model development and identi-
fication for fast demand response in commercial HVAC systems,” IEEE
Trans. Smart Grid, vol. 5, no. 4, pp. 2084-2092, Jul. 2014.

P. Zhao, G. P. Henze, S. Plamp, and V. J. Cushing, “Evaluation of commer-
cial building HVAC systems as frequency regulation providers,” Energy
Build., vol. 67, pp. 225-235, Dec. 2013.

I. Beil, I. Hiskens, and S. Backhaus, “Frequency regulation from com-
mercial building HVAC demand response,” Proc. IEEE, vol. 104, no. 4,
pp. 745-757, Feb. 2016.

M. Cheng et al., “Power system frequency response from the control of
bitumen tanks,” /IEEE Trans. Power Syst., vol. 31, no. 3, pp. 1769-1778,
May 2016.

M. Cheng, J. Wu, S. Galsworthy, N. Gargov, W. Hung, and Y. Zhou, “Per-
formance of industrial melting pots in the provision of dynamic frequency
response in the Great Britain power system,” Appl. Energy, vol. 201,
pp. 245-256, Sep. 2017.

Mandatory Frequency Response (MFR)—Overview, Nat. Grid plc, Jun.
2018. [Online]. Available: https://www.nationalgrid.com/uk/electricity/
balancing-services/frequency-response-services/mandatory-response-
services

M. Cheng, J. Wu, S. Galsworthy, N. Jenkins, and W. Hung, “Availability
of load to provide frequency response in the Great Britain power system,”
in Proc. 18th Power Syst. Comput. Conf., Wroclaw, Poland, Aug. 2014,
pp. 1-7.

Historic Frequency Data, Nat. Grid plc, Jul. 2018. [Online]. Avail-
able: https://www.nationalgrid.com/uk/electricity/balancing-services/
frequency-response-services/historic-frequency-data

Case Studies, Open Energi, Oct. 2018. [Online]. Available: http://www.
openenergi.com/case-studies/

Yue Zhou (M’13) received the B.S., M.S., and
Ph.D. degrees in electrical engineering from
Tianjin University, Tianjin, China, in 2011, 2016,
and 2016, respectively.

He is currently a Postdoctoral Research As-
sociate with the School of Engineering, Cardiff
University, Cardiff, U.K. His research interests
include demand response, frequency response,
smart home energy management, optimization
and blockchain technology.

Meng Cheng received the B.Sc. degree in elec-
trical and electronic engineering from Cardiff
University, Cardiff, U.K., and North China Elec-
tric Power University, Beijing, China, in 2011,
and the Ph.D. degree in electrical and electronic
engineering from Cardiff University in 2015.
From 2015 to 2017, she was a Postdoc-
toral Research Associate with Cardiff University.
She is currently a Senior Consultant with ABB
(China) Ltd., Beijing. Her main research inter-
ests include smart grid and demand response.

Jianzhong Wu (M’04) received the B.S., M.S,,
and Ph.D. degrees in electrical engineering from
Tianjin University, Tianjin, China, in 1999, 2002,
and 2004, respectively.

From 2004 to 2006, he was a Postdoctoral
Researcher with Tianjin University. From 2006
to 2008, he was a Research Fellow with the
University of Manchester, U.K. He joined Cardiff
University, Cardiff, U.K., in June 2008 (Lecturer
2008; Senior Lecturer 2013; Reader 2014; Pro-
fessor 2015). He is currently a Professor of mul-
tivector energy systems and the Head of the Department of Electrical
and Electronic Engineering, Cardiff University. He is a Subject Editor of
applied energy. He is the Director of Applied Energy UNILAB on Syner-
gies between Energy Networks. He is a Co-Director of Supergen Hub
on Energy Networks, and a Co-Principal Investigator of £24.5 m FLEXIS
project. His research interests include energy infrastructure and smart
grid.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


