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1. Introduction

The frequency of an electric power system must be strictly maintained within an acceptable
narrow range by keeping the instantaneous balance of the power grid. It is conventionally
guaranteed through frequency regulation provided at the supply side, which is one of the most
important ancillary services. However, because of the intermittent nature, renewable power
generation has placed great pressure on the reliability of power grids. This situation will deteriorate
with the rapid increase of renewable power sources adopted in power grids [1]. Although building
more power generators for reserve and incorporating more energy/power storage could relieve this
pressure, the great investment is an unignorable obstacle [2]. Moreover, the problem of low
average working hours of generators would further deteriorate due to the excessive generation

capacity for reserves [3].

Recently, more policies and rules have been passed to encourage demand side resources to
take part in the ancillary services market with monetary incentives [1, 4]. The process and
mechanism for the demand side to provide frequency regulation service to power grids are
elaborated as follows. The authorities of power grids calculate the “area control error” (ACE)
which is the magnitude of power imbalance between the supply side and demand side. Then, the
ACE is transformed and normalized to the frequency regulation signal, automatic generation
control (AGC) signal (from -1 to 1), and send to participants involved [5]. To provide frequency
regulation service to power grids, the demand resources are supposed to manipulate their power
use timely and accurately to follow the AGC signal. Note that demand resources can bid different
regulation capacities according to their own flexibility for feasible financial rewards. Therefore,
even small power consumers are encouraged to take part in the ancillary services market [6]. A
large number of small power consumers can result in a large regulation capacity collectively and
can effectively help the power grids to relieve the power imbalance. In this way, the frequency of
power grids can be maintained within an acceptable range. On the other hand, the authorities of
power grids would test whether the power of participants at the demand side can follow the AGC
signals properly. For example, the PJIM (Pennsylvania-New Jersey Maryland Interconnection,
regional transmission organization) uses performance scores to quantify the quality of frequency
regulation service provided by the demand side participants [1]. In particular, PJIM provides two
kinds of AGC signals, including RegA signal (a type of AGC signal with a relatively low frequency)
and RegD signal (a type of AGC signal with a relatively high frequency). To identify the



qualification of demand resources in providing frequency regulation service, PJIM selects two
dedicated test signals on the basis of historical frequency regulation signals, including a 40-min
RegA test signal and a 40-min RegD test signal. Service provider candidates are required to follow
the corresponding test signals and their performance scores are assessed, including a delay score,
a correlation score and a precision score as well as a composite performance score (i.e., the average
of the first three scores). Candidates are only qualified to provide frequency regulation service

when they can get a composite performance score not less than 0.75 [7].

Among various types of demand resources (service providers), heating, ventilation and air-
conditioning (HVAC) systems in buildings are one of the most promising sources for providing
frequency regulation service. It is because they account for a large proportion of electric energy
consumption and have great power use flexibility. In the United States, buildings consume 74%
of total electric energy [8] and HVAC systems in residential and commercial buildings consume
about 16% of electric energy [9]. In Hong Kong, the building sector contributes over 90% of total
electricity, and HVAC systems take up about 29.8% of electricity in non-residential buildings [10].
As mentioned above, to provide frequency regulation service to power grids, the demand resources
are supposed to manipulate their power use to follow AGC signals. As a result, this will naturally
affect the cooling/heating supply of HVAC systems, and eventually affect the indoor environment

control in buildings.

Many studies have studied the possibilities of using HVAC systems for providing frequency
regulation. Chillers and heat pumps almost consume half of the energy consumption of the entire
HVAC system [11]. They are therefore the most attractive components to be considered for
providing frequency regulation. In the study conducted by Su and Norford [9, 12], a 200-ton chiller
serving a medium-sized commercial building was utilized to provide frequency regulation service
by resetting the chilled-water supply temperature setpoint. The reported composite performance
scores were 0.89 when following the 40-min RegA test signal and 0.86 when following the 40-
min RegD test signal. Both cases could meet the requirement of PJM. No appreciable impact on
indoor air temperature was observed. In the study of Zhao et al. [13], the whole HVAC system
(i.e., chillers, fans and water pumps) was used to provide frequency regulation service by
modulating the indoor temperature setpoint, the performance scores achieved were between 0.7991
and 0.8957 under different working conditions. In the study of Cai and Braun [14, 15], a variable-
speed packaged rooftop unit (RTU) and a split heat pump were utilized for regulation tests, which



were performed in psychrometric chambers. The composite performance score could reach 0.88.
It also reported that providing frequency regulation service had a negligible impact on indoor
comfort. In the study of Kim et al. [16], integrated with an isolated microgrid, the simulation study
demonstrated that the variable-speed heat pump could be effectively used to provide frequency
regulation service and the occupant comfort could be ensured as well. In their later experimental
study [17], a variable-speed heat pump was used to provide frequency regulation service. The
supply water temperature setpoint was modulated to adjust the heat pump power use. The reported
composite performance scores were between 0.77 and 0.81, which could also meet the requirement.
More details of the methods used by existing studies and comprehensive introduction can be found

in our previous review paper [8].

In summary, previous studies have shown that chillers are qualified to provide frequency
regulation service with a negligible impact on indoor environment control. However, it is worth
noticing that in previous studies, both the quality of frequency regulation service and the impact
of providing frequency regulation service on indoor environment control were studied
simultaneously in the condition of following the dedicated frequency regulation test signals (the
40-min RegA & RegD test signal) given by the power grid to assess service quality. These signals
are relatively demanding/critical to the grid (in terms of the quality of frequency regulation service)
among practical AGC signals. Therefore, it is suitable and reasonable to select them to test the
quality of frequency regulation service. However, there is a large proportion of practical AGC
signals that is more demanding/critical to buildings (in terms of the impact on indoor environment
control) than these signals (i.e., the 40-min RegA & RegD test signals provided). As a result, it is
more reasonable to select AGC signals demanding/critical to buildings to test the impact of
providing frequency regulation service on indoor environment control. However, no study can be
found on quantifying this impact considering various possible profiles of practical AGC signals,

particularly those demanding to buildings.

This study, therefore, investigates systematically and comprehensively the impact of
providing frequency regulation service on indoor environment control and proposes dedicated test
signals for buildings to verify environment control performance when providing frequency
regulation service. A set of criteria is first proposed to assess the demanding level of frequency
regulation signals to power grids and buildings. Then, a frequency regulation signal demanding to

buildings is selected based on the criteria for the purpose of assessing the impact of frequency



regulation on indoor environment. This impact is further analyzed when following signals of
different demanding levels to buildings providing different regulation capacities. Finally, two
dedicated test signals for buildings are selected which can be used to assess building environment

control performance when providing frequency regulation service.
2. Control strategy of HVAC systems for providing frequency regulation service

A control strategy of an HVAC system for providing frequency regulation service is
developed as shown in Fig.1. The HVAC system concerned is set up based on an HVAC system
in the International Commerce Centre (ICC) in Hong Kong, which is a typical HVAC system.

Chillers are used to provide frequency regulation service in this study.

As shown in Fig. 1, a hierarchical control scheme for providing frequency regulation service
is used, which consists of a power use following controller and a regulation bidding controller (as
presented in the blue square). The function of the power use following controller is to determine
reference power use, as the power use setpoint (Pset) of the chillers, according to Eq. (1). Here,
AGC signal is given by power grids directly. Py is the power use baseline, which refers to the
power use of the chillers under conventional control without providing frequency regulation
service. It represents the power use needed to meet the space cooling demand, which is determined
by the regulation bidding controller. The regulation capacity (Creg) is the modulation magnitude
around the power use baseline (i.e., Po*Creg), Which is also determined by the regulation bidding

controller.
Pgor = Py + AGC signal X Cyeq 1)

In this study, the chillers are used to provide frequency regulation service. To modulate the
power use of the chillers, the indoor air temperature setpoint (Tinset) and the outlet water
temperature setpoint of the chillers (Tcnilieroutset) are adjusted, which is a method commonly used

in previous studies.

In practice, frequency regulation belongs to the hour-ahead market (e.g., in the PJIM), the
baseline and regulation capacity should be dynamically reset at the beginning of each hour
according to the system working conditions. In this study, to investigate the impact of providing
frequency regulation service under different conditions, the regulation capacity and the power use
baseline are determined directly.
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Fig. 1. Control strategy for chillers in providing frequency regulation service.

3. Demanding levels of frequency regulation signals to power grids and buildings

As mentioned in the Introduction, frequency regulation signals (i.e., AGC signals) reflect the
magnitude of power imbalance between the supply side and demand side. Some signals could be
demanding to power grids (in terms of the quality of frequency regulation service). Some signals
could be demanding to buildings (in terms of the impact on indoor environment control). In this
section, a set of criteria is proposed to quantify the demanding level of an AGC signal to power

grids and buildings, respectively.
3.1. Demanding level of frequency regulation signals to power grids

Technically, to provide frequency regulation service with a qualified performance score, the
actual power use of the resources should follow the reference power use (i.e., power use setpoint)
timely and accurately. As a result, a more volatile AGC signal is more demanding for the demand
side to get a qualified performance score required by the supply side. In this study, “fluctuation
velocity” is adopted based on the concept of “mileage” from PJM [14], which can reflect the
volatility, and used to assess the demanding level of a signal to power grids, as shown in Eq. (2),

where s(i) is the value of the AGC signal at time i. t is the total time (in second). The fluctuation



velocity is defined as the average speed the AGC signal traverses within a given period of time.

Therefore, a signal with a larger fluctuation velocity is more demanding to power grids.

fluctuation velocity = w (2)

Fig. 2 shows the hourly fluctuation velocities of RegA & RegD signals in 2018. It can be
observed that the fluctuation velocity of the RegD signal is obviously larger that than of the RegA
signal. It indicates that the RegD signal is more volatile and is more demanding to power grids.
Therefore, demand resources are required to respond faster when providing frequency regulation

service following the RegD signal.
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Fig. 2. Fluctuation velocity of RegA & RegD signal of each hour in 2018.

3.2. Demanding level of frequency regulation signals to buildings

The demanding level of a frequency regulation signal to buildings is reflected in its impact on
indoor environment control. Particularly, a more demanding signal to buildings indicates that it is
more likely to cause a larger indoor air temperature offset. Before introducing the criterion to
assess the demanding level of the frequency regulation signals to buildings, the mechanism of the

indoor air temperature offset when providing frequency regulation service is elaborated as follows.

According to Eqg. (1), it can be found that the power use of the chillers is manipulated to
deviate from the power use baseline when providing frequency regulation service. This would
naturally affect the cooling supply of HVAC systems, eventually affecting indoor environment

control in buildings.



It is also mentioned in Section 2 that the demand resources (i.e., frequency regulation service
providers) should bid (i.e., reset) the power use baseline and regulation capacity at the beginning
of each hour in the PJIM market. This, on the other hand, also means that buildings have the
opportunity to adjust their power use baseline to eliminate the indoor air temperatures offset caused
in the previous hour. Therefore, the compounding effect of providing frequency regulation service
on the indoor temperature is eliminated. Consequently, if the indoor environment control can be

guaranteed within one hour, it can then be guaranteed for many consecutive hours to a large extent.

The AGC signal is not known when HVAC systems are bidding the power use baseline and
regulation capacity to power grids at the beginning of each hour [18]. As a result, buildings face
the risk of encountering different possible profiles of AGC signals in the following hour after
bidding. As mentioned in the Introduction, the power use baseline is the power use needed to
maintain the indoor air temperature setpoint in the following hour. Therefore, taking cooling for
example, the signal above zero mainly causes a negative offset of indoor air temperature, while
the signal below zero mainly causes a positive offset of indoor air temperature. Consequently, the
positive (negative) hourly “maximum accumulated offset” (MAO) of the AGC signal, in principle,
would most likely result in the negative (positive) “maximum temperature offset” (MTO) of indoor
spaces within an hour. Thus, MAO is proposed in this study to quantify the demanding levels of
the AGC signals to buildings. It is worth noticing that the bidding interval could be different in

different electricity markets. For example, it is 15 minutes in the Swiss electricity market [19, 20].

The maximum accumulated offset (MAO) of the AGC signals can be calculated by Eq. (3)
and Eq. (4), where, m is the total number of signal points within the period of time assessed. x is
the time interval between two continuous signal points (normally from 2 to 4 seconds [21]). It is
worth noticing that the offset can be positive or negative. As each point of the AGC signal is
between -1 and 1, the range of signal MAO within a period of time is between -mx and mx.
Particularly, “MAO = mx” means within this period of time, the power use setpoint is set as

Pp+Creg (according to Eq. (1)) continuously, which most likely causes the maximum indoor air

temperature decrease (under cooling mode).

mgxIZ?zls(i)I fneZll<n<m} (3)

MAO = x- Y™, s(i) 4)



Take the 40-min RegA test signal for example, as shown in Fig. 3, this signal is updated once
every two seconds and thus m is 1200. According to Eqg. (3), the maximum accumulated offset
time point could be found at n=1085, as marked as time ‘A’ in the figure. The MAO of this signal
i -983.6, which can be calculated using Eq. (4). This value is actually the area above zero minus
the area below zero before time ‘A’. In principle, a signal with a larger absolute MAO is more

demanding to buildings.
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Fig. 3. The 40-min RegA test signal.

Fig. 4 shows the hourly maximum accumulated offset (MAO) of RegA & RegD of each hour
in 2018. It can be observed that, compared with the MAO of RegD signal, a larger proportion of
MAO of the RegA signal has a great absolute offset from zero. This indicates that the maximum
temperature offset (MTO) of indoor spaces could be larger when following the RegA signal,
compared with the RegD signal under the same working condition (i.e., power use baseline and
regulation capacity). The figure also shows that most MAO of RegA is negative, indicating that
temperature increase (under cooling mode) can be the main risk when providing frequency

regulation service following the RegA signal.
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Fig. 4. Hourly maximum accumulated offset of RegA & RegD signals of each hour in 2018.

4. Test arrangement and test platform
4.1 Test arrangement

To provide a comprehensive analysis of providing frequency regulation service on indoor
environment control, a series of simulation tests are conducted to accomplish the following three

subtasks.

Subtask One - Study the impact of providing frequency regulation service on indoor
environment control when following a test signal demanding to buildings, with results presented
in Section 5. For this purpose, a test signal demanding to buildings is selected based on the criterion
proposed in Section 3. This test signal is then used to quantify the impact of providing frequency
regulation service on the indoor environment control. For comparison, the impact of providing
frequency regulation service on indoor environment control when following the dedicated signal
selected by power grids (i.e., 40-min RegA test signal) is also evaluated. This study mainly focuses
on the RegA signal rather than the RegD signal. The reason is that the RegA signal is more
demanding to buildings on indoor environment control, resulting in a large indoor air temperature

offset, as mentioned in Section 3.2.

Subtask Two - Study the relationship between the demanding level of AGC signals to
buildings and the impact of frequency regulation service on indoor environment control, with
results presented in Section 6.1. For this purpose, tests are conducted by following historical hourly
RegA signals in the whole year of 2018. This means that as many as 8,760 tests are conducted.

Subtask Three - Study the impact of regulation capacity on indoor environment control, with
results presented in Section 6.2. For this purpose, tests are conducted by following historical hourly
RegA signals in the whole year of 2018 with five different regulation capacities. This means that

as many as 43,800 (i.e.,8,760x5) tests are expected.

In each test, the normal control (conventional feedback control without providing frequency
regulation service) is maintained for 5 hours prior to the frequency regulation test. In this way, it
can eliminate the impact of the initial condition of the room (due to the thermal inertia of walls
and internal mass) and the initial condition of the HVAC systems (due to start-up) on the test

results. The power use baseline is set as 737 kW in all the tests. The regulation capacity is set as



160 kW in all the tests except those studying the impact of the regulation capacity itself (for the
Obijective Three).

4.2 Test platform

As a large number of repetitive tests are required, a computer-based dynamic simulation test
platform is constructed to set test settings and perform the tests automatically. Simulation tests are
also considered as an effective and reliable approach for repetitive comparison tests, which can
remove the interference of uncertainties in repetitive tests. In this study, the building model and
the HVAC system models are built in TRNSYS 18 (32-bit) [22], and MATLAB 2014a (32-bit)

[23] is used to manage the repetitive tests automatically. The test platform is shown in Fig. 5.
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Fig. 5. TRNSYS-MATLAB co-simulation test platform

For the simulation tests, the data of the historical AGC signal in 2018 are saved to a MAT-
file. Each test follows three steps. In the first step, the MATLAB extracts an hourly AGC signal
from the MAT-file and writes in an input file (in text form) of TRNSYS. In the second step, the
MATLAB runs the TRNSYS. In the last step, the MATLAB extracts the indoor air temperature
from the output file (in text form) of TRNSYS for analysis.

The simulation interval in this study is one second. It is found that each test takes about 50
seconds. Thus 8,760 cases would take about 5 days. To reduce computation time, parallel
computing is used. The tests are conducted on a computer with Intel Core i7 CPU including eight
cores. In this study, five cores are used simultaneously which can significantly reduce the

computation time.



The test platform is constructed based on the International Commerce Centre (ICC) in Hong
Kong. The building is about 490 m high with a total floor area of approximately 321,000 m? served
by a typical air-conditioning system including six identical chillers. The rated cooling capacity and
power consumption of each chiller are 7230 kW and 1270 kW respectively [24]. In this study, only
one chiller, corresponding to hypothetical one-sixth area, is used for providing frequency

regulation service. The models of the building and the HVAC system are introduced as follows.
4.2.1 Dynamic models of building

As mentioned in the Introduction, providing frequency regulation service could affect the
cooling/heating supply of HVAC systems which eventually affect the indoor environment control.
Actually, indoor temperature changes can directly affect cooling load (e.g., fresh air cooling load,
heat transfer between the air and walls & internal mass), this can in reverse affect the dynamics of
the indoor temperature. This phenomenon would be more significant when the indoor temperature
offset is larger. Therefore, a detailed room model is required to precisely describe the dynamic
thermal behavior of the building. In this study, the model Type 56 in TRNSYS is used. It is a
detailed physical model that is popular and widely used in the research area of building simulation.
The settings in the building model are presented as follows.

Envelope: External walls (10mm gypsum plaster, 100 mm concrete 10mm cement/sand render,

5mm mosaic tiles and light color semi-glossy paint [25]) and windows (6mm single-glass) [26].

Internal mass: Many studies have pointed out that internal mass can significantly impact the
flexibility of buildings [27, 28]. According to a review [29], a reasonable range for the internal
mass density in office buildings is 10-100 kg/m? of net floor surface area. In this study, 100 kg/m?

wood/plastic material (density: 800 kg/m?, thermal conductivity: 0.2w/m-k, specific heat capacity:

1400 J/kg-k, thickness: 0.018 m) is set in the building model.

Internal heat gain: The design density of occupants is 9 m? per person. The design lighting

power is 30 W/m?2. The design equipment power is 30 W/m?. The internal gain from occupancy,
lighting and equipment can be split into convective and radiative components (occupants heat
gains: 40% latent heat, 20% convective and 40% radiative; lighting heat gains: 50% convective
and 50% radiative (i.e., fluorescent lights); equipment heat gains: 67% convective and 33%
radiative) [30].



Fresh air and infiltration: The building is supplied with fixed amounts of fresh air of 10 L/s

per person. The building is relatively tight, thus the infiltration rate is set as 0.1 ACH (air changes
per hour) [30].

4.2.2 Dynamic models of the HVAC system

Different from typical conventional demand response [31-33], frequency regulation service is
in a very short timescale (i.e., seconds) [8]. Therefore, using steady-state models could more or
less misrepresent the dynamic process of providing frequency regulation service [14]. In this study,
dynamic models of the building and HVAC systems are used to describe the frequency regulation
process and generate more reliable conclusions. Since a large number of repetitive tests are
conducted, the dynamic models of components in HVAC systems used are developed by
introducing time constants to the outputs of steady-state models. This kind of dynamic model
belongs to the filter model which can substantially reduce the time consumption of simulation tests
[34]. The kind of model was also used by a previous study in which also a chiller was used to

provide frequency regulation service [16].

Chiller: The power use of chillers under steady state conditions can be calculated by Egs. (5)-
(9). Where, Qioad is the cooling load of the chiller. menw represents the flow rate of chilled water.
Cpehw is the specific heat capacity of water. Tchw,in and Tehwout are the inlet and outlet chilled water
temperature respectively. The part load ratio (PLR) is the ratio of the Qicad to the chiller rated
capacity (Capacityrated). The coefficient of performance (COP) can be obtained from Egs. (7)-(8).
Where, COPrated Is the rated COP and « is relative efficiency to correct the rated COP under
different PLRs, which is obtained from manufacturers [35, 36]. Accordingly, the power use of the
chiller at steady state (Ps) can be finally obtained by Eq. (6). The transient characteristics of the
chiller are extracted from the coupled nonlinear differential equations proposed by He [37], which
are based on the mass, momentum, and energy balances of the refrigerant flowing through a heat
exchanger tube [16]. According to the experimental study conducted by He [37], in the frequency
domain, the change of power use (P) (corresponding to the compressor speed [9]) and Tchw,out Can
be approximated by the first-order transfer function of the change of the chilled water outlet

temperature setpoint ATchw,outset(S). The transient behavior of the chiller can be then represented by

Egs. (10)-(11). The power use and Tchwout In real-time is described by Eqgs.(12)-(13) eventually.



The time constant is set as 1 minute. Other coefficients, such as a and b, can be obtained according

to the steady-state performance of the chiller.

Qioaa = Mehw * COchw * (Tenw,in — Tehw,out) (%)
PLR = mfcll—tydm (6)

@ =n,-PLR®+n, PLR?>+n;-PLR +n, (7)
COP = COPygreq - @ 8

P = ©)

AP(S) = == ATenw,out,set (5) (10)
AT 00 (S) = == ATep,outset () (12)
P(t) = P, + AP(¢) (12)

Tenw,out (1) = Tenw,out,0  ATchw,out (£) (13)

Pump and fan: In this study, the power use of pumps and fans are neglected for simplicity. It
is a common simplification when using chillers for providing frequency regulation service [9, 12,
38]. In fact, many pumps and fans are constant-speed devices in practical HVAC systems and their

power uses are nearly constant.

Air handling unit (AHU): The steady-state characteristics of AHUs are described by Type
124 in TRNSYS. According to the experimental studies on AHUs [34, 39, 40], the transient
behavior of AHUs can be described by first-order transfer functions. Therefore, similar to chillers,

the dynamic behavior of AHUs can be obtained by introducing a time constant (set as 12 seconds

in this study) to the outputs of the steady-state model.

Water and air pipeline: The dynamic behaviors of air flow and water flow are mainly affected

by the frequency change of the input power (for variable-speed pumps and fans). According to our
previous experimental study [41], after a step change of the frequency of the pump, it only takes 2
seconds for the water flow to return a new steady-state condition. Thus, a moving average method
[42] is used to represent the dynamic behaviors of water flow and air flow. Here, it is assumed that
the water pipeline and air pipeline have similar dynamic behaviors. The travel time of the water in



the water loop and the travel time of air in the air loop are also considered as they could also have
impacts on the response time of chiller power use. These times are estimated based on the practical

information of the 1ICC building.

5. Impact of providing frequency regulation service on the indoor environment control when

following a signal demanding to buildings

5.1. Selection of the test signal

According to the criterion proposed in Section 3, the signal which is demanding to buildings
most likely has a large maximum accumulated offset. Based on this criterion, a 60-minute
historical RegA signal for the 16th hour in the 213th day in 2018 is selected as the signal extremely
demanding to buildings (namely 60-min RegAsoo test signal). This test signal (RegAsgo) is more
demanding to buildings than 99% of all the historical hourly RegA signals in 2018. The 40-min
RegA test signal (given by the power grid) and the 60-min RegAsggo test signal are presented and
compared in Fig. 6. It can be observed in the figure that the 60-min RegAggs test signal almost

remains at -1 in the whole hour.
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Fig. 6. The 40-min RegA test signal and the 60-min RegAggg test signal.
The demanding level of these two test signals to power grids and buildings are shown and

compared in Fig. 7. As can be observed in Fig. 7(A), the 40-min RegA test signal (abbreviated as
RegA in the figure) is more demanding to power grids than most practical hourly RegA signals



throughout the year. It is natural and quite reasonable as power grids concern more about the
quality of frequency regulation service to power grids. Selecting a relatively demanding signal as
an “official” test signal can guarantee the practical quality of frequency regulation service provided.
However, this signal is quite moderate to buildings and is not representative as the test signal to
assess the impact of providing frequency regulation service on buildings at the demand side. As
shown in Fig. 7(B), there is a large proportion of signals through the year that is more demanding

to buildings than the 40-min RegA test signal.

On the contrary, the selected RegAsggg test signal is actually quite moderate to the gird side for
demand resources to provide high-quality frequency regulation service. However, it is very
demanding and critical to buildings. The calculated maximum accumulated offset is -3536.3,

which is very close to its lower limit (-3600).
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Fig. 7. Demanding levels of the 40-min RegA test signal and the 60-min RegAggs test signal

to power grids and buildings.

5.2. Test results when following a test signal demanding to power grids

For comparison purposes, the frequency regulation test is conducted first when following the
40-min RegA test signal, a dedicated test signal relatively demanding to power grids selected by
power grids.



The reference power use (the power use setpoint) and actual power use in the test are shown
in Fig.8. The quality of the frequency regulation service is assessed using performance scores
adopted in the PJIM manual [7], including delay score (Sq), correlation score (Sc), precision score
(Sp) as well as the composite performance score (i.e., the average of the first three scores).

The composite score of this test obtained was 0.901 (correlation score: 0.994, delay score:
0.920, precision score: 0.789). This composite score was higher than 0.75, indicating that the
frequency regulation service provided by the chiller can fulfill the requirement set in the grid
regulation standard. This is consistent with the conclusion of previous studies.
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Fig. 8. Reference power use and actual power use of the chiller when following the 40-min RegA

test signal.

Fig. 9 shows the 40-min RegA test signal and the indoor air temperature in the frequency
regulation test. It can be observed from the figure that the test signal fluctuates between positive
and negative regions. This makes the power use of the chiller higher and lower than the power use
baseline within a limited period of time, neutralizing their impacts on indoor temperature. The
indoor air temperature setpoint was set as 24 <C. As shown in the figure, the indoor air temperature
reached its maximum value near time B, corresponding to the time when the test signal reached its
maximum accumulated offset. The temperature only increased by 0.67 K at most, which did not
impact thermal comfort significantly. This result is also consistent with that of the previous studies,
i.e., providing frequency regulation has a negligible impact on indoor comfort when following the
40-min RegA test signal.
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Fig. 9. 40-min RegA test signal and the indoor air temperature.

5.3. Test results when following a test signal demanding to buildings

Fig. 10 shows the signal demanding to buildings (i.e., the 60-min RegAsgsg test signal) and the
indoor air temperature in the test under the same working condition (i.e., power use baseline and
regulation capacity) when following the 40-min RegA test signal. As shown in Fig.10, the indoor
air temperature increased significantly and reached up to 26.07 <C at the end of the test. This
temperature might have exceeded the comfort range. This indicates that providing frequency
regulation service may have a non-negligible effect on the thermal comfort of occupants when

following the AGC signal that is demanding to buildings.
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Fig. 10. 60-min RegAgog test signal and the indoor air temperature.



6. Impact quantification of frequency regulation service on indoor environment control

Section 5 has demonstrated the possibility that providing frequency regulation service can
affect the thermal comfort of occupants. This section presents a detailed study on the relationship
between the demanding level of AGC signals to buildings and the impact of frequency regulation
service on indoor environment control. In addition, the effect of regulation capacity is also

investigated.

6.1. Relationship between demanding level of AGC signals and impact on indoor environment

control

Tests are conducted by following historical hourly RegA signal in the whole year of 2018.
These hourly RegA signals have very different demanding levels to buildings. Fig. 11(A) shows
the relationship between the hourly maximum accumulated offset (MAO) of the RegA signal in
2018 and the hourly maximum temperature offset (MTO) of the indoor space. Fig. 11(B) shows
the probability distribution of hourly MTO of the indoor space. It has two humps, including a
negative part and a positive part. It can be observed that the temperature increase (i.e., positive
part) is the main risk when providing frequency regulation service following the RegA signal.
Particularly, about 32% of the hours in the year could face the risk of having the absolute MTO
larger than 1.5 K.
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Fig. 11. Hourly maximum accumulated offset of RegA signal and hourly maximum

temperature offset of the indoor space when providing frequency regulation service

As shown in Fig. 11(A), for the cases represented by red dots and blue dots, the hourly MAO
of the RegA signal and hourly MTO of the indoor space have opposite signs. This phenomenon is
quite natural and reasonable. The negative hourly MAO of RegA signal would lead the system to
consume less power than that in the scenario under conventional control. Less power consumption
indicates a decrease of cooling supply, resulting in a positive offset of the indoor temperature. It
is also easy to understand that the negative hourly MTO of the indoor space is corresponding to
the positive hourly MAO of the RegA signal. However, the yellow dots show a quite different
phenomenon. Both the hourly MAO of the RegA signal and hourly MTO of the indoor space are
positive or both of them are negative (i.e., the same sign). This phenomenon may result from two
reasons. One reason is that the actual power use cannot follow the reference power use (power use
setpoint) perfectly. For example, although technically more power use is required, the actual power

used may be less. Another reason is that the relationship between the actual power use and cooling



supply is nonlinear. For example, although technically more total power is used, the total cooling

supply may be less.

It can also be observed in Fig. 11(A) that, the hourly MTO of the indoor space changes
relatively quickly with the increase of the absolute hourly MAO of the RegA signal. However, this
trend slows down when the absolute hourly MAO of the RegA signal increases further. This is due
to the impact of indoor air temperature to the cooling load. Take the cases represented by red dots
for example, when the indoor air temperature increases, the internal mass and walls would absorb
more (or release less) heat from/to the indoor air. The fresh air cooling load also decreases. The
cooling load of the building, therefore, would decrease, which slows down the increasing trend of

indoor air temperature.
6.2. Impact of regulation capacity on indoor environment control

In practice, one building could bid different regulation capacities when providing frequency
regulation service. Different regulation capacities provided could also affect indoor environment
control. It is worth noticing that the AGC signal has both positive and negative parts. Technically,

chillers can at most provide 50% of their rated power for providing frequency regulation service.

To study the impact of regulation capacity on indoor environment control, tests are conducted
by following historical hourly RegA signals in the whole year of 2018 with five different regulation
capacities, from 60 kW to 260kW (from about 5% to 20% of the chilled rated power) with an
interval of 50kW. This means that as much as 43,800 (i.e.,8,760>5) cases are required. To reduce
the computation time, it is expected that fewer cases/hours in 2018, rather than 8760 cases, are
used while it can still generate a representative probability distribution of the hourly maximum
temperature offset (MTO) of the indoor space. In this study, Hellinger distance is introduced which
can quantify the similarity between two probability distributions. Eq. (14) shows the Hellinger
distance for two discrete probability distributions P = (p1, pz,...pk ) and Q = (s, 02, ...g« ) [43]. The
range of Hellinger distance is from zero to one. Zero indicates that these two probability
distributions are the same while one means they are completely different. In this study, it is found
that the Hellinger distance between the probability distribution of 2000 cases (randomly selected)
and the probability distribution of full (8760) cases is small enough (less than 0.05). Therefore, for
each regulation capacity, 2000 hourly RegA signals are finally used to generate the probability
distribution of the MTO of the indoor space.



HP,Q) = % [SE(Jpi - Vao? (19

The probability distributions of hourly maximum temperature offset (MTO) of indoor space
when following hourly RegA signals in 2018 under different regulation capacities are shown in
Fig.12. As observed in the figure, with the increase of the regulation capacity, the probability
distribution becomes flatter. This indicates that the risk of a large MTO of the indoor space would
increase when regulation capacity provided increases. In particular, the MTO of the indoor space
could even reach up to 3 K when the chiller provided 20% of its rated power for frequency
regulation service. This amount of temperature offset, to some extent, could result in discomfort
for occupants. It is also worth noticing that the internal mass is set as 100 kg/m? (normally from
10-100 kg/m? [29]) of the net floor surface area. The MTO of the indoor space could be even
larger if there is less internal mass in the building.
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Fig. 12. The probability distribution of hourly maximum temperature offset of the indoor

space when providing different regulation capacities.

7. Dedicated frequency regulation test signals for buildings to assess the environment control
performance
From the viewpoint of power grids, dedicated frequency regulation test signals (the 40-min
RegA & RegD test signal) which are relatively demanding to power grids are selected and used to

assess the quality of frequency regulation service. This can guarantee the practical quality of



frequency regulation service. At the same time, this can simplify the process of verifying the

qualification of candidates of demand resources in providing frequency regulation service.

Referring to the implementation of power grids, two dedicated test signals for the buildings
are selected which can be used to assess building environment control performance when
providing frequency regulation service, as shown in Fig. 13. The first signal (60-min RegAggs test
signal) is the signal used in Section 5 which is more demanding to buildings than 99% of all the
historical hourly RegA signals in 2018. Another test signal (60-min RegAg7s test signal) which is
relatively less demanding, i.e., more demanding to buildings than 75% of all the historical hourly
RegA signals in 2018.
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Fig. 13. Two dedicated test signals for buildings to assess the environment control

performance when providing frequency regulation service.

These test signals are recommended for assessing building environment control performance
(i.e., hourly maximum indoor air temperature offset) when providing frequency regulation service
in applications. The 60-min RegAsg7s test signal is recommended for normal scenarios considering
the performance of building indoor environment control, while the 60-min RegAgos test signal is
recommended for the cases when the indoor environment control quality is critical. Moreover,
under a given limitation of the hourly maximum indoor air temperature offset, the upper limit of

regulation capacity in the term of the impact on indoor environment control can be determined. It



is also worth noticing that there are other limitations of regulation capacity, such as the working
range of devices [8, 21, 44].

8. Conclusion

In this paper, a set of criteria is proposed to assess the demanding levels of frequency
regulation signals to power grids and buildings. Based on the criteria, a test signal demanding to
buildings is selected to assess the impact of providing frequency regulation service on indoor
environment control. This study further investigates the relationship between the demanding levels
of frequency regulation signals to buildings and the impact of frequency regulation service on
indoor environment control. The effect of regulation capacity on indoor environment control is
also investigated. Finally, two dedicated test signals for buildings are recommended as the test
signals for assessing the environment control performance of buildings when providing frequency

regulation service. The main conclusions are summarized as follows.

o The proposed “fluctuation velocity” can be used to assess the demanding levels of frequency
regulation signals to power grids effectively. A signal with a larger fluctuation velocity is
more demanding to power grids.

o The proposed “maximum accumulated offset” (MAQ) can be used to assess the demanding
levels of signals to buildings effectively. In general, a frequency regulation signal with a larger
absolute MAO is more demanding to buildings.

o Compared with the MAO of the RegD signal, a larger proportion of MAO of the RegA signal
has a large absolute offset from zero. This indicates that the maximum temperature offset
(MTO) of the indoor space could be larger when following the RegA signal, compared with
the RegD signal under the same working condition (i.e., power use baseline and regulation
capacity).

o Most MAO of RegA signal is negative. This makes the temperature increase (under cooling
mode) to be the main risk when providing frequency regulation service following RegA signal.

o The impact of providing frequency regulation service may have a non-negligible effect on the
thermal comfort of occupants when following a frequency regulation signal that is demanding
to buildings. This problem is more serious when a large regulation capacity is provided. In the
tests of this study, the MTO of the indoor space could even reach up to 3 K when the chiller

provided 20% of its rated power for frequency regulation service.



o Due to the impact of indoor air temperature to the cooling load, the MTO of the indoor spaces
changes relatively quickly with the increase of the absolute MAO of the frequency regulation
signal. However, this trend slows down when the absolute MAO of the frequency regulation

signal increases further.

According to the practice of electricity markets, the frequency regulation service providers
should obtain the qualification by tests following the dedicated test signals (e.g., the 40-min RegA
test signal) specified from the viewpoint of the grid side. This study suggests that buildings should
also have their own dedicated test signals (i.e., 60-min RegAsg7s test signal and 60-min RegAsgg
test signal) to assess building environment control performance prior to providing frequency

regulation service.
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