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ABSTRACT Electricity-driven thermostatically controlled loads (TCLs), e.g., air conditioners (ACs), have
been widely utilized in demand response (DR) to provide operating reserve for power systems. However,
the rebound effects may occur during the recovery process of DR, which can limit the operating reserve
quality of ACs or even affect the reliable operation of power systems.With the community-level smart energy
hubs (EH), the traditional electricity-driven TCLs can be expanded into multi-energy driven thermostatically
controlled loads (MTCLs), e.g., household radiators. Under this circumstance, integrated demand response
(IDR) can be exploited to coordinate the operation of MTCLs and provide more operating reserve resources
while mitigating rebound effects. To this end, this paper proposes a two-stage IDR strategy to fully excavate
the operating reserve provided by MTCLs. The first stage is to coordinate the energy consumption of ACs
and household radiators to maximize the end-users’ thermal comfort and mitigate the rebound effects.
To quantify the end-users’ thermal comfort, a modified predicted percentage of dissatisfied (PPD) index
related to thermal environment parameters is introduced and simplified. Based on the energy consumption
determined in the first stage, the energy conversion in EH is optimized in the second stage. Through the
optimization in these two stages, a series of indices is established to evaluate the operating reserve in terms
of aggregate capacity, duration, ramp rate, and smoothness. The case studies demonstrate that the proposed
two-stage IDR strategy can provide high-aggregate-capacity and long-duration reserve resources in power
systems while mitigating the rebound effects to maintain supply-demand balance and reliable operation of
power systems. The analysis results of the test system show that the reserve capacity and duration obtained
by the proposed model are 1.85 and 2.61 times those of the model without considering the multi-energy
conversion, respectively.

INDEX TERMS Integrated demand response, multi-energy driven thermostatically controlled loads,
operating reserve, rebound effect, energy hub, thermal comfort.

I. INTRODUCTION
A. BACKGROUND
With the increasing awareness of environmental protection,
a consensus in UN Climate Change Conference (COP26)
is formed to accelerate the development of renewable
energy, e.g., solar and wind power [1]. However, due
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to the variability and uncertainty of renewables, power
systems need more operating reserves to maintain supply-
demand balance [2]–[4]. Operating reserve is the generating
capacity available in a short period to avoid power shortage
that results from emergencies, such as random failures of
the generator and load fluctuations [5]. For guaranteeing
the reliable operation of power systems, the electricity-
driven thermostatically controlled loads (TCLs) can provide
operating reserves by shifting peak electricity demand, e.g.,
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demand response (DR) programs [6]. For example, air
conditioners (ACs) can be actively controlled to adjust their
power consumption by changing their set temperature [7].
The aggregate reserve capacity would be large since the
electricity consumption fromACs typically accounts for 35%
in China [8]–[10].

However, the rebound effects may occur in the aggregate
response of ACs for the provision of operating reserve [8].
This phenomenon is the power rebound that arises when
a large number of loads are re-connected to the grid at
approximately the same time [9]. Due to temporary changes
in ACs’ set temperature, the thermal comfort violation of
end-users is inescapable during the DR period [5]. Generally,
end-users will set their ACs back to their thermal comfort
temperature at the end of the required demand response
period. This action makes a lot of ACs restart simultane-
ously and therefore causes a sudden increase in electricity
usage [10]. The thermal comfort violation influences the end-
users’ willingness to participate in DR programs, which will
not only decrease the operating reserve capacity but also
produce rebound effects. In extreme cases, the increased load
current derived from the rebound effects may even lead to
the melting of overhead lines, which harms system security
considerably [11].

Due to the increasing diversity of energy demands and
the development of energy conversion, the smart energy
hub (EH), including heating, cooling, and electricity, has
been promoted globally [12]. Considering the multi-energy
supply in EHs, the traditional electricity-driven TCLs can
be expanded into multi-energy driven thermostatically con-
trolled loads (MTCLs). Nowadays, MTCLs containing ACs
and household radiators have been widely installed in many
areas, e.g., south Australia [12], UK [13], eastern Tehran [14],
northeast China [15], and Italy [16]. EH provides the advan-
tage that household radiators can control room temperature
through heating/cooling water from EH directly, instead
of relying on electricity consumption like traditional ACs.
Therefore, the end-users can adjust electricity consumption
without reducing thermal comfort. In addition, as multi-
energy sources of MTCLs, EH can coordinate the operation
of conversion devices for efficiency and economy [13].
Besides, taking advantage of energy conversion between
multiple energy sources, EH can implement integrated
demand response (IDR) for energy balance and efficiency
enhancement [14]. By coordinating the operation of multi-
energy conversion devices, IDR with MTCLs could provide
more operating reserve capacity while mitigating rebound
effects at the same time.

B. LITERATURE REVIEW
At present, extensive research efforts have been dedicated
to the operational strategy of DR or IDR. Reference [5]
proposed a novel control strategy for the aggregation model
of ACs based on the thermal model of the room. Ref-
erence [6] proposed a mixed-integer quadratic constrained
programming method to solve the computational challenges

produced by the integrated dispatch of generation and load.
Reference [7] proposed a novel frequency regulation model
of multi-area power systems considering large-scale inverter
ACs providing regulation service. Reference [13] proposed
an optimal day-ahead scheduling model of EHs considering
IDR, cooperative game, and virtual energy storage to
maximize the overall benefits of the cooperative alliance.
Reference [15] explored interaction patterns for multi-energy
demand management and proposed an IDR mechanism for
the industrial integrated energy system. The optimization
model of the IDR is then established with the objective
of minimizing the total dispatch cost. Reference [16]
proposed a demand response uncertainty model based on
price incentives, which described the relationship between
the incentive price and the demand response coefficient.
Reference [17] proposed an optimal operation of EHs based
on the horizontal complementary substitution and vertical
time shift strategy of IDR. Reference [18] proposed a Stack-
elberg game-based optimization framework for the optimal
scheduling of IDR-enabled EHs with uncertain renewable
generations. Reference [19] proposed a model for the optimal
operation of multi-energy microgrids in the presence of
solar photovoltaics, heterogeneous energy storage, and IDR,
considering technical and economic ties among the resources.
Reference [20] proposed an optimal scheduling model for
regional multi-energy prosumers. The formulated objective
of thismodel is tominimize the prosumer’s cost of purchasing
electricity and natural gas. Reference [21] illustrated that
both the responsiveness uncertainty of consumers and output
uncertainty of renewable energy sources can be modeled for
the sake of designing more preferable incentive strategies of
IDR.

These research studies mainly focused on excavating
the capacity of operating reserve [5]–[7], [13], [15]–[21].
However, a few pieces of research focus on the other
significant characteristics of the operating reserve provision,
e.g., duration and smoothness. Admittedly, the operating
reserve capacity is important to exploit in IDR. However,
there is a lack of consideration on the quality of operating
reserve provision, where the short-duration and rebound
effects, can limit the potential of IDR for operating reserve
provision [22].

Besides, the previous studies mainly focused on the
modeling and control of electricity-driven TCLs, i.e.,
ACs [20], [21]. However, MTCLs can be good candidates
to provide operating reserve in IDR programs. Compared
with the traditional DR strategy, the IDR strategy is more
complicated in terms of both control members and control
processes. Specifically, only electricity-driven TCLs, i.e.,
ACs, are considered in the traditional DR strategy to provide
the operating reserve. However, the MTCLs are good candi-
dates to provide operating reserve in IDR strategy, which are
more complicated than ACs since the components contained
in MTCLs are more diversified and need to be controlled
coordinately by satisfying the end-users’ thermal comfort.
On the one hand, the control process of the traditional DR

15152 VOLUME 10, 2022



X. Zhou et al.: Exploiting Integrated Demand Response for Operating Reserve Provision Considering Rebound Effects

FIGURE 1. Framework of the proposed IDR strategy.

strategy is relatively simple by directly controlling the power
consumption of ACs. However, due to the multi-energy
provided by EHs, the control of MTCLs energy consumption
relies on the operation optimization of EHs, which needs to
be modeled in a unified optimization framework by incor-
porating both MTCLs and EHs. Moreover, to satisfy end-
users’ thermal comfort, many studies keep room temperature
in a constant interval [20], [21]. However, to characterize the
relationship between thermal comfort and operating reserve
provision, the thermal comfort violation needs a quantifiable
index but is still missing. The comparisons between this paper
and previous papers related to the IDR strategy are shown
in TABLE 1.

C. CONTRIBUTIONS
To overcome the above challenges, this paper proposes a two-
stage IDR strategy to fully excavate the operating reserve
provided by MTCLs. The major contributions of this paper
are as follows:

1. A two-stage IDR strategy is proposed to fully excavate
the operating reserve provided by MTCLs, considering
rebound effects. The end-users’ thermal comfort and the
energy conversion in EH are optimized in the first and
second stages respectively. To quantify the end-users’
thermal comfort, a modified PPD index is introduced
and simplified. According to the proposed IDR strategy,
the high-aggregate-capacity and long-duration reserve
resources can be provided in power systems while
mitigating the rebound effects.

2. To evaluate the quality of operating reserve provided
by the IDR strategy, a series of quantitative indices
are established in terms of capacity, duration, and
smoothness. Based on the quantitative indices, the
operating reserve quality can be evaluated more com-
prehensively, which provides effective guidance for

TABLE 1. Comparisons between this paper and previous research work.

the precise control of MTCLs to excavate high-quality
operating reserve.

II. MULTI-ENERGY THERMAL DYNAMIC MODEL
The framework of the proposed IDR strategy is illustrated in
FIGURE 1, which enables MTCLs to provide the operating
reserve by utilizing the multi-energy supply from smart EH.
Specifically, the EH fed by power and gas systems provides
multi-energy (such as electricity, heating, and cooling) for
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MTCLs, and then MTCLs are dispatched according to the
end-user residential units to provide high-quality operating
reserve resources.

In this section, the multi-energy thermal dynamic (METD)
model is first developed to describe the operating charac-
teristic of MTCLs and EHs. On this basis, the end-users’
thermal comfort and rebound effects can be further analyzed
to evaluate the quality of operating reserve in the next section.

A. MODEL OF MTCLs
The METD model is expanded from the classic thermal
dynamic model, which has been widely used in previous
studies about electric demand response [5]–[7]. To be
specific, the classical thermal dynamic model in equation (1)
describes the relationship between the room temperature and
the output of TCLs, i.e., ACs [5]. In this paper, the MTCLs
are considered to provide heating or cooling, including ACs
and household radiators. Therefore, the output of electricity-
driven TCLs Qv (t) in (1) is replaced by the total output of
MTCLs. On this basis, the METD model can be formulated.

The general thermal dynamic model is shown in equa-
tion (1).

Cv
dT inv (t)
dt

=
1
Rv

(
T outv (t)− T inv (t)

)
+ Qv (t) (1)

where, Cv and Rv are the thermal capacity and resistance
of room v, respectively. T outv (t) and T inv (t) are the ambient
temperature and room temperature of room v at time t,
respectively. Qv (t) is the output of TCLs.
In many existing references [24]–[27], only ACs are

considered to provide heating in the room. Therefore, the
heating output Qv (t) in room v is related to the operating
power of ACs, as shown in equation (2).

Qv (t) = PACv (t)× COPACv (2)

where, PACv (t) is the rated power of AC in room v. COPACv is
the coefficient of performance (COP) of AC in room v.

In this paper, theMTCLs are considered to provide heating,
including ACs and household radiators. Therefore, the output
of electricity-driven TCLs Qv (t) in equation (1) is replaced
by the total output of MTCLs, as shown in equation (3).

Qv (t) =
[
COPACv 1

]
·

[
PACv (t)

PRADv (t)

]
(3)

where, PRADv (t) is the energy transfer rate of the household
radiator in room v.

In addition, the operation status of ACs and household
radiators are also considered. Therefore, the METD model
is presented as follows:

Cv
dT inv (t)
dt

=
1
Rv

(
T outv (t)− T inv (t)

)
+mS ·

[
mACv (t) · COPACv mRADv (t)

]
·

[
PACv

PRADv (t)

]
(4)

mS =

{
−1 cooling
1 heat

(5)

mACv (t) =


1, T inv (t) > T ACv,+ (t)
0, T inv (t) < T ACv,− (t)
mACv (t − 1), otherwise

(6)

where, mS is the operation mode of MTCLs. mACv (t) is the
operation status (on/off) of the compressors of ACs in room
v at time t. mRADv (t) = 1/0 is the operation status (on/off) of
the household radiators in room v at time t.

In equation (4), it should be noticed that the operation
forms of these MTCLs are different. Except for the operation
status, (on/off) of ACs, the operation status (on/off) of the
compressors of ACs is also determined by the difference
between the set temperature T setv (t) and the room tem-
perature T inv (t). The AC operates cyclically around its set
temperature with a dead band of 1T AC . For example, if the
AC is in the cooling mode in summer, it will switch to
the on state when the room temperature reaches the upper
band (TACv,+ (t) = T setv (t) + 0.5 × 1T AC ). Similarly, when
the room temperature reaches the lower band (TACv,− (t) =
T setv (t) − 0.5 × 1T AC ), it will switch to the standby
state. The temperature range between T ACv,− (t) and T

AC
v,+ (t) is

defined as the hysteresis band [27], as shown in equation (6).
Therefore, the room energy transfer rate not only depends
on the operation status (on/off) of these MTCLs, but also
depends on the operation status (on/off) of the compressors
of ACs.

All of the MTCLs in each end-user residential unit are
aggregated and abstracted as a load node. The aggregate
power of this node depends on the operation form of these
MTCLs, as shown in equation (7) and (8).

PAC� (t) =
∑
v

mACv (t) · PACv , � = E (7)

PRAD� (t) =
∑
v

mRADv (t) · PRADv (t), � ∈ {C,H} (8)

where, � ∈ {E,G,C,H} represent the energy types (elec-
tric/gas/cooling/heating). PAC� (t) is the aggregate electric
power from the EH to ACs. PRAD� (t) is the aggregate
cooling/heating power from the EH to household radiators.

B. MODEL OF EHs
It is important to model the EH for analyzing the IDR strategy
as the energy consumption of MTCLs relies on the operation
of EHs. Each device in the EH, i.e., combined heat and power
plant (CHP), the electricity boiler (EB), the gas boiler (GB),
and the absorption chiller (AB), is abstracted as a node. The
topology and energy flow variables of the EH are shown in
FIGURE 1. The inputs are electricity and natural gas; the
outputs are electricity, cooling, and heating. The EH consists
of the CHP, the EB, the GB, and the AB, set as devices
no.1∼4, respectively. Operating constraints and energy flows
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FIGURE 2. Comparisons of operating reserve provided with only ACs and
MTCLs.

in the EH can be described as follows [28]:

Pout�,i (t) = η�,i ·
∑
j

Pout�,ji (t), i ∈ {1, 2, 3} (9)

Pout�,i (t) = COP�,i ·
∑
j

Pout�,ji (t), i = 4 (10)

PEH� (t) =
∑
i

Pout�,i (t) = PAC� (t)+ PRAD� (t)+ PREST� (t)

(11)

where, i, j ∈ {0, 1, 2, 3, 4} represent the devices with the
corresponding number in EH. Besides, i, j = 0 represents the
electric/gas system. Pout�,i (t) (P

out
�,ji (t)) is the energy output in

energy type� of the device i (the device j to the device i). η�,i
(COP�,i) is the energy conversion efficiency (coefficients of
performance) in energy type � of the device i. PEH� (t) is
the aggregate power (electric/cooling/heating) from the EH
to MTCLs and the rest loads. PREST� (t) is the multi-energy
loads without MTCLs.

III. MITIGATION MECHANISM OF REBOUND EFFECTS
WITH MTCLS
Based on the METD model established in Section II, the
cause of rebound effects in operating reserve provision with
ACs is analyzed in this section. Based on the analysis,
the mitigation mechanism of rebound effects with MTCLs
is exploited with a specific example. In this example, the
MTCLs or ACs are assumed in cooling mode in summer, and
the room temperature, thermal comfort, and rebound effects
are analyzed respectively as shown in FIGURE 2.

The capacity of the operating reserve is determined by
the reduction of the aggregate power of loads. In this
paper, the operating reserve is provided by the energy hub
and MTCLs. On the MTCL side, under IDR strategy, the
ACs will reduce the power consumption by changing the
set temperature. Meanwhile, the household radiators will
increase the heating/cooling consumption by increasing the
gas consumption in the EH. On the EH side, each device of

the EH will operate economically by considering the multi-
energy conversion. Therefore, in this paper, the operating
reserve is the adjustable power provided by the EH and
MTCLs to power systems, which can be represented as a blue
area in FIGURE 2(c).

A. THE CAUSE OF REBOUND EFFECTS DURING THE
RESERVE PROVISION OF ACs
According to the aggregate consumption power of ACs
and the end-users’ thermal comfort, the operating reserve
provision period can be divided into five parts in this paper,
as shown in FIGURE 2(a-c).

1) Part A is the period before operating reserve provision.
In part A, the set temperature of ACs is generally low,
the power consumption of ACs is large, and the room
temperature fluctuates near the set temperature. The end-
users’ thermal comfort can be satisfied. Considering the
difference of each end-users’ room temperature and set
temperature, the compressors of ACs in different rooms
would not be operating at the same time. It is the normal level
of aggregate consumption power of ACs.

2) Part B is the infancy stage of operating reserve provision.
In part B, the set temperature is raised by end-users to provide
operating reserve. The new set temperature is higher than
the original set temperature in part A and the current room
temperature. The compressors of ACs are in ‘‘off’’ status, and
the aggregate power of ACs is small. Although the end-users’
thermal comfort will be violated, ACs would not operate and
decrease the aggregate power.

3) Part C is the terminal stage of operating reserve provi-
sion. In part C, the room temperature gradually rises to the
new set temperature, which is higher than the set temperature
in part A and E. Therefore, the end-users’ thermal comfort
will still be violated. The compressors of ACs will be in ‘‘on’’
status, and the aggregate power of ACs will increase in this
stage. However, since the set temperature in part C is higher
than the original set temperature in part A, the aggregate
power of ACs in part C will be slightly lower than that in
part A, as shown in FIGURE 2(b) and FIGURE 2(c).

4) Part D is the infancy stage after operating reserve
provision. In part D, to satisfy the end-users’ thermal comfort,
ACs will be operating at the same time, Therefore, the
aggregate power will increase in part D, which is the rebound
effects [22].

5) Part E is the terminal stage after operating reserve
provision. In part E, the end-users’ thermal comfort can be
satisfied and the aggregate consumption power of ACs will
be back to the normal level.

The capacity of rebound effects is defined as the difference
of aggregate power consumption between participating in the
demand response program or not, which can be described
as (12)-(13).

PRE = (αD − αA)
∑
v

PACv (12)

αA = αE , αB = 0, αC < αA, αD = 1 (13)

where, PRE is the capacity of rebound effects.
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TABLE 2. Situations of operating reserve provision with ACs.

B. THE OUTLINE TO MITIGATE REBOUND EFFECTS
USING MTCLs
As discussed above, serious rebound effectsmay occur during
the reserve provision of ACs. To satisfy the thermal comfort,
the end-users set the temperature of ACs back to the thermal
comfort temperature at the end of the DR period, leading to a
sudden increase in electricity usage. However, the MTCLs,
which are quietly different from the ACs by coordinating
the multi-energy consumption and conversion to satisfy end-
users’ thermal comfort, could mitigate the rebound effects
significantly during the reserve provision.

In specific, due to the cooling output of household radiators
at tsDR, room temperature has remained below the decreased
set temperature at teDR, which makes the compressors of
ACs stay in the off state in part of a room, as illustrated
in FIGURE 2(d).

It is obvious that part A’ and part D’ are the normal
operation states of ACs and end-users’ thermal comfort has
been satisfied, same as part A and part E, as shown in
FIGURE 2(a) and FIGURE 2(d). During operating reserve
provision period, due to the output of household radiators,
the room temperature will remain near to the comfort
temperature, which will extend the part B. Therefore, the time
of reduced operating reserve provision (part C) will shrink
and even decrease to zero. In this situation, ACs will stay
in off status and room temperature will also remain in a
comfortable zone, relatively. As shown in FIGURE 2(e) and
FIGURE 2(f), part B’ is full of the operating reserve provision
period with less violation of end-users’ thermal comfort
and larger provision of operating reserve. Meanwhile, due
to the less difference between room temperature and end-
users’ comfort temperature, quite a few ACs will not operate
immediately at the end of operating reserve provision period.
Therefore, in part C’, the aggregate power of ACs will
climb smoothly and with less rebound effects, as shown
in FIGURE 2(e).

TABLE 3. Situations of operating reserve provision with MTCLs.

The aggregate consumption power of MTCLs and
the rebound effects can be modeled as TABLE 3 and
equation (14)-(15).

PRE = (αC ′ − αA′)
∑
v

PACv (14)

αA′ = αD′ , αB′ = 0, αC ′ < 1 (15)

In the same situation, the relationships of parameters of
operating reserve provision with ACs and MTCLs can be
modeled as:

αA = αE = αA′ = αD′ , αB = αB′ ,

αC ′ < αD (16)∣∣∣T ′inv (t)− T comfv

∣∣∣ ≤ ∣∣∣T inv (t)− T comfv

∣∣∣ , t ∈
[
tsDR, t

e
DR
]
(17)

Therefore, the output of household radiators can partly
replace that of ACs, although the ratio is needed to be
furtherly optimized with proper IDR strategy.

In this paper, the quality of operating reserve includes three
aspects, i.e., aggregate capacity, duration, and smoothness.
The aggregate capacity of the operating reserve is determined
by the reduction of the aggregate power of ACs. FIGURE 2(c)
shows that the aggregate power of ACs in part C is large under
traditional DR, while FIGURE 2(f) shows that the aggregate
power of ACs in part B’ is small under IDR. Therefore, the
reduction of the aggregate power of ACs is larger, and the
aggregate capacity of the operating reserve under IDR is
larger than that under traditional DR. The duration of the
operating reserve refers to the period that reserve service
provides to maintain the required reserve capacity. FIGURE
2(c)shows that the aggregate power of ACs in part c is large,
so part c is not considered in the duration of the operating
reserve under traditional DR. However, FIGURE 2(f) shows
that the aggregate power of ACs in part B’ (i.e., part B
and C) is small, so part B’ is considered in the duration of
the operating reserve under IDR. Therefore, the duration of
the operating reserve under IDR is longer than that under
traditional DR. The smoothness of the operating reserve is
related to the rebound effects. FIGURE 2(c) shows that the
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FIGURE 3. Two-stage IDR strategy.

rebound effects with large power fluctuations occur in part D
under traditional DR, while FIGURE 2(f) shows that the
rebound effects are mitigated in part C’ under IDR since the
aggregate power of ACs is reduced by increasing the power
consumption of household radiators. Therefore, the operating
reserve under IDR is smoother than that under traditional DR.
In summary, the quality of operation reserve provided with
MTCLs under IDR will improve to some extent.

IV. TWO-STAGE IDR STRATEGY FOR OPERATING
RESERVE PROVISION CONSIDERING
REBOUND EFFECTS
Based on the expected advantages of IDR analyzed in
section III, a two-stage IDR strategy is proposed to fully
excavate the operating reserve provided from MTCLs while
mitigating rebound effects. The structure of the proposed
two-stage IDR strategy is illustrated in FIGURE 3. The
first stage is to coordinate the energy consumption of ACs
and household radiators to maximize the end-users’ thermal
comfort andmitigate the rebound effects. Based on the energy
consumption results determined in the first stage, the energy
conversion in EH is optimized in the second stage. Based
on the energy consumption of each device in EH optimized
in the second stage, the optimal aggregate energy input
from the power system and gas system to EH can be obtained
finally.

A. FIRST STAGE: THERMAL COMFORT MAXIMIZATION
The PPD index is an effective measure to predict the thermal
comfort of end-users by considering both environmental
parameters and personal parameters [29]. The PPD index was
proposed to describe the percentage of dissatisfaction for the
group of people in the given space [30].

The PPD model can be seen as a function of the room
temperature T inv , as shown in (18).

fPPD
(
T inv
)
= 100− 95 exp

[
−0.03353

[
fPMV

(
T inv
)]4

− 0.2179
[
fPMV

(
T inv
)]2]

(18)

where, fPMV
(
T inv
)
is the predicted mean vote (PMV) in

room v. The detailed PMV model is referred to [29].
Therefore, (18) can be approximately transformed to (19)

by second-order Taylor series expansion to facilitate calcula-
tion.

fPPD
(
T inv
)
=

fPPD
(
T in0
)

0!
+
f ′PPD

(
T in0
)

1!

(
T inv − T

comf
v

)
+
f ′′PPD

(
T in0
)

2!

(
T inv − T

comf
v

)2
= θ1

(
T inv − T

comf
v

)2
+ θ2 (19)

where, θ1, θ2 are the coefficients of the modified PPD index,
which can be determined by the Taylor series. Moreover,
the modified PPD index is a quadratic function of the
dissatisfaction of end-users, i.e., the difference between
the set temperature and comfort temperature. Therefore,
the dissatisfaction of end-users is larger, the value of the
modified PPD index is larger.

As shown in equations (12)-(17), due to the high correla-
tion between end-users’ thermal comfort and rebound effects,
it is vital to optimize the end-users’ thermal comfort for
mitigating the rebound effects, i.e., minimizing the violation
of end-users’ thermal comfort. Therefore, the objective of the
IDR strategy in the first stage is formulated as:

min f1 =
∑
t

(∑
v

PPDv
(
T inv (t)

))
(20)

Under the METDmodel of MTCLs proposed in this paper,
the end-users can meet the needs of cooling/heating power by
both ACs and household radiators. Therefore, the decision
variables of the first stage of IDR strategy are the output
and operation status of MTCLs. The constraints of the IDR
strategy in the first stage are formulated as: (4)-(6), (21).

PRAD�,v,− ≤ P
RAD
�,v (t) ≤ P

RAD
�,v,+ (21)

where, equation (21) limits the energy generation output of
the radiator. PRAD�,v,−/P

RAD
�,v,+ is the lower/upper band of energy

output (energy type �) of the household radiator to room v.
In this paper, the differential equation (4) can be discretized

as equation (22) according to the time step of controlling
the set temperature of MTCLs. After each time step, the
operation status (on/off) of the compressor of AC and the
energy output of the household radiator in each room would
be checked or changed.

T inv (t + 1)=T inv (t)+
tstep
Cv

(
T outv (t)− T inv (t)

Rv
+ mSPv (t)

)
(22)
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where, tstep is the time step of controlling the set temperature
of MTCLs.

Meanwhile, due to the energy output of the AC and
household radiator at time t , the operation status of the
compressor of AC is determined by equation (6) at time
t + 1. This equation determines the energy output of the AC
at time t + 1 until the end-user change the set temperature
or the energy output of household radiators. In this stage of
the IDR strategy, the energy consumption of the ACs and
household radiators will be optimally dispatched to minimize
the modified PPD index in every room at each time and sent
to the second stage of the IDR strategy.

B. SECOND STAGE: OPERATION COST MINIMIZATION
Based on the energy consumption of ACs and household
radiators of end-users optimal dispatched in the first stage of
IDR strategy, the aggregated multi-energy loads of EH can
be figured as the sum of these MTCLs and the rest loads,
as shown in equation (11). In the second stage of the IDR
strategy, the objective function is to minimize the operation
cost of EH, including electricity and natural gas costs. The
multi-energy output of the devices in EH, as the decision
variables of the second stage of IDR strategy, is optimized
for the minimum operating cost, as shown in equation (23).

min f2 =
∑
�

(
c� ×

∑
t

(∑
i

Pout�,ji (t)+ ξ
∑
i

β i� (t)

))
,

j = 0 (23)

Subject to: (9)-(11), (24)-(27)

Pout�,i,− ≤ P
out
�,i (t)− β

i
� (t) ≤ P

out
�,i,+,

i ∈ {2, 3, 4, 5} (24)

Pramp�,i,− ≤ P
out
�,i (t)− β

i
� (t)− P

out
�,i (t − 1)

+β i� (t − 1) ≤ Pramp�,i,+ (25)

PoutH ,1 (t)− β
1
H (t) ≥ 0

PoutE,1 (t)− P
A
E,1 −

PAE,1 − P
B
E,1

PAH ,1 − P
B
H ,1

×

(
PoutH ,1 (t)− β

1
H (t)

)
≤ 0

PoutE,1 (t)− P
B
E,1 −

PBE,1 − P
C
E,1

PBH ,1 − P
C
H ,1

×

(
PoutH ,1 (t)− β

1
H (t)− P

B
H ,1

)
≥ 0

PoutE,1 (t)− P
D
E,1 −

PCE,1 − P
D
E,1

PCH ,1 − P
D
H ,1

×

(
PoutH ,1 (t)− β

1
H (t)

)
≥ 0

(26)

β i� (t) ≥ 0 (27)

where, equation (24) limits the energy generation output on
devices of the EH. Equation (25) limits the energy ramp rate
on devices of the EH. PA�,1, P

B
�,1, P

C
�,1, P

D
�,1 (� ∈ {E,H})

are extreme points forming the feasible operating region of
the CHP. Pout�,i,−/P

out
�,i,+ is the lower/upper band of energy

capacity (energy type �) of the device i. Pramp�,i,+/P
ramp
�,i,− is the

lower/upper band of energy ramp rate (energy type �) of the
device i. c� is the unit price of�. Equation (26) represents the
convex feasible operating region of the CHP. In equation (27),
β i� is the slack variable (energy type �) of the device i. ξ is
a penalty factor.

Note that the upper band of energy output (energy type �)
of the household radiator in equation (21) does not only
depend on the product model but also the limits of energy
generation output on devices of the EH, as shown in
equation (28).∑

v

PRAD�,v,+≤
∑
v

PRAD�,v,n−
∑
i

β i�, � ∈ {C,H} (28)

where, PRAD�,v,n is the maximum energy output (energy type�)
of the household radiator, determined on the product model.

Based on the energy output of the ACs and household
radiators optimized in the first stage of IDR strategy,
if β i� 6= 0, it means the optimal output of device i is
overwhelming and has to be set as its upper band. The second
stage of the IDR strategy will have no solution. Therefore,
the first stage of IDR strategy needs to be optimized again
based on the equation (28) to make sure this two-stage of IDR
strategy has a feasible solution, as shown in FIGURE 3.

V. EFFECTIVENESS EVALUATION OF THE
PROPOSED IDR METHOD
By solving the proposed two-stage IDR strategy in
Section IV, the operating reserve provided from MTCLs can
be calculated. In order to evaluate the quality of operating
reserve, multidimensional evaluation indices are introduced
in this section.

A. OPERATING RESERVE QUALITY EVALUATION
1) AGGREGATE CAPACITY
The aggregate capacity of the operating reserve can be
formulated as the sum of the difference of electrical loads
between the original status and after IDR [5], as shown in
equation (29).

EORC =
∑
t

(∑
i

Pout�,ji (t)− P
0
� (t)

)
, j = 0, �=E (29)

where, EORC is the aggregate capacity of operating reserve in
power systems. P0� (t) is the original electrical loads.

2) DURATION
The duration of the operating reserve refers to the period
that reserve service provides to maintain the required reserve
capacity [7]. The duration index is the ratio of duration time
to the whole DR time, as shown in equation (30).

EORD =
tdDR

teDR − t
s
DR

(30)

where, EORD is the duration index of operating reserve in
power systems.
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TABLE 4. Capacities of the devices in the test system (kW ).

TABLE 5. Ramp rate of the devices in the test system (kW /s).

3) SMOOTHNESS
The smoothness of operating reserve can be quantified as
the peak capacity of rebound effects, which is the maximum
power difference between the original status and after
IDR [22], as shown in equation (31).

EORS = max

(∑
i

Pout�,ji (t)− P
0
� (t)

)
, t ≥ tsDR,

j = 0, � = E (31)

where, EORS is the smoothness of operating reserve.

B. THERMAL COMFORT EVALUATION OF END-USERS
Based on the modified PPD index, the thermal comfort can
be quantitatively evaluated as:

Ecomf =
∑
t

(∑
i

PPDv (t)− PPD0
v (t)

)
(32)

where, Ecomf is the thermal comfort violation.

VI. CASE STUDIES
A. TEST SYSTEM AND PARAMETERS
The teat system is a typical and widely-used multi-energy
system [27]–[33], which is connected to a load node of an
electrical system. The structure of the multi-energy system
is shown as FIGURE 1. The data of the devices such as air
conditioners (ACs), combined heat and power plants, and
electricity boilers in the multi-energy system come from real-
istic cases. Specifically, the capacities of the devices, the ramp
rate of the devices, and the detailed parameters of the end-
users, are presented in TABLE 4, TABLE 5, and TABLE 6,
respectively. The operation parameters of EH are referred
to [31]. The operation parameters of ACs are generated from
a pilot study that obtains spinning reserve from responsive air
conditioning loads at a motel over a year [32]. The coefficient
of performance COP of ACs is set according to [5].
Thermal parameters of rooms are set according to [27]. The
hypothetical electricity, heating and cooling loads for the EH
on a selected summer day are presented in FIGURE 4 [33].

TABLE 6. AC physical parameters, taylor series coefficients of PPD and
unit price.

FIGURE 4. The hypothetical energy loads and energy input.

TABLE 7. Simulation results of three cases in the test system.

As FIGURE 4 indicates, comparing the cooling load in
summer, the heating loads stay at a relatively low level.
It can be observed that the cooling load generally declines
and the gas input of the EH is in a decreasing trend during
14:00 - 18:00. In addition to the decline of gas input, the
electric system’s peak load exists at around 16:00. There-
fore, ACs are dispatched to provide load-reduction service
during 15:30 - 16:30.

B. CALCULATED RESULTS
In order to illustrate the benefits of the proposed two-stage
IDR strategy, three cases are designed in this paper which
includes:
1) Case 1 has no-DR strategy, where the operation of EH

devices is dispatched normally and end-users’ devices
are in operation based on user preferences.

2) Case 2 is a traditional DR strategy utilized widely in
many countries [7], where only ACs participate in DR
programs.

3) Case 3 applied the proposed two-stage IDR strategy
of MTCLs, where end-users’ thermal comfort can be
satisfied by both ACs and household radiators.

The simulation results of the three cases are as shown
in TABLE 7 and TABLE 8. Due to the set temperature
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TABLE 8. Evaluation results of three cases in the test system.

FIGURE 5. Energy input of the test system.

control of ACs in the contract of DR program, Case 2 has
a slight reduction compared to the original operating cost,
from 830 × 105$ to 828 × 105$. Due to the growth of gas
power, the operating cost of Case 3 is the highest in the
three cases, reaching 844 × 105$. There is no denying that,
on the operating cost, the proposed two-stage IDR strategy of
MTCLs is more expensive than the traditional DR program.
However, considering the cost of the subsidy and thermal
comfort violation of end-users, which is set as 40 $ [28], the
total cost of the test system in Case 3 (940.92 × 105$) just
has a little increase than Case 2 (935.12 × 105$).

1) RESERVE RESOURCE QUALITY ANALYSIS
In Case 1, in order to set the baseline for implementing
the scheduling, the traditional DR or IDR program is
not implemented and the results of multi-energy flow are
illustrated in FIGURE 5.

The aggregative multi-energy input profile in different
dispatch strategies is illustrated in FIGURE 5(a)-(b). The
electricity input profile of Case 2 in FIGURE 5(a) shows
that the aggregative electricity has a recovery at time 15:50.
As shown in TABLE 8, the recovery appears at 23 minutes
after the IDR start time. It can be observed that the electricity
input of the test system in Case 2 is slightly lower than Case 1,
which is part C in the METD model. This situation means

the expected operating reserve in power systems provided
by ACs is not prominent during this period. As shown in
TABLE 8, the duration index EORD increases from 38.33%
in Case 2 to 100% in Case 3. Therefore, the proposed IDR
strategy can provide a longer duration of operating reserve
than the traditional DR program.

As shown in FIGURE 5(a), the rebound effects appear at
the end of the DR period, which is much higher than the
original electricity input peak in power systems and lasts
about 15 minutes. This electricity input peak is 3221.8 kW .
Meanwhile, this short and huge electricity peak cannot be
mitigated by the devices of EH because of the limitation of
the ramp rate. So, the gas input of the test system in Case 2 is
the same as Case 1. On the other hand, in Case 3, the MTCLs
are required to provide operating reserve with a specified
duration time (15:30 – 16:30). As discussed in Section II, the
EH will provide extra cooling input of the end-user directly
by household radiators, as shown in FIGURE 1. The multi-
energy input profile of Case 3 in FIGURE 5(b) shows the
extra cooling input of end-users provided by both electricity
and gas. As FIGURE 5(a) indicates, it can be observed that
the electricity input is mitigated during the IDR period (15:30
– 16:30) in Case 3. Besides, the rebound effects have a
significant reduction after the IDR period. The electricity
input peak is 3041.4 kW in Case 3, which is much lower than
that in Case 2. Moreover, TABLE 8 shows the smoothness
improves from 232.6 kW to 119.4kW . The rebound effects
are mitigated due to the less violation of the end-user thermal
comfort. Therefore, the proposed IDR strategy can provide a
smoother operating reserve than the traditional DR program.

On the other hand, in Case 3, the aggregate capacity of
operating reserve in power systems is 7051kW , which is
much higher than Case 2 (3813kW ) as shown in TABLE 8.
Therefore, the proposed IDR strategy can provide a higher
aggregate capacity of operating reserve than the traditional
DR program. Moreover, the ramp time of ACs is set as
0.21 min, which is referred to [5]. Based on it, the ramp rate
of operating reserve provided by the proposed IDR strategy
is 9.7 kW /s. The ramp rate of the operating reserve will have
no distinct difference between the proposed IDR strategy and
the traditional DR program, which meets the requirement of
power systems.

Therefore, the proposed IDR strategy can provide a
long-duration, high-aggregate-capacity operating reserve and
mitigate the rebound effects.

2) END-USERS’ THERMAL COMFORT ANALYSIS
The room temperature of end-users of three cases is as
shown in FIGURE 6. In Case 1, every AC’s set temperature
is end-users’ thermal comfort temperature and in normal
operation status, as shown in FIGURE 6(a). In Case 2, the set
temperature of ACs will change and be away from thermal
comfort temperature according to DR contracts during the
DR period. Therefore, the room temperature will be near to
ambient temperature until it reaches the set temperature of
the IDR contracts. The difference between some end-users’
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FIGURE 6. Room temperature versus time under different cases.

thermal comfort temperature and ambient temperature is
large, so these ACs will operate earlier than others, as shown
in FIGURE 6(b). In Case 3, due to the output of household
radiators, the room temperature is much more near to end-
users’ thermal comfort temperature with the proposed IDR
strategy than the traditional DR program. Because of the
difference between end-users’ thermal comfort temperature
and ambient temperature, some end-users will stay in their
thermal comfort temperature and others will also be nearer to
their thermal comfort temperature than Case 2, as shown in
FIGURE 6(c).

FIGURE 7. Values of modified PPD index under different cases.

The modified PPD index of three cases, which quantifies
the end-user comfort violation, is as shown in FIGURE 7.
Traditional DR program has much more violation of end-
users’ thermal comfort in Case 2 than Case 3. These
simulation results are consistent with the room temperature
in FIGURE 6. Besides, Ecomf decreases from 103.2 (Case 2)
to 1.73 (Case 3), as shown in TABLE 8.

Therefore, the end-users’ thermal comfort with the pro-
posed IDR strategy can be much higher than the traditional
DR program.

C. DISCUSSION
Numerical results show that the proposed IDR strategy can
provide a higher aggregate capacity of operating reserve than
the traditional DR program since the capacity index EORD
in Case 3 is 1.85 times that in Case 2. The duration index
EORD in Case 3 is 2.61 times that in Case 2, indicating that
the proposed IDR strategy can provide a longer duration
of operating reserve. As for the smoothness, the capacity
of rebound effects is reduced from 232.6 kW in Case 2 to

119.4kW in Case 3, so the proposed IDR strategy can
provide a smoother operating reserve than the traditional
DR program. Besides, the thermal comfort index Ecomf
decreases from 103.2 (Case 2) to 1.73 (Case 3), meaning
that the end-users’ thermal comfort by the proposed IDR
strategy is much higher than the traditional DR program.
In summary, the proposed two-stage IDR strategy can
provide high-aggregate-capacity and long-duration reserve
resources in power systems while mitigating the rebound
effects.

Moreover, we have validated the proposed method from
two aspects. 1) Firstly, the proposed two-stage IDR strategy
includes two models, i.e., the METD model and the EH
model. The METD model is a classic model to describe the
relationship between the room temperature and the output of
TCLs, whose validity has been proved in Section II. The EH
model is a classic model to describe the energy conversion
among different devices including the CHP, the EB, the GB,
and the AB. The operation parameters of these devices are
referred to real systems, whose validity has been proved
in many references [28]–[33]. 2) Moreover, based on the
METD model and EH model, the two-stage IDR strategy is
formulated as a mixed-integer linear programming problem.
The feasible region of the proposed strategy can be convex
which can converge to the globally optimal solution. Besides,
the calculation results of the test system by Cplex solver
and Gurobi solver are consistent, which can also validate the
proposed method.

VII. CONCLUSION
With the introduction of EHs, the IDR strategies provide a
new perspective to enhance the operating reserve of power
systems. This paper proposes a two-stage IDR strategy to
fully excavate the operating reserve provided from MTCLs
considering rebound effects. Illustrative results demonstrate
that the proposed two-stage IDR strategy can provide high-
aggregate-capacity and long-duration reserve resources in
power systems while mitigating the rebound effects. The
thermal comfort violation of end-users can be minimized,
close to the original most comfortable status.

Moreover, the proposed strategy has some implications for
research, practice, and society. Firstly, a novel IDR strategy
is proposed in this paper to excavate the operating reserve
of multi-energy loads, which can provide methods for the
scheduling of other demand response resources, e.g., multi-
energy storages. Besides, the proposed model can ensure
thermal comforts, which will significantly encourage end-
users to participate in demand response programs. Consider-
ing that, the power grid companies can obtain more operating
reserve resources to guarantee the supply-demand balance.
Moreover, the proposed model can postpone the construction
of other adjusting resources for the accommodation of
renewable energy, which can accelerate the low-carbon and
economic development of society.

Furthermore, this paper focuses on the demand side and
the multi-energy system studied is connected to load nodes of

VOLUME 10, 2022 15161



X. Zhou et al.: Exploiting Integrated Demand Response for Operating Reserve Provision Considering Rebound Effects

electrical and gas systems. The proposed two-stage IDR strat-
egy can provide high-aggregate-capacity and long-duration
reserve resources while mitigating the rebound effects to
maintain supply-demand balance and reliable operation of
power systems. Taking full account of detailed models of
electrical and gas systems in the proposed IDR strategy
can help to excavate the operating reserve provision more
precisely. However, due to the space limitation of this paper,
the detailed models of electrical and gas systems are not
considered. The IDR strategy considering the detailed model
of the electrical and gas systems will be studied in the future.
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