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Abstract The role of ancillary services related to the frequency control have become increasingly important
in the smart grids. Demand Side Response is a competitive resource that can be used to regulate the grid
frequency. This paper describes the use of heat pumps and fridges to provide ancillary services of frequency
response so that to continuously balance the supply with demand. The power consumption of domestic units
is usually small and, therefore, the aggregation of large numbers of small units should be able to provide
sufficient capacity for frequency response. In this research, dynamic frequency control was developed to
evaluate the capacity that can be gathered from the aggregation of domestic heat pumps and fridges for
frequency response. The potential of frequency response was estimated at a particular time during winter and
summer days. We also investigated the relationship between both loads (domestic heat pumps and fridges)
to provide Firm Frequency Response service. A case study on the simplified Great Britain power system model
was developed. Based on this case study, three scenarios of load combination were simulated according to the
availability of the load and considering cost savings. It was demonstrated that the aggregation of heat pumps
and fridges offered large power capacity and, therefore, an instantaneous frequency response service was
achievable. Finally, the economic benefit of using an aggregated load for Firm Frequency Response service
was estimated.

Keywords: Aggregated load control; Ancillary services;, Dynamic frequency control; Fridge; Heat pump,; Smart grid

1 Nomenclature and parameters

DSR Demand side response

FFR Firm frequency response
Temperature of building
Temperature of fridge’s cooler
Minimum temperature of a building/cooler
Maximum temperature of a building/cooler
Availability of low-frequency response from heat pumps
Availability of high-frequency response from heat pumps
Availability of low-frequency response from fridges
Availability of high-frequency response from fridges
Seasonal availability of low-frequency response in winter
Seasonal availability of low-frequency response in summer
Seasonal availability of high-frequency response in winter
Seasonal availability of high-frequency response in summer
Number of heat pumps
Number of fridges
Number of heat pumps that have ON states
Number of heat pumps that have OFF states
Number of fridges that have ON states
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Number of fridges that have OFF states

and Upper and lower trigger Frequency of a heat pump unit
and Upper and lower trigger Frequency of a fridge unit
and Final switching signal of a heat pump and a fridge

Temperature control signal of the building

Temperature control signal of the cooler

2 Introduction

In a power system, frequency deviation is the main indicator of the momentary imbalance between supply and demand.

The grid’s frequency fluctuates continuously due to the practical difficulty of controlling generation to instantaneously

track all changes in demand [1]. In real power systems, frequency response services are traditionally classified into the

following three categories [2]:

e Primary service, which is provided by frequency-sensitive generators and a load that responds within a few seconds
to a change of grid frequency.

e Secondary service, which is provided by generators and a load responding to the frequency signal within 5-10
minutes and which can be continued until the frequency is restored to the nominal value.

e Tertiary service, which is an emergency control action that is applied when there is a serious power mismatch
between supply and demand. This service is typically provided by stand-alone generators.

In the Great Briain power system, uncertainty in demand forecasting is met by ensuring a sufficient amount of spinning

reserve from large scale generating units driven by nuclear and fossil fuel sources. These generators alter their active

power output in response to a frequency change. However, continuing to rely on fossil fuels to produce electricity has
two main problems: the potential shortage of fossil fuels at reasonable prices and the emissions that come from burning
the fuel. It is predicted that changes in environmental legislation and other government policies will result in a higher
generation diversity. More electricity will be generated from renewable, low-carbon resources such as wind and solar.

In the Great Britain (GB), it is projected that wind generation may contribute up to 30% of the total generation capacity

by 2020 [3]. However, increasing the reliance on renewables causes two challenges:

. Increasingly intermittent sources provide a large proportion of variable and less flexible generation. Hence,
maintaining an instantaneous balance between supply and demand is becoming a real challenge in the GB power
system [4].

ii. System inertia is reduced when converter-connected generators displace the conventional generation sources.
Increasing demand is another challenge that is facing the power system. The level of electricity consumption will
increase as a result of electrification of heat, such as electric heat pumps, and electrification of transport, such as electric
vehicles [4, 5]. The electricity sector is becoming more diverse with a transition from a small number of large companies
to a wide range of smaller aggregators and innovators [4]. To accommodate this level of variable generation and demand,
additional conventional frequency response (acting in seconds) is required, which will significantly increase the
operational cost [6]. However, a considerable portion of the frequency response required to balance the grid frequency
could be obtained by the demand at low cost through demand side response (DSR) mechanism. DSR is a process that
can deliberately change the users’ natural pattern in response to a signal from other parties. Businesses and consumers
can turn up, turn down, or shift their flexible demand in real-time to provide a frequency response service after receiving

a frequency signal [7].
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2.1  Brief description of frequency control strategies

This section aims to describe the latest strategies that use the demand to provide ancillary services of frequency response
to continuously balance supply with demand. Recent studies have demonstrated the concept and benefits of DSR,
although they have not directly referred to a specific load technology. For example, references [2, 8-11] summarize the
technical features and economic benefits of using demand control algorithms. These studies use a stochastic control
algorithm and they have applied it to the load to stabilize the system frequency. The responsive load in these studies has
the potential to provide a considerable operating cost saving and they can reduce carbon emissions by replacing the
spinning reserve service of generators with the frequency response service of demand. The authors in [12, 13] studied
large battery applications for frequency response provision. Battery storage systems can be installed to store electricity
when solar generation exceeds the demand or when electricity is cheap. This stored electricity can then be used when
needed. However, the use of large batteries for frequency response provision requires a large investment cost. Electric
vehicles (EVs) may be used for the same purpose with less investment cost. In [5, 14-17], a population of EV's were used
a source of demand response to regulate the grid frequency and provide rapid frequency response with the presence of
large scale of intermittent wind generation. A dynamic EV frequency control algorithm that considered the travelling
behavior of the EV users was developed to drive the EVs charging/discharging in response to changes in the grid
frequency [5]. The authors in [17] developed an estimation tool to estimate the 24- hour EV charging load for frequency
control study based on statistical analysis and according to EV type.

Thermostatically Controlled Loads (TCLs), such as fridges, heat pumps, water heaters, bitumen tanks, and so on, are
also flexible candidates for DSR [18-21]. The normal operation of these appliances can be temporarily interrupted
without a noticeable effect on the temperature. Because there are a large number of thermal loads connected to the grid
and their thermal storage characteristics, the TCLs could potentially provide a significant economic value throughout
the provision of various forms of ancillary services [2, 22-24]. Two main dynamic TCLs frequency control algorithms
have been used for the provision of a frequency response service, namely: centralised and decentralized control. For
example, in [25] and [26], a comprehensive DSR strategy based on central load control was developed to regulate the
system frequency by controlling the aggregation of electric water heating and air conditioning units. However, the
centralised load control algorithm requires the support of a high- performance communication system between the load
and the system operator. The system operator operates the central controller, which monitors the ON/OFF state
conditions of all thermostats and decides to turn them ON or OFF to balance demand with supply and restore the grid
frequency to the nominal limits. Ideally, the load controller should not use real-time communication between the system
operator and millions of TCLs connected to the grid because of the expensive infrastructure requirements and the
possibility of communication failures.

Decentralized control algorithms have also been used for frequency regulation and they are installed locally [27, 28].
Hence, they do not need two- way communication with the system operator. Decentralized control strategy uses
triggering frequency signal with predefined frequency deviation ranges. The frequency controller only turns the TCLs
ON or OFF when the grid frequency exceeds the trigger frequency ranges. However, the decentralized control algorithms
presented in these studies may not limit the operation of the frequency controller dynamically with the temperature and,
therefore, the temperature performance of TCLs might be undermined.

Another class of the decentralized control system aims to control the power consumption of TCLs dynamically with
the temperature by using a dynamic frequency control (DFC) algorithm [20, 21, 29-32]. The dynamic decentralized

controller in [30-32] controls the power consumption of domestic refrigerators and industrial melting pots linearly with
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the frequency changes. The controller aims to maintain the primary thermal storage functions of each unit. In [20], the
dynamic decentralized controller controls the power consumption of industrial bitumen tanks dynamically in response
to frequency deviations by measuring the present and previous frequency samples. Field tests were undertaken on 76
bitumen tanks by Open Energi, the commercial aggregator who provides frequency services to the GB power operator,
and each tank was equipped with a dynamic demand controller [20]. It was shown in that study that bitumen tanks can
provide frequency response and decrease the spinning reserve of the generators. In [21], a DFC was developed to control
the power consumption of domestic heat pumps to stabilize the grid frequency. The dynamic operation of DFC was
improved by giving a parabolic shape to the relationship between the temperature and frequency variations. The
parabolic shape expanded the region of the switching action, which caused more heat pumps to respond to the frequency
event earlier. As the grid frequency recovered, the DFC ensured smooth reconnection. Thus, the substantial load payback

that could result from a simultaneous reconnection of a substantial load after the frequency event was avoided.

2.2 Scope

The purpose of this paper is to develop a flexible demand scheme or the aggregation of heat pumps and fridges to provide
ancillary services of frequency response to continuously balance demand with supply. The power consumption of
domestic load is usually small and, therefore, requires an aggregation of substantial number of load to provide a
noticeable response to a large system, such as the GB power system. In addition, the reliance on the aggregation of
similar types of domestic load to provide the required frequency response will burden that type of load and, hence, the
aggregation of diverse types of load is important to unlock the flexibility of domestic demand. The contribution of this

study is summarized as follows:

1. Investigate the availability of heat pumps and fridges in the ON and OFF states, which are available to be
switched OFF/ON in response to the frequency change over the time of day.

2. Develop an improved decentralized Dynamic Frequency Control (DFC) algorithm that can continuously control

the power consumption of heat pumps and fridges in a non-disruptive way.

3. Exploit the presence of a population of heat pumps and fridges to be used as a source of flexible demand to

regulate the grid frequency and provide rapid frequency response.

4. Develop a mathematical formula that describes the combination of heat pumps and fridges for the provision of

frequency response service.

5. Examines the potential of the DFC algorithm by connecting the aggregated controlled load to the simplified
GB power system.

6. Investigates the financial value of the aggregated load control to participate in the balancing service based on
the present operational practice of the GB power system.

This paper aims to answer the following questions:
1. How to specify the number of heat pumps and fridges to be combined for the provision of frequency response?
2. Can the aggregated heat pumps and fridges participate in the Firm Frequency Response (FFR) service in GB?

3. What are the scenarios that the demand aggregator can adopt for the combination of heat pumps and fridges

taking into account the number of units and cost saving?

4. What impact might the DFC-based aggregated heat pumps and fridges have on the grid frequency and rate of

change of frequency (RoCoF) when the value of system inertia is low?

A short version of this paper was presented at ICAE2017, Aug 21-24, Cardiff, UK. This paper is a substantial extension
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5. Does the aggregated controlled load in this study mimic the behavior of frequency-sensitive generators?

6. What is the economic and environmental value of the aggregated load control?

3 Availability of load

3.1  Awvailability of heat pumps at different times of the day

The availability of load is defined as the fraction of load that is available to provide a low and high-frequency response
without undermining the internal load function. In real life, only part of the load has ON-state and is available to switch
OFF, and only part of the load has OFF-state and is available to switch ON in response to system frequency. Therefore,
the system operator needs to be notified about the amount of load that is available to respond to the grid frequency at
each time of a day.

In this paper, the Availability of Low Response ( ) is defined as the percentage of load that is available to be
switched OFF to provide a low-frequency response. The Availability of High Response ( ) is the percentage of load
that is available to be switched ON to provide a high-frequency response. For heat pumps, data of average and

are gathered and estimated considering the Element Energy’s medium uptake scenario for the year 2030 [33].
The and are half hourly data gathered over a day and they are averaged for the winter months in Great
Britain [33, 34], as presented in Fig. 1. It is shown that the response is highest at 06:30 and lowest between 23:00 and
04:00.

The response from heat pumps is seasonal; that is, they use less power in summer than in the winter due to the lower
heating demand. The seasonal effect on the energy consumption of heat pumps over the year is obtained from [33], as

shown in Fig. 2. The seasonal availability of low-frequency response in winter and summer months are denoted

and . For a high-frequency response, the seasonal availability is denoted and
Based on the (winter), (winter) and the seasonal availability, the and over a summer
day are calculated using equations (1) and (2). Fig. 3 shows the (summer) and (summer) that are averaged

between April to September.

(1

@
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Fig. 1 Availability of heat pumps over a winter day
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Fig. 3 Availability of heat pumps over a summer day

A short version of this paper was presented at ICAE2017,

Aug 21-24, Cardiff, UK. This paper is a substantial extension

of the short version of the conference paper which is accepted for publication in Journal of Applied Energy.



Accpeted version Journal of Applied Energy

3.2 Awvailability of fridges at different times of the day

For fridges, field test to measure the and were undertaken for winter months in 2011/2012 [35]. The
investigations were carried out on 1,000 fridges in Great Britain’s homes, including diverse types of coolers/freezers
covering almost 80% of the fridge market. The average and in the summer and winter at each hour of a
day are given in [35]. The availability of fridges is nearly constant over the day because most fridges are usually engaged

in the consumers’ use.

3.3  Potential response from all heat pumps and fridges

According to the 2030 medium uptake scenario developed by Element Energy, as presented in [33], there are expected
to be 3.8 million heat pumps in Great Britain’s dwellings by 2030. There will also be approximately 48 million fridges
in GB by 2030 according to [36]. Each heat pump has a typical power consumption of 3kW [33], and each fridge has a
typical power consumption of 0.1kW [35]. The total availability response from all the heat pumps and fridges over the
whole day is calculated by using equations (3) and (4).

A3)

“

where and are the numbers of heat pumps that have ON and OFF states, respectively. Similarly,
and are the numbers of fridges that have ON and OFF states respectively. and are the total

numbers of heat pumps and fridges respectively.

Fig. 4 shows the entire availability of aggregated load at different times of the day. As shown in Fig. 4, the potential
of frequency response from aggregated heat pumps and fridges is considerable, especially in the winter. At the GB’s
peak demand time (17:00-20:00), the heat pumps and fridges are available to provide a minimum of 3,500MW load
decrease in winter and drop to 2,450MW in summer. Meanwhile, at the lowest Great Britain system demand between
(00:00-06:00), the load aggregation is able to provide a minimum of 3,640MW increase in winter and 2,320MW in
summer. It can be observed that the availability of frequency response is always lower in the summer due to lower heat

pump demand.
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Fig. 4 Available frequency response from all heat pumps and fridges over a day

4 Load aggregation for the provision of frequency response

4.1  Concept

In Great Britain, the National Grid is obliged to maintain the grid frequency to within + 1% of 50Hz (i.e. 50+0.5Hz).
The National Grid uses Balancing Mechanism (BM) tool to balance the electricity supply and demand in real-time [37].
The BM allows the frequency response providers to sell electricity to the system (i.e. National Grid or distribution
networks) by either increasing generation or decreasing demand consumption. The FFR is one of the most valuable
balancing services in GB that is open to BM and non-BM providers [38, 39]. The demand aggregators can secure a
bridging contract with the network operator (or National Grid) to build their flexible demand scheme by aggregating
different assets. In the FFR service, businesses and consumers can sell the demand consumption by turning up, turning
down, or shifting their flexible demand in real-time to provide a frequency response service after receiving a frequency
signal. To participate in the FFR service, demand aggregators must be capable of providing a minimum of 10MW of

frequency response to the grid within 30 seconds of a frequency event.

4.2 Potential applications of demand side response aggregation

The DSR that is obtained from the aggregation of heat pumps and fridges can provide various applications, as follows:

e Frequency control, the aggregated heat pumps and fridges can be controlled through a DFC algorithm. Then, the
controlled load will be connected to the power system to regulate the grid frequency (i.e. help to balancing the

demand with supply second by second in real-time).

e Ancillary services, during system contingencies (such as a power station tripping out), the controlled load can

support the grid frequency by temporarily reducing the demand consumption.

e Spinning reserve, the participation of DSR aggregation reduces the spinning reserve shared by the generators,

especially during peak demand hours [4].

e Carbon emission, the integration of aggregated load control to the system minimizes the capacity of part load (i.e.

fossil fuel) generators, and hence the carbon emission is reduced.
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4.3 Identification method for the combination of heat pumps and fridges

The aggregation of certain numbers from both heat pumps and fridges to provide a minimum low frequency response of
10MW to the grid is calculated by using equation (5). The time of the day is divided into five periods according to the
availability of the load, as shown in Fig. 5. The intersection point between the red and black slopes represents the
aggregation of 8,000 heat pumps and 30,5396 fridges to provide 10 MW of low frequency response over the time 14:00-

21:00 (the time that involves the peak demand). The values of and are the averaged value of the five

periods given, as shown in Table 1.

(5)
Table 1 and at different times of day
Period  Time of day (%100%) (%100%)
1 10:00-13:30 0.17 0.167
2 14:00-17:00 0.2 0.165
3 17:30-18:00 0.18 0.184
4 18:30-21:00 0.23 0.175
5 22:00-04:00 0.12 0.15

wnnnn 22:00-04:00

s 10:00-13:30

| o 14:00-17:00 !
I
—— 17:30-18:00 .
1
I
I

18:30-21:00

.
......

0 5 10 15 20 25 30 35 40
Number of heat pumps (NHP) (Thousand)

Number of fridges (NFR) (Thousand)

Fig. 5 Aggregation of heat pumps and fridges for the provision of 10MW threshold (low frequency response
service)
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Fig. 6 Relationship of the combination of heat pumps and fridges for the provision of 100MW or more low frequency
response service

The relationship between the NHPs and NFRs in equation (5) is linear. Hence, the red slope in Fig. 5 (shaded area)
is used to calculate the combination number of heat pumps and fridges for a large power provision. This slope is scaled

up to represent the provision of minimum 100MW. Then, the load scaling factor ( ) is added to represent the power at

any combination, as shown in Fig. 6. For example, when , the resulting combination numbers ( and ) are
used to provide a low frequency response of 100 MW. When , the resulting combination numbers are used to offer
a power of 200 MW.

The is used as an input to specify the level of aggregated load using equation (6). The frequency response

provided by the heat pumps is higher than that for fridges because the power rate of the heat pump is typically higher.
However, the availability of heat pumps is very seasonal and is not always available in large numbers. Therefore, the
fridges can compensate for the lack of frequency response because they are available at every time of the day. In this
paper, the following three scenarios are considered to provide the same amount of frequency response, where the
aggregators can adopt a certain number of heat pumps and fridges according to the availability of the load and based on
cost saving. For example, if the load aggregator needs to provide a certain amount of frequency response from any
combination of heat pumps and fridges, then equation (6) ensures the provision of the same size of frequency response
required by the load aggregator (i.e. if NFR is increased, then NHP is decreased to provide the same power output and

vice versa):

e Combination of Low NHP-High NFR: This scenario is more suitable when heat pumps’ demand is low for
summer days due to the low heat pump demand. The power rating of a heat pump is typically 30 times the
power rating of a fridge. Therefore, an aggregation of a small number of heat pumps requires a vast number of
fridges to compensate for the required frequency response (see Fig. 7(a)).

e Combination of Average NHP—Average NFR: This scenario is more economical than the previous one and
it can be used when there is larger number of heat pumps (see Fig. 7(b)).

e Combination of High NHP-Low NFR: This scenario is more appropriate for use in winter months due to

higher heat pump demand. Hence, the aggregator can adopt a large number of heat pumps and a small number

A short version of this paper was presented at ICAE2017, Aug 21-24, Cardiff, UK. This paper is a substantial extension
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of fridges, as shown in Fig. 7(c). This is the more economical scenario because the entire number of responsive

units is reduced.
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Fig. 7 The provision of low frequency response with different combinations of NHPs and NFRs (a) low NHP-high
NFR (b) average NHP—average NFR (c) high NHP-low NFR
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5 Aggregated load control algorithm

This study considers the provision of frequency response based on dynamic FFR service [38, 40]. In this service, the
power of several aggregated loads can be controlled to maintain the grid frequency stable (typically 50 Hz) at any time.

A control algorithm is developed to switch OFF or ON each unit in response to a regulation signal. In this paper, the
grid frequency is used as the regulation signal. A decentralized controller that can be applied to both the heat pump
and the fridge is developed as shown in Fig. 8.

The Temperature Controller measures the temperature of the fridges and buildings, and the Frequency Controller
continuously monitors the frequency of GB grid. Each unit is assigned with two trigger frequencies and . The
range of is 49.5-49.9 Hz and the range of is 50.1-50.5 Hz, which is consistent with the steady-state limits of
grid frequency in the Great Britain power system. The control algorithm compares with the trigger frequencies
simultaneously. The frequency controller should ensure a smooth switching behavior and it should avoid the high
payback that could result from a large number of units recovering at the same time. Therefore, the following techniques
are implemented:

e  The trigger frequencies of a heat pump and vary dynamically with the building temperature
as shown in Fig. 9. For a frequency drop, the heat pumps are switched OFF in descending order starting from
the warmest building. Similarly, for a frequency rise, the heat pumps are switched ON in ascending order
starting from the coldest building.

e The trigger frequencies of a fridge and vary dynamically with the cooler temperature  , as
shown in Fig. 9. For a frequency drop, fridges are switched OFF in ascending order starting from the coldest
fridge. Similarly, for a frequency rise, fridges are switched ON in descending order starting from the warmest

fridge.
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Fig. 10 Flow chart of the aggregated load control system

Fig. 10 shows the flowchart of the control system of the aggregated load. The initial temperature of a population

of buildings and the initial temperature of a population of fridges are diversified by randomizing the starting time

using a uniform distribution.

The frequency controller should not undermine the internal temperature (  and . When the temperature exceeds
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the predefined temperature set-points (typically for a building =19°C and =23 °C [41] and for a cooler =75
%C and =8.5 °C [35]), the temperature controller is prioritized and follows , while follows In
other words, the final switching signal will respond to the temperature controller but will not to the frequency controller,

even through the time of a frequency incident. However, when the temperature is within the acceptable limit, the

frequency controller is prioritized; that is, and respond to the frequency controller. If and/or
, this indicates that there is a frequency drop signal and hence each unit is switched OFF ( and
) to decrease the power demand. If and/or , this indicates that there is a frequency

rise signal and hence the appliance is switched ON ( and ) to increase the power demand.

6 Simplified Great Britain power system

To study the power system frequency response, a simplified model representing the governor, inertia and damping of
the Great Britain power system is developed (Fig. 11) [42, 43]. The system inertia is 6.5sec. It is measured according
to the interconnector loss (loss of 1000 MW) that occurred on September 30, 2012 [20, 44]. The load frequency
dependence was lumped into a damping constant , which was set to 1 p.u. The GB’s spinning reserve generators (i.e.
frequency-sensitive generators) were represented by governor-turbine transfer functions as shown in Fig. 11 [20, 42].
For the provision of a primary response, all generators should have a governor droop setting between 3%—5% according
to the GB grid code [45]. Some generators are required to provide secondary frequency control. Therefore, the simplified
GB power system is represented by two lumped blocks: G1 and G2 [20]. Block G1 represents 20% of the generators
that provide primary frequency response, while block G2 represents 80% of the generators that provide primary and
secondary frequency response, as shown in Fig. 11. The provision of a secondary response was modelled by the
supplement integral control loop with gain . The speed governor deadband in blocks G1 and G2 should not be greater
than 0.03Hz; however, to increase certainty, here it was selected to be £0.015Hz [45]. The governor droop is represented
by the gain and was set to 20 p.u. in all scenarios. The parameters used in Fig. 11 are given in Table 2, where

,and  are generator-turbine time constants [42].
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Fig. 11 Simplified Great Britain power system model

Table 2 Parameters of the Simplified Great Britain power system:
system demand =41 GW

/R T, T, T, T, K;
20 0.2 2 20 0.3 0.05

=7 Results and discussions

7.1  Case study based on the FFR threshold

A case study was conducted to examine the capability of an aggregated load to provide 10MW, representing the
minimum amount of low frequency response to participate in the FFR service [38]. An aggregation of 8,000 heat pumps
and 30,5396 fridges was considered. This was estimated over the time interval (14:00-17:00) and (17:30-18:00), based
on the intersection point in Fig. 5. Meanwhile, Fig. 12 shows the frequency profile that was injected to the system. The
frequency drop at time 470 sec was considered to examine the capability of the aggregated controllable loads to reduce
their power consumption offering a FFR service. Fig. 13 shows the behavior of the power consumption drawn by the
controlled load during the frequency event. The heat pumps and fridges were switched OFF immediately, providing a

reduction of 10MW from their power consumption proportional to the frequency drop.

50.21 40 1
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Fig. 12 Injected grid frequency profile Fig. 13 Power reduction from aggregated heat pumps and

fridges to provide IOMW
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Table 3 Combination scenarios of heat pumps and fridges to provide 1,000 MW as a maximum
low frequency response

Available NHP for Available NFR for
frequency response frequency response

Scenarios Total NHP Total NFR

Scy 1,062,500 22,858,945 191,250 4,206,046
Scz 1,325,000 15,220,195 238,500 2,800,516
Scs 1,587,697 7,575,715 285,785 1,393,932

7.2 Case study based on continuous frequency regulation

The DFC algorithm is applied to a population of heat pumps and fridges to provide continuous frequency response in
proportion to frequency changes. Dynamic response is automatically delivered for all variations in frequency outside of
the deadband (50Hz +0.015Hz) [37]. The aggregated load has a maximum of 500 MW when the grid frequency drops
to 49.5 Hz (i.e. to represent the capacity of aggregated load in the summer). Simulation was implemented by injecting a
profile recording the GB power system frequency into the dynamically controlled load, as shown in Fig. 14. As can be
seen, the power output of aggregated load dynamically changes following the frequency variation. Therefore, the

aggregated load control can be used to continuously regulate the grid frequency.
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Fig. 14 Continuous behavior of aggregated load in response to frequency variations
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7.3 Case study (based on three scenarios) on the simplified Great Britain power system

The heat pump and fridge models were connected to the simplified GB power system. The frequency control of each
unit received a frequency signal from the GB grid (see Fig. 11), and it then triggered the appliance deliberately in
response to the frequency variation. The output of each appliance represents the power consumption which was absorbed
from the grid.

A loss of two individual generators was applied to the system based on [46]. The loss of the first generator has caused
a loss of 345MW at time 11:34 (in the real event) equivalent with time 200 sec in this modelling study. Around two
minutes later, the loss of the second generator caused additional loss of 1,237MW. The system demand was 41GW at
the time of the frequency incidents.

Three combination scenarios for a number of heat pumps and fridges (listed in Table 3) are considered for the
provision of low frequency response service (maximum 1000MW). It was assumed that each heat pump has a typical
power consumption of 3kW and that each fridge has a typical power consumption of 0.1kW. These scenarios are based
on Fig. 6 and are described below.

Scenario 1: Sc1 (Low NHP-High NFR): this scenario assumed a low availability of heat pumps, for example in a

summer day, and thus 191,250 heat pumps were considered. By using equation (6), and for the provision of 1000MW

as a maximum low frequency response, the number of fridges was calculated to be 4,206,046. The frequency response
in this scenario was very dependent on the fridges.

Scenario 2: Sca (Average NHP—Average NFR): In this scenario, 238,500 responsive heat pumps and 2,800,516

responsive fridges were considered to provide power reduction of maximum 1000MW from the aggregated load. The

number of fridges was reduced by 33% from Sc, while the number of heat pumps was increased by 20%.

Scenario 3: Scs (High NHP-Low NFR): This is the more economical scenario as the number of responsive units

was reduced to 1,679,717 (about 38.3% from Sc,). In this scenario, 285,785 responsive heat pumps and 1,393,932

fridges were considered to provide power reduction of a maximum 1000MW from the aggregated load. The

dependency on the fridges for the frequency response was reduced by 67% from Sc;. The number of connected heat
pumps was increased by 33% from Sc;.

Two sets of results during the frequency incident were simulated: with and without the controllable loads. Fig. 15
shows the power consumption behavior of the heat pumps and fridges individually in the three defined scenarios before
and after the frequency incidents. It can be seen that the load power has decreased immediately after the two frequency
incidents.

Fig. 16 shows the power reduction drawn by the aggregated load (see the left axis) and the change of power output
of generators (see the right axis), using the three defined scenarios. It can be seen that the entire power reduction from
the aggregated load is almost equal in Sc; and Sc, (about 660MW), with a slightly different value in Sc; (about 600MW).
The small difference in Scs is due to the use of a high number of fridges where the coolers’ temperature is highly
diversified causing some fridges not to respond to the frequency change. The use of controlled loads has significantly
reduced the power output from synchronous generators (around 50%).

The impact of reducing the power consumption of the aggregated load on the grid frequency is shown in Fig. 17.
The first frequency drop was reduced from 49.8Hz to 49.9Hz. Following the second incident, the frequency drop was
reduced from 49.22Hz to around 49.58Hz. In the three scenarios, the frequency drop has reduced to almost the same

value.
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7.4 Case study on the future GB power system with a reduced system inertia

This case study was conducted for low system inertia (i.e., 3.1 sec) to represent the future GB power system with
much generation from converter-connected wind turbines [47]. The system base was assumed to be 28 GW, representing
a summer evening.

A combination of heat pumps and fridges to provide FFR service during the summer season is considered. For
simulation results, the aggregation of 87 thousand responsive heat pumps and 2.5 million responsive fridges was
considered. This was estimated over the time interval 17:30—18:00, based on the estimation of a summer day. The heat
pump and fridge models were connected to the simplified Great Britain power system that was presented in Section 6.
The loss of 1800MW from the generation power, representing the infrequent infeed loss in the Great Britain power
system, was applied to the simplified GB power system at time 100sec. Fig. 18 shows the behavior of aggregated heat
pumps and fridges during and after the frequency event. When the grid frequency dropped lower than 49.5Hz, all of the
responsive heat pumps were switched OFF and, hence, their power consumption has reduced to almost zero (i.e.
reduction of 250MW has achieved). Consequently, a large number of fridges (about 2.5 million fridges) were switched
OFF to compensate the required S00MW of frequency response. It can be seen that the reduction of aggregated load has
impacted positively on reducing the frequency deviation.

Fig. 19 shows that frequency deviation with and without the use of aggregated load control. The frequency deviation
has decreased from 49.13Hz to 49.35Hz. Fig. 19 also shows the behavior of power consumption driven by the aggregated
load for 30min. It can be seen that the behavior of the heat pumps and the fridges is different because the diversity of
heat pumps and fridges is different.

Fig. 20 shows the change of power output drawn by the frequency-sensitive generators with and without the
aggregated load control. It can be seen that the generation power (spinning reserve) has reduced by 30% when the
aggregated load control was used. The controlled load can provide similar response to the frequency-sensitive generators
and this will reduce the frequency response from the generators.

Fig. 21 shows the values of the rate of change of frequency (RoCoF) between 0.6sec to 2sec after the frequency event.
It can be seen that the provided frequency response from the aggregated load control has significantly reduced the RoCoF
at the earlier sub-seconds following the incident. Therefore, the DFC algorithm is an effective method to halt the RoCoF,

especially when there is a reduction in system inertia.
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Fig. 20 Change of generation power in response to the frequency event
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8 Conclusion

This paper investigated the potential of demand side response from the aggregation of heat pumps and fridges for the
frequency control. The availability of heat pumps and fridges at the time of day was presented. Aggregation of the low
and high-frequency response from all heat pumps and fridges was calculated for the Great Britain power system at
different times of winter and summer days. In addition, the number of heat pumps and fridges to provide Firm Frequency
Response service was estimated.

A decentralized DFC algorithm was developed for the provision of the frequency response service. The control
algorithm was coordinated to provide an aggregated response from a population of heat pumps and fridges without
undermining the temperature of the buildings and fridges.

The model was then integrated into a simplified Great Britain power system model. Three scenarios were presented
to differentiate the combination of the load according to the load availability and considering cost saving. It has been
shown that the dynamic control of aggregated load has the potential to offer considerable frequency response and a
reduction of 50% in governor action of spinning reserve generators was achieved. In addition, the potential of aggregated
load control was investigated on the reduced system inertia of the future Great Britain power system during a summer
day. It has been shown that the aggregated load control is an efficient approach to reduce the rate of change of frequency
during the first sub-seconds following the frequency event. However, the availability of heat pumps is low in the summer,
which requires a substantial number of fridges (typically more than 2 million) to compensate for the provision of 500
MW of frequency response.

The frequency response depends significantly on the expensive frequency- sensitive generators. The use of the
aggregated load control will reduce the use of these generators and will result in considerable cost saving. In addition,
to meet the greenhouse emissions policy, the dynamic controlled load is, of course, a worthy cause. In this paper, the
financial value of the aggregated load control to provide frequency, using three scenarios, is briefly estimated. According

to the monthly report of National Grid for the year 2014 [48], the total frequency response of 1,236.4GWh was estimated
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to cost the National Grid £5.2 million per month. Therefore, the cost of the total frequency response per IMWh per
month is £4.2. In this paper, the load aggregator is assumed to provide 1,000MW of the frequency response over the

time 14:00-21:00 (240 hours in a month). Thus, the value of the aggregated load control is calculated as follows:

®)

According to equation (8), the benefit for the load aggregator to provide frequency response service is £1.01m/month
(~ £12.12m/year). However, the total value contribution from each appliance depends on the defined scenarios as shown
in Table 4. The cost of each DFC is assumed to be equal to £3[30].

In Sci, the total number of 1,062,500 heat pumps and 22,858,945 fridges are connected to the grid to provide
1,000MW of frequency response and, therefore, the value contribution from each unit is approximately £7.13, assuming
a lifetime of 20 years for each appliance (including the cost of the frequency controller). In Sc,, there are 1,325,000 heat
pumps and 15,220,195 fridges, the value contribution from each unit is increased to £11.65. In Scs, there are 1,587,697
heat pumps and 7,575,715 fridges, the value contribution from each unit is increased to £23.5.

In conclusion, the third scenario (Sn3) is more economic for the provision of 1,000 MW of frequency response. The
aggregation of a larger number of heat pumps and a lower number of fridges will provide cost savings to the system
operator. However, the technical feasibility of each scenario is required.

It is worth mentioning that the rough estimation presented in Table 4 ignored any value that could be earned from the
reduction of greenhouse emissions (due to reduced part-loading).

The simulation results that were accomplished in this paper have provided a scope of solution for real problems (i.e.
fast RoCoF, reduction in system inertia, spinning reserve of generators, and greenhouse emissions). Future work will
examine the role of aggregated load control to reduce the spinning reserve of generators by connecting the dynamic

demand control models to the detailed transmission and generation master model of National Grid.

Table 4 Value contributed by each appliance to provide 1,000 MW of frequency response service

Scenario (Sc1) Scenario (Sc2) Scenario (Scs3)
Value per 7.13 11.65 23.5
appliance (£)
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