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ABSTRACT With the development of energy integration technologies, the conventional scope of demand
response has been extended to the integrated demand response (IDR), which imparts the flexibility to
consumers’ energy demand. This paper explores interaction patterns for multi-energy demand management
and proposes an IDR mechanism for the industrial integrated energy system. The mechanism exploits three
interaction patterns to promote the interaction between the demand and supply of multiple energy systems.
The incentive payment is provided not only for curtailing interruptible electric load, but also for adjusting
flexible heating and cooling loads. The coupling characteristics of industrial consumers’ multi-energy
demands are then modeled to reflect the mutual influence between the consumption behaviors for different
energy sources. Besides, based on the coupling of CCHP (Combined Cooling, Heating, and Power) energy
outputs, the demand-supply interactionmodel is also proposed, which could change the electric generation by
affecting consumers’ heating and cooling demands. The optimization model of the IDR is then established
with the objective of minimizing the total dispatch cost. The simulation results show that compared with
conventional DR programs, the total dispatch cost and consumers’ energy procurement cost are both reduced.
The CCHP could also benefit from this mechanism. Furthermore, the impact of the coupling characteristics
and the incentive price on the dispatch cost is also analyzed.

INDEX TERMS Demand response, integrated energy system, optimal dispatch, multi-energy coordination.

NOMENCLATURE
i Index of consumers
j Index of CCHP units
t Index of time intervals
n Number of consumers
T Number of time intervals
Pein/P

g
in Electricity/gas input of energy hub

Peout/P
h
out/ Electricity/heating/cooling output of

Pqout energy hub
ηT /ηF Efficiency of transformer/ gas furnace
η
g
MT /η

e
MT Thermal/electric efficiency of micro

turbine
µeh/µeq Coupling coefficients of consumers’

energy demand
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Lei,t/L
h
i,t/L

q
i,t Electricity/heating/cooling load

Pej,t/P
h
j,t/P

q
j,t CCHP output of electricity/heating/

cooling
C IL
i,t Incentive payment for IL
1Leei,min/1L

ee
i,max Lower/upper limit of consumers’ IL

λh Heat price
ρh/ρq Incentive price for heating/cooling
εi Demand elasticity of consumers
Lhi,max Maximum heat demand of consumers
σeh Heat-to-electricity ratio of CCHP
Sest Amount of energy stored in storage

system
Pesin,t/P

es
out,t Charging/discharging power of energy

storage
ηin/ηout Charging/discharging efficiency of

energy storage
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δes Dissipation coefficient of energy
storage system

l Length of the pipe
h Heat transfer coefficient
Ts/Tr Supply/Return temperature
Ta Ambient temperature
Tin/Tout Inlet/outlet temperature
Cw Specific heat of water
mi Heat water mass flow

I. INTRODUCTION
The flexibility of consumers’ electric demand has signifi-
cantly enhanced due to the advances in smart grid technol-
ogy and advanced metering infrastructure [1]. Many demand
response (DR) mechanisms have then been designed and
applied to achieve certain goals such as peak load shaving
or renewable energy accommodation [2].

Recent years, the development of energy cogeneration and
integration technologies has facilitated the evolution fromDR
in smart grid to integrated demand response (IDR) in inte-
grated energy systems (IES) [3], [4]. Like electric demand,
the energy demand of consumers could also be flexible and
adjustable, if given appropriate incentives. Thus, a reasonable
IDR mechanism becomes an important approach to encour-
aging multi-energy interaction, achieving integrated energy
management and optimizing resource configuration.

So far, conventional DR strategies and mechanisms for
many purposes have been intensively studied, such as
economical operation [5], [6], system frequency regula-
tion [7], [8], congestion management [9]–[10], and some
valuable results have been obtained. However, these studies
mainly focus on the dispatch of flexible electric demand,
such as interruptible load (IL) and direct load control (DLC).
While these measures could actually accomplish the goal
of load shaping or frequency regulation, they also lead to
a certain degree of discomfort, as consumers’ demand is
partly compromised [11]. Moreover, the response of electric
demand cannot achieve the comprehensive energy optimiza-
tion, especially for consumers with demand for various forms
of energy.

With the development of IES-related techniques, the joint
dispatch of DR and electro-thermal equipment has been stud-
ied for the optimal operation of IES. Liang et al. [12] propose
a new dispatch framework for virtual power plants (VPPs)
considering correlated DR, which coordinates the opera-
tion of CCHP (Combined Cooling, Heating and Power)
and DR units. In [13], a two-stage coordinated operation
method is proposed to coordinate CCHP and flexible electric
and thermal loads based on price-based DR. Cui et al. [14]
propose a bi-level coordination model for electricity and
gas network while considering both coupon-based DR and
interruptible-load based DR. However, these researches con-
sider CCHP and flexible loads as two separate approaches
to achieving optimal dispatch, whereas the former is not
regarded as a demand side resource which could be employed

for the purpose of IDR. Moreover, the CCHP is usually
presumed in these studies to be possessed by the VPP or
microgrid operator. In other words, the interaction remains
between consumers and the operator, whereas no other par-
ticipants are envolved.

In fact, CCHP and other energy converting entities play an
essential role in multi-energy interaction. There are already
some researches trying to study the application of CCHP
and heat pumps on DR, and some valuable conclusions are
drawn [15]–[20]. To quantify the available flexibility in heat
pumps, some indexes are identified in [15] and [16] to ana-
lyze its potential and impact on demand side management
programs. In [17], a new expected thermal discomfort metric
is defined to optimize the thermal storage-based flexible DR.
Tasdighi et al. [18] present an optimal scheduling model for
a micro-CHP based microgrid on the basis of temperature
dependent thermal load modeling. These researches mainly
study the thermal behavior of resident consumers or commer-
cial buildings based on comfort or temperature constraints,
which cannot be applied to industrial consumers whose heat
demand is mainly determined by production schedules.

Moreover, most of these researches try to affect the electric
demand by changing and scheduling consumers’ thermostat-
ically controlled loads, which is the interaction between the
demand sides of heat system and power system. However,
the interaction between the demand side of one energy sys-
tem and the supply side of another, e.g. how the change of
heat demand could affect the supply of electricity, is not
investigated.

There have been a few relevant attempts to deal with this
problem. In [21], DR is integrated with the coalitional game
where prosumers can adjust their flexible thermal and elec-
tric loads simultaneously to minimize the coalition operation
cost. Liu et al. [22] propose a heat-electricity-coupled DR
model by dynamically selecting the heat-match mode and the
electricity-match mode of CCHP units. But these papers does
not consider the coupling of multi-energy demand, e.g., how
the heat load changes with the electric load because of
energy substitute effect and machines consuming more than
one types of energy. In [11], an IDR program is developed
for the electricity and natural gas networks. The interaction
among energy hubs is modeled as an ordinal potential game
with unique Nash equilibrium. Shao et al. [23] incorporate
the flexible electric and heating demands into the centralized
energy dispatch model and establish a two-level optimiza-
tion model for the purpose of maximizing social welfare.
These studies usually consider consumers’ flexible demand
as directly controllable resources, and little work has been
devoted to addressing the problem how the incentive compen-
sation is designed and provided in IDR programs. Given that
consumers’ response is essentially a profit-pursuing activity,
a mechanism with reasonable incentive patterns is important
to the actual implementation of IDR.

This paper explores interaction patterns for multi-energy
demand management and proposes an IDR mechanism for
industrial integrated energy system. The mechanism exploits
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three interaction patterns to promote the interaction between
the demand and supply of multiple energy systems. In greater
detail, this paper contributes in the following ways.

1) An IDR mechanism with three interaction patterns is
designed for load curtailment. The incentive payment is pro-
vided not only for curtailing interruptible electric load, but
also for increasing flexible heating and cooling loads.

2) The coupling relationship of consumers’ multi-energy
demands is modeled to reflect the mutual influence between
the consumption behaviors for different energy sources.
Besides, the demand-supply interaction model is also pro-
posed, which could change the electricity generation by
affecting consumers’ heating and cooling demands. Based on
the two models, the optimization model of IDR is proposed
with the objective of minimizing total dispatch cost.

3) The proposed IDR mechanism is simulated, and
consumers’ responsive behaviors are analyzed. Simulation
results show that the total dispatch cost and consumers’
energy procurement cost are both reduced, compared with
conventional DR programs. CCHP could also benefit from
this mechanism. Furthermore, the impact of the incentive
price on the dispatch cost is also analyzed.

The rest of the paper is organized as following. Section II
proposes three interaction patterns which could be applied
to achieve IDR. Section III proposes the coupling model of
multi-energy demands, the supply-demand interactionmodel,
and the optimization model of IDR. Section IV discusses
experimental results and Section V presents conclusions.

II. INTERACTION PATTERNS OF INTEGRATED
DEMAND RESPONSE
A. COUPLING RELATIONSHIP WITHIN IES
The IES studied in this paper is a combination of CCHP based
district heating system and electric power system, which sup-
plies electricity, heating and cooling for consumers. Involv-
ing energy generation units, transmission infrastructure and
consumers’ multi-energy demands, it could promote energy
cascade utilization and significantly improve comprehensive
energy efficiency.

The most distinguished difference between the regional
electric power system and IES lies in the mutual influence
of generation and consumption of multiple energy sources,
which brings forth the coupling relationship on both the
supply side and the demand side [24].

Typically, the energy generation units can be divided into
three categories, i.e., electricity-only units, heat-only units
and cogeneration units. The cogeneration equipment nor-
mally refers to CCHP whose electricity production and heat
production are coupled depending on the operation mode.
The heat-only units are usually gas furnaces. Generally,
the coupling relationship on the supply side of IES can
be described by the energy hub model [25], which is as
following:[

Peout
Phout

]
=

ηT ω1η
e
MT

0 (1− ω1)ηF + ω1η
g
MT

[Pein
Pgin

]
(1)

where ω1 denotes the ratio of gas consumed by micro
turbine.

Incorporating the cooling power supplied by the absorption
refrigeration, the extended energy hubmodel can be modified
into (2). It can be easily deduced that the increase in the
generation of heating and cooling power could also lead to
the increase in that of electricity, and vice versa.PeoutPhout
Pqout


=

 ηT
0
0

ω1η
e
MT

(1− ω2)
[
(1− ω1)ηF + ω1η

g
MT

]
ω2σhq[(1− ω1)ηF + ω1η

g
MT ]

[Pein
Pgout

]
(2)

where ω2 denotes the ratio of heat consumed for cooling
generation, and σhq denotes the efficiency of the refrigeration.
The coupling relationship also exists on the demand side.

For one thing, some machines used in industrial production
consumemore than one type of energy, such as rubber mixing
machines which consume both electricity and heat. Thus,
the operation of these machines will cause both the electric
demand and the heat demand to rise. For another, the sub-
stitute effect also exists among different energy sources. For
example, when the heat produced by CCHP is cheaper, direct
heat supply could substitute for the electric boiler, and the
electric load will be decreased. In this way, as the demand
for one energy source changes, the demand for another will
also change. Furthermore, the change of the price of one
energy source could also affect the demand for others. Further
details on the coupling relationship of multi-energy demand
are discussed in later sections.

B. INTERACTION PATTERNS OF IDR
The principle of IDR, which is similar to that of conventional
electric DR, is to encourage consumers to adjust their energy
demand by providing reasonable compensation. By taking
advantage of the coupling relationships mentioned above,
the measures to motivate consumers could be intensively
diversified.

Based on the analysis above, this paper designs an IDR
mechanism with three interaction patterns, which could
achieve the curtailment of electric load by direct and/or indi-
rect means. Specifically, the three patterns are as follows:

1) DIRECT LOAD CURTAILMENT
It is the common way of conventional DR programs, which
stimulates consumers to cut down part of their load by pro-
viding incentive payment.

2) COUPLING OF MULTI-ENERGY DEMANDS
As aforementioned, the electric load of some users’ drops
as their demands for heating and cooling increase. Such
demands are encouraged, which would have the same effect
as the interruptible load does.
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3) MULTI-ENERGY INTERACTION BETWEEN
SUPPLY AND DEMAND
Consumers are encouraged to increase their demands for
heating and cooling. To satisfy the increasing need, CCHP has
to raise the corresponding supply. According to the coupling
characteristics on the supply side expressed in (2), the power
generation will also increase and the net load of IES will be
reduced.

FIGURE 1. Interaction process of IDR.

The principles of the three interaction patterns can be
elaborated by Fig.1. The incentive compensation is provided
for curtailing electric load in pattern 1, and for increasing
heating and cooling loads in pattern 2 and 3. The advantage
of this mechanism lies in that, unlike the conventional pat-
terns to encourage consumers to cut down their load, it is
more acceptable for them to raise their demand, and the
overall energy procurement cost could be reduced. Therefore,
the motivation to participate in IDR programs would also
rise. Moreover, the costs of applying the three patterns are
different, which is affected by consumer type, demand level,
and CCHP operation point. By applying interaction patterns
of lower expenses, the total compensation payment would
also drop.

C. INTERACTION PROCESS OF IDR
In this paper, we assume that there is an operator in each
regional industrial IES, who is in charge of the implementa-
tion of IDR. It determines the dispatch plan which satisfies
the load curtailment index and coordinates the interaction
between consumers, CCHP and itself. The index denotes the
amount and time of load curtailment. In market mechanism,
it is obtained by bidding for ancillary services like reserve,
while in regulated mechanism, it is notified by the ISO (Inde-
pendent System Operator) in the upper level according to the
system operation needs.

Large consumers are equippedwith integrated energyman-
agement system (IEMS), which could analyze and manage
the demands for electricity, heating and cooling. CCHP is not
possessed by the operator, but operates for its own benefits.
Compared with bulk power systems, IES is usually smaller in
size and area, thus the network structure is not considered.

The entire interaction process of IDR program is as
follows:

1) The operator performs day-ahead load forecast, and
reports it to the ISO, or bids into the electricity market.

2) The operator acquires the load curtailment index, either
from the ISO or from the clearing results of the market.

3) The operator determines the dispatch plan by solving
the optimization model of IDR, which is proposed in
Section III, and informs consumers and CCHP of the
results.

4) If any consumer or CCHP cannot respond as instructed,
the operator will reschedule the dispatch plan. Other-
wise, the response will be executed.

5) Next day, consumers adjust their energy demand at the
specified time, either decreasing the electric load or
increasing the heating and cooling load. CCHP corre-
spondingly adjusts their energy production to balance
the load. The net load of IES will be curtailed as
planned.

III. DISPATCH MODEL OF INTEGRATED
DEMAND RESPONSE
A. MODELING THE COUPLING OF
MULTI-ENERGY DEMAND
The electric, heating and cooling loads of consumers are
mutually affected, and the general coupling relationship on
the demand side can be expressed by (3-5).

Lei,t = Leei,t + L
eh
i,t + L

eq
i,t (3)

Lhi,t = Lhhi,t + L
he
i,t + L

hq
i,t (4)

Lqi,t = Lqqi,t + L
qh
i,t + L

qe
i,t (5)

where Lehi,t signifies the part of electric load which is coupled
to the heat load, Leqi,t signifies the part coupled to the cooling
load, and Leei,t signifies the part not coupled. The meanings of
other variables are similar.

Unlike the HVAC (Heating, Ventilation, and Air Condi-
tioning) load of residential consumers, the industrial load is
consumed mainly for production purpose, and determined
mainly by the production plan, so it cannot be modelled by
common temperature and comfort level models [26].

Generally, the heat-electricity coupled equipment can be
divided into two types. For the first type, the electric load
remains constant once the equipment is turned on, no mat-
ter how the heat load changes. While for the second type,
the electric load changes with the heat load. In this way,
Lehi,t and L

eq
i,t xcan be expressed as (6-7).

Lehi,t = ϕeh + µehL
he
i,t (6)

Leqi,t = ϕeq + µeqL
qe
i,t (7)

where ϕeh and ϕeq are the constant parts; µeh and µeq are the
coupling coefficients which can be either positive or negative.
The former signifies the kind of equipment which entails both
electricity and heating/cooling power, while the latter refers
to the substitute effect. In practice, µeh and µeq may be time-
varying. Through (6) and (7), the change of Lehi,t and L

eq
i,t can
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be expressed as follows.

1Lehi,t = ϕeh + µeh
(
Lhei,t +1L

he
i,t

)
−ϕeh − µehLhei,t = µeh1L

he
i,t (8)

1Leqi,t = ϕeq + µeq
(
Lqei,t +1L

qe
i,t

)
−ϕeq − µeqL

qe
i,t = µeq1L

qe
i,t (9)

Thus, equations (3)–(5) can be modified into

1Lei,t = 1L
ee
i,t + µeh1L

he
i,t + µeq1L

qe
i,t (10)

1Lhi,t = 1L
hh
i,t +1L

he
i,t + µhq1L

qh
i,t (11)

1Lqi,t = 1L
qq
i,t +1L

qe
i,t +1L

qh
i,t (12)

The heating and cooling consuming facilities are usually
associatedwith productive load, the curtailment of whichmay
affect consumers’ revenue. Thus, the interruptible electric
load of industrial consumers is usually non-productive load,
i.e. Leei,t . In contrast, 1Lhei,t and 1L

qe
i,t are dispatched by pat-

tern 2, while1Lqqi,t ,1L
hh
i,t , 1L

he
i,t and1L

qe
i,t would all be useful

to pattern 3. Consumers are willing to increase such energy
demand at no cost, as the energy procurement cost would be
reduced.

The incentive payment for IL C IL
i,t can be calculated

according to (13).

C IL
i,t = αi1L

ee2
i,t + βi1L

ee
i,t (13)

where αi and βi are coefficients varying with consumers.
The amount of IL should satisfy the upper and lower bound

constraints.

1Leei,min ≤ 1L
ee
i,t ≤ 1L

ee
i,max (14)

On the other hand, the increment of heating and cooling
demand is affected by the incentive price, which can be
estimated by the demand elasticity, as shown in (15).

1Lhi · λh
Lhi · ρh

= εi (15)

Theoretically, the demand will reach its maximum value if
the commodity becomes free, in other words, if the incentive
price equals the energy price, as shown in (16).

1Lhi = Lhi,max − L
h
i , if ρh = λh (16)

Thus, we can obtain the elasticity of consumers with full
compensation.

εi =
Lhi,max − L

h
i

Lhi
(17)

B. DEMAND-SUPPLY INTERACTION MODEL
CCHP usually works at heat-match mode, the power genera-
tion is bounded to the heat demand and cannot be changed
flexibly. By encouraging the interaction between demand
and supply, CCHP could serve as an efficient demand side
resource.

Given a certain generation level or operation point, the rela-
tionship among the electricity output, heating output and
cooling output of CCHP could be described as (18).

Pej,t =
(
Phj,t + P

q
j,t/σhq

)
/σeh (18)

In practice, the heat-to-electricity ratio σeh is not a constant
value, but varies with different generation levels [27], which
can be illustrated by Fig.2. As a result, the increment of power
generation, as can be expressed as (19), is not linear with that
of heat.

1Pej,t =
Phj,t +1P

h
j,t +

(
Pqj,t +1P

q
j,t

)
/σhq

σeh
− Pej,t (19)

where 1Phj,t and 1Pqj,t are the increment of heating and
cooling output, respectively.

FIGURE 2. Heat-to-electricity ratio of CHP.

As can be seen from Fig.2, the incentive paid by the
operator for cutting down the same amount of electric load
at one moment is not equal to that at another moment. For
example, when the heat output increases for the same amount
1Ph, the increment of electricity output at t1is more than that
at t2. Therefore, it is more economic to dispatch CCHP at t1
than at t2. Generally, as the generation level increases, both
the response capacity and the economic benefits would drop.
From the perspective of the operator, this interaction pattern
would be applied in priority when such payment is cheaper
than the payment for IL.

Nevertheless, due to the existence of multi-energy demand
coupling, the load shaved by pattern 3 may be not equal
to 1Pej,t . As mentioned before, if the value of µeh or µeq is
positive, the electric load will increase with the heating and
cooling loads and jeopardize the effect of pattern 3. To avoid
this from happening, the following constraints should be
satisfied.

1Pej,t − µeh1L
he
i,t − µeq1L

qe
i,t ≥ 0 (20)

On the other side, the increment of heating and cooling
generation is subject to that of corresponding demand, which
has a limit. The thermal energy storage could help to relieve
this restriction by storing the excessive heat temporally and
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releasing it in the subsequent periods. The operation of ther-
mal energy storage can be described as follow.

Sest+1 = Sest (1− δes)+ P
es
in,tηin −

Pesout,t
ηout

(21)

0 ≤ Pesin,t ≤ uesPesin,max, ues = 0, 1 (22)

0 ≤ Pesout,t ≤ (1− ues) Pesout,max (23)

Sesmin ≤ Sest ≤ S
es
max (24)

Ses1 = SesT (25)

C. OPTIMIZATION MODEL OF IDR
The objective of the operator is to minimize the total incentive
payment for IL, heating and cooling, which can be described
as following.

minCsum =
n∑
i=1

T∑
t=1

[C IL
i,t + ρh1L

h
i,t + ρq1L

q
i,t ] (26)

In addition to the constraints presented by (10)-(25), the
following constraints should also be satisfied.

1) LOAD CURTAILMENT INDEX CONSTRAINT
n∑
i=1

(Lei,t +1L
e
i,t )−

m∑
j=1

(Pej,t +1P
e
j,t ) ≤ L

lim
t (27)

where L limt is the maximum limit of electric load at time t.
The net load of IES should not exceed this value.

2) UPPER AND LOWER BOUNDS OF HEATING AND
COOLING DEMANDS

0 ≤ 1Lhi,t ≤ Lhi,max − L
h
i,t (28)

0 ≤ 1Lqi,t ≤ Lqi,max − L
q
i,t (29)

3) LOAD BALANCE CONSTRAINTS

Pet +
m∑
j=1

(Pej,t +1P
e
j,t ) =

n∑
i=1

(Lei,t +1L
e
i,t ) (30)

m∑
j=1

(Phj,t +1P
h
j,t ) =

n∑
i=1

(Lhi,t +1L
h
i,t )+ P

es
t (31)

m∑
j=1

(Pqj,t +1P
q
j,t ) =

n∑
i=1

(Lqi,t +1L
q
i,t ) (32)

4) CCHP OPERATION CONSTRAINTS

Pej,min ≤ Pej,t +1P
e
j,t ≤ P

e
j,max (33)

Phj,min ≤ Phj,t +1P
h
j,t ≤ P

h
j,max (34)

−Redown ≤ Pej,t+1 − P
e
j,t ≤ R

e
up (35)

−Rhdown ≤ Phj,t+1 − P
h
j,t ≤ R

h
up (36)

Equations (33) and (34) represent the electricity and heat
output bounds of CCHP, and equations (35) and (36) repre-
sent the ramp rate constraints of electricity output and heat
output.

5) HEATING NETWORK CONSTRAINTS

Tin = (Ts − Ta) e−hl/Cwmi + Ta (37)

Tout = (Tr − Ta) ehl/Cwmi + Ta (38)

Lh = miCw (Tin − Tout) (39)

In practice, hl/Cwmi is very small. According to the equiv-
alent infinitesimal limµ→0 eµ = 1+ µ, (37) and (38) can be
approximately linearized as [28]:

T tin =
(
Ts − T ta

) (
1− hl/Cwmti

)
+ T ta (40)

T tout =
(
Tr − T ta

) (
1+ hl/Cwmti

)
+ T ta (41)

On the other hand, the nonlinear characteristic of CCHP
heat-to-electricity ratio can be approximated by piecewise
linearization. In this way, the proposed model has been trans-
formed to a mixed integer quadratic optimization problem,
which is solved using Matlab with Yalmip and Gurobi.

IV. NUMERICAL ANALYSIS
A. TEST SYSTEM AND PARAMETERS
An industrial IES in south China with two CCHPs and eight
large consumers is introduced as the test system to illustrate
the technique proposed in this paper. The typical load curves
of electricity, heating and cooling are shown in Fig. 3. The
load limit L limt is 40MW at all periods. The topology diagram
of the district heating network is shown in Fig. 4.

FIGURE 3. Typical load curves of electricity, heating and cooling.

FIGURE 4. Topology diagram of the heating network.

The parameters of consumers’ IL and coupling model are
shown in Table 1 and Table 2, respectively. The coupling
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TABLE 1. Parameters of IL.

TABLE 2. Coupling coefficients of consumers.

coefficients are obtained through correlation analysis of con-
sumers’ energy data. The percentages of Leei,t ,L

eh
i,t and Leqi,t

of all consumers are 50%, 30% and 20%, respectively. The
percentages of Lhhi,t , L

he
i,t and Lhqi,t are 60%, 30% and 10%,

respectively, and those of Lqqi,t ,L
qe
i,t and L

qh
i,t are 70%, 20% and

10%. The maximum heating demand and cooling demand are
14 tons and 4 tons, respectively.

The CCHP’s output relationship between electricity and
heat is demonstrated in Table 3, which is a piecewise lin-
earization function. Other operation parameters of CCHP are
shown in Table 4. The parameters of thermal energy storage
are shown in Table 5. The parameters of the heating network
are presented in Table 6.

TABLE 3. Generation characteristics of CCHP.

TABLE 4. Parameters of CCHP.

The time-of-use electricity prices are presented in Table 7.
The energy prices for heating and cooling are 63$/ton and

TABLE 5. Parameters of thermal energy storage.

TABLE 6. Parameters of heating network.

TABLE 7. Time-of-use electricity prices.

68$/ton, respectively. Besides, the incentive prices for heating
and cooling are assumed to be equal to the energy prices.

B. SIMULATION RESULTS
By solving the optimization model, we can analyze the effect
of the three interaction patterns on the total load reduction.

As can be seen from Fig. 5, the total load curtailment con-
sists of five parts, i.e. IL, E-H load, E-Q load, E-H CCHP, and
E-Q CCHP. The E-H load refers to the electricity-heat cou-
pling load, which is curtailed by applying pattern 2, whereas
E-H CCHP means that the load is curtailed by applying
pattern 3. The meanings of E-Q load and E-Q CCHP are
similar.

As is shown in Fig. 5(b), pattern 3, namely the interaction
between demand and supply, contributes the most to the total
load curtailment, and IL contributes the least. This implies
that the incentive paid for encouraging consumers’ heating
and cooling demand is generally cheaper than that for IL.

There are ten hours when the electric load needs to be
shaved, which are 6-7, 10-12, 14-17. At 6-8, the load is
shaved all through load coupling and supply-demand inter-
action, whereas IL contributes none. At 10, given that the
original heat generation level is relatively high, the heating
and cooling output increment for increasing the same amount
of electricity output becomes larger, according to the analysis
with Fig.2. As a consequence, the incentive payment becomes
relatively expensive and the load shaved by IL surpasses that
by CCHP. From 11 to 12, due to the same reason, the IL
curtailed by E-H CCHP decreases whereas that by E-H load
increases.

The heating and cooling outputs of CCHPs before and
after IDR dispatch are shown in Fig. 6. At 11 and 15, both
the heating output and the cooling output reach its upper
bound, meaning that the response capacity of pattern 2 and 3
is fully employed. Besides, as the original cooling demand
increases gradually from 10 to 17, the space for increment
becomes smaller, thus the load curtailed by E-Q CCHP
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FIGURE 5. Optimal dispatch plans. (a) Optimal dispatch plans of IL, E-H
load, E-Q load, E-H CCHP and E-Q CCHP. (b) Percentage of each element
to the total curtailment.

continues to drop. Due to the effect of thermal storage,
the heat output could exceed the maximum value of demand.
Moreover, the heat output of CCHP drops at 9, 13 and
18-20, as a result of energy storage releasing the heat stored
previously.

Fig. 7 shows how consumers’ demands for electricity,
heating and cooling change during the interaction. Although
pattern 2 is applied at every hour, the capacity of the coupling
loads is limited. Therefore, when the amount of load that
needs to be shaved is relatively large, such as at 10, 11,
15 and 17, the electric load is curtailed mostly by IL. Besides,
at 10-16, the heating and cooling demands are mainly stim-
ulated for increasing the output of CCHP, which contributes
the most to the load curtailment.

Fig. 8(a) and (b) show how 1Lhei,t and 1L
qe
i,t of each con-

sumer changes during the interaction, respectively. It can
be seen that only the heating demand of consumer 6, 7, 8,
and the cooling demand of consumer 3, 5, 6 increase dur-
ing the interaction, whereas the demand of others remains
unchanged. Since the coupling coefficients of others are pos-
itive, the increase of these consumers’ heating or cooling
demands would have the counter effect and jeopardize the
performance of pattern 3.

The load curves after IDR dispatch are demonstrated
in Fig. 9. By applying the three interaction patterns, the load
curtailment goal could be achieved, and the consumption for
heating and cooling could be stimulated.

FIGURE 6. Heating and cooling supply before and after IDR. (a) Heat
supply before and after IDR. (b) Cooling supply before and after IDR.

C. PROFITS ANALYSIS
To prove the economy of the mechanism proposed, two
scenarios are simulated. In scenario I, the IDR mechanism
with all the three pattern is applied, while in scenario II the
conventional DR mechanism with only pattern 1 is applied.
The dispatch cost paid by the operator, the profits gained by
CCHP and the average energy procurement cost of consumers
under these two scenarios are compared in Table 8.

TABLE 8. Comparison of profits in scenario I and II.

As can be seen from the table, the total incentive payment
in scenario I drops significantly by 46.9%, compared to that
in scenario II. In practice, this value may vary with different
energy prices, but the conclusion remains unchanged. In con-
trast with the conventional DRmechanismwhere there is only
one pattern to achieve load curtailment, the operator is able to
select interaction patterns of lower incentive payment, so the
dispatch cost will inevitably decrease. The simulation results
also show that if the coupling of energy demand is not taken
in account, the dispatch cost will increase to $5996.82. Under
this circumstance, both the amount of IL and the increment
of heating or cooling loads will rise in order to fulfill the load
curtailment constraint. Therefore, the compensation cost of
the operator will also rise.
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FIGURE 7. Change of electric, heating and cooling load. (a) Curtailment of
consumers’ electric load. (b) Increment of consumers’ heat load.
(c) Increment of consumers’ cooling load.

CCHP could also benefit from IDR. Its sales rev-
enues on electricity, heating and cooling all increase,
as pattern 2 and pattern 3 stimulate the energy demands
of consumers. Furthermore, the consumers’ average energy
procurement cost for heating and cooling will also decrease,
due to the compensation paid by the operator. In this sense,
this mechanism could benefit all the participants and improve
the social welfare.

D. IMPACT OF COUPLING CHARACTERISTICS
The effect of pattern 2 and 3 is largely dependent on con-
sumers’ multi-energy coupling characteristics. To analyze its
impact on the optimal dispatch results, we set another two
scenarios as comparison. In scenario III, µeh of all consumes
is equal to 1 and µeq is equal to 0.5. In this way, the increase
of their heating or cooling loads would also cause the increase
of electric load. In contrast, the coupling coefficients in
scenario IV are equal to those in scenario III, but the values
are negative. The simulation results are shown in Fig. 10 and
Fig. 11, respectively.

As can be seen from Fig. 10, due to the counter effect
of positive coupling coefficients, pattern 2 is completely

FIGURE 8. Heating and cooling loads increased by pattern 2. (a) Heating
load increased by pattern 2. (b) Cooling load increased by pattern 2.

FIGURE 9. Load curves after IDR.

not implemented. As a consequence, the load curtailed
through pattern 1 and 3 increases significantly, particularly
through generating more cooling power. In scenario IV,
the opposite results can be observed. Compared to scenario I,
the load reduced by pattern 2 increases dramatically, accom-
panied by a sharp drop in IL. The contribution of pattern 3
also declines slightly.

The costs of each pattern in the three scenarios are pre-
sented in Table 9. In contrast with scenario I, the costs of
pattern 1 and 3 all increase, especially the latter. As a result,
the overall cost of scenario III is the highest, but still lower
than that in scenario II. On the other hand, the costs of
scenario IV is the lowest among the three scenarios. The
expenses caused by pattern 1 and 3 are all lower than that of
scenario I, whereas the cost of pattern 2 is apparently higher.
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FIGURE 10. Optimal dispatch plan in scenario III.

FIGURE 11. Optimal dispatch plan in scenario IV.

TABLE 9. Comparison of costs in scenario I, III and IV.

This reflects the influence of multi-energy coupling coeffi-
cients on the optimal dispatch results. The negative coupling
characteristics could effectively improve the performance of
IDR and reduce the overall costs, whereas positive character-
istics could only produce the counter effect.

E. IMPACT OF INCENTIVE PRICE
In the analysis above, the incentive prices are assumed to be
equal to corresponding energy prices, which could motivate
consumers as much as possible. However, paying consumers
with full compensation may not be the best option for the
operator. Thus, we simulate how the total incentive payment
changes with different incentive prices, and the results are
shown in Fig. 12.

Apparently, as the incentive price increases, the total cost
gradually drops at first, and then rises after reaching the
minimum point, which is mainly attributed to the demand
elasticity and the output characteristics of CCHP. In this case,
the optimal incentive price adopted by the operator should
be 75% of the corresponding energy price. This founding
helps the operator to determine the best incentive price so as
to minimize the dispatch cost and optimize the allocation of
resources.

FIGURE 12. Impact of incentive price on the total cost.

FIGURE 13. Optimal dispatch plans under the best incentive price.

The load curtailment under the best incentive price is
shown in Fig. 13. Compared to Fig. 5(a), the amount of IL
increases, whereas the amount of E-H CCHP and E-Q CCHP
drops as a consequence of lower incentive level.

V. CONCLUSION
By incorporating consumers’ heating and cooling demand
into the dispatch of IDR, this paper proposes an IDR mech-
anism with three effective incentive patterns for load cur-
tailment. The incentive is paid for increasing heating and
cooling loads, which could improve consumers’ motivation.
Based on the coupling model of multi-energy demand and
the demand-supply interactionmodel, the optimizationmodel
of IDR is established with the objective of minimizing the
total dispatch cost. Simulation results prove that the mech-
anism proposed could effectively achieve the load curtail-
ment through multi-energy interaction. Compared to conven-
tional DR programs, the total dispatch cost of the opera-
tor and the energy procurement cost of consumers are both
reduced. CCHP could also gain reasonable revenue. There-
fore, the total social welfare has increased. The effect of
increasing the electricity output of CCHP by stimulating heat
loads may be jeopardized due to the coupling of multi-energy
demand. Furthermore, we also analyze how the value of
incentive price affects the dispatch cost, which is crucial for
the determination of incentive price. Importantly, the dispatch
model proposed in this paper could be applied not only to
the curtailment of electric load but also to that of heating or
cooling loads.

VOLUME 7, 2019 66345



Z. Jiang et al.: IDR Mechanism for Industrial Energy System Based on Multi-Energy Interaction

REFERENCES
[1] Z. Zhou, F. Zhao, and J. Wang, ‘‘Agent-based electricity market simulation

with demand response from commercial buildings,’’ IEEE Trans. Smart
Grid, vol. 2, no. 4, pp. 580–588, Dec. 2011.

[2] F. Rahimi and A. Ipakchi, ‘‘Demand response as a market resource under
the smart grid paradigm,’’ IEEE Trans. Smart Grid, vol. 1, no. 1, pp. 82–88,
Jun. 2010.

[3] J. Wang, H. Zhong, Z. Ma, Q. Xia, and C. Kang, ‘‘Review and prospect
of integrated demand response in the multi-energy system,’’ Appl. Energy,
vol. 202, pp. 772–782, Sep. 2017.

[4] M. Qadrdan, M. Cheng, J. Wu, and N. Jenkins, ‘‘Benefits of demand-
side response in combined gas and electricity networks,’’ Appl. Energy,
vol. 192, pp. 360–369, Apr. 2017.

[5] S. M. Nosratabadi, R.-A. Hooshmand, and E. Gholipour, ‘‘Stochas-
tic profit-based scheduling of industrial virtual power plant using the
best demand response strategy,’’ Appl. Energy, vol. 164, pp. 590–606,
Feb. 2016.

[6] Z. Xu, Z. Hu, Y. Song, and J. Wang, ‘‘Risk-averse optimal bidding strategy
for demand-side resource aggregators in day-ahead electricity markets
under uncertainty,’’ IEEE Trans. Smart Grid, vol. 8, no. 1, pp. 96–105,
Jan. 2017.

[7] Z. Li, W.Wu, and B. Zhang, ‘‘Coordinated state-estimation method for air-
conditioning loads to provide primary frequency regulation service,’’ IET
Gener., Transmiss. Distrib., vol. 11, no. 13, pp. 3381–3388, Sep. 2017.

[8] G. Benysek, J. Bojarski, R. Smolenski, M. Jarnut, and S. Werminski,
‘‘Application of stochastic decentralized active demand response (DADR)
system for load frequency control,’’ IEEE Trans. Smart Grid, vol. 9, no. 2,
pp. 1055–1062, Mar. 2018.

[9] W. Liu, Q. Wu, F. Wen, and J. Østergaard, ‘‘Day-ahead congestion man-
agement in distribution systems through household demand response and
distribution congestion prices,’’ IEEE Trans. Smart Grid, vol. 5, no. 6,
pp. 2739–2747, Nov. 2014.

[10] J. Wu, B. Zhang, and Y. Jiang, ‘‘Optimal day-ahead demand response
contract for congestion management in the deregulated power market
considering wind power,’’ IET Gener., Transmiss. Distrib., vol. 12, no. 4,
pp. 917–926, Feb. 2018.

[11] S. Bahrami and A. Sheikhi, ‘‘From demand response in smart grid toward
integrated demand response in smart energy hub,’’ IEEE Trans. Smart
Grid, vol. 7, no. 2, pp. 650–658, Mar. 2016.

[12] Z. Liang, Q. Alsafasfeh, T. Jin, H. Pourbabak, and W. Su, ‘‘Risk-
constrained optimal energy management for virtual power plants consider-
ing correlated demand response,’’ IEEE Trans. Smart Grid, vol. 10, no. 2,
pp. 1577–1587, Mar. 2019.

[13] C. Zhang, Y. Xu, Z. Li, and Z. Y. Dong, ‘‘Robustly coordinated operation
of a multi-energymicrogrid with flexible electric and thermal loads,’’ IEEE
Trans. Smart Grid, vol. 10, no. 3, pp. 2765–2775, May 2019.

[14] H. Cui, F. Li, Q. Hu, L. Bai, and X. Fang, ‘‘Day-ahead coordinated
operation of utility-scale electricity and natural gas networks considering
demand response based virtual power plants,’’ Appl. Energy, vol. 176,
pp. 183–195, Aug. 2016.

[15] M. Pau, J. L. Cremer, F. Ponci, and A. Monti, ‘‘Impact of customers
flexibility in heat pumps scheduling for demand side management,’’ in
Proc. IEEE Int. Conf. Environ. Elect. Eng., IEEE Ind. Commercial Power
Syst. Eur., Milan, Italy, Jun. 2017, pp. 1–6.

[16] G. Papaefthymiou, B. Hasche, and C. Nabe, ‘‘Potential of heat pumps
for demand side management and wind power integration in the
German electricity market,’’ IEEE Trans. Sustain. Energy, vol. 3, no. 4,
pp. 636–642, Oct. 2012.

[17] N. Good, E. Karangelos, A. Navarro-Espinosa, and P. Mancarella, ‘‘Opti-
mization under uncertainty of thermal storage-based flexible demand
response with quantification of residential users’ discomfort,’’ IEEE Trans.
Smart Grid, vol. 6, no. 5, pp. 2333–2342, Sep. 2015.

[18] M. Tasdighi, H. Ghasemi, and A. Rahimi-Kian, ‘‘Residential microgrid
scheduling based on smart meters data and temperature dependent thermal
load modeling,’’ IEEE Trans. Smart Grid, vol. 5, no. 1, pp. 349–357,
Jan. 2014.

[19] Y. Kim and L. K. Norford, ‘‘Optimal use of thermal energy storage
resources in commercial buildings through price-based demand response
considering distribution network operation,’’ Appl. Energy, vol. 193,
pp. 308–324, May 2017.

[20] A. Arteconi, D. Patteeuw, K. Bruninx, E. Delarue, W. D’haeseleer, and
L. Helsen, ‘‘Active demand response with electric heating systems: Impact
of market penetration,’’ Appl. Energy, vol. 177, pp. 636–648, Sep. 2016.

[21] N. Liu, J. Wang, L. Ma, and X. Yu, ‘‘Hybrid energy sharing for smart
building cluster with CHP system and PV prosumers: A coalitional game
approach,’’ IEEE Access, vol. 6, pp. 34098–34108, 2018.

[22] N. Liu, L. He, X. Yu, and L. Ma, ‘‘Multiparty energy management
for grid-connected microgrids with heat- and electricity-coupled demand
response,’’ IEEE Trans. Ind. Informat., vol. 14, no. 5, pp. 1887–1897,
May 2018.

[23] C. Shao, Y. Ding, J. Wang, and Y. Song, ‘‘Modeling and integration of
flexible demand in heat and electricity integrated energy system,’’ IEEE
Trans. Sustain. Energy, vol. 9, no. 1, pp. 361–370, Jan. 2018.

[24] S. Chen, Z.Wei, G. Sun, K.W. Cheung, and D.Wang, ‘‘Identifying optimal
energy flow solvability in electricity-gas integrated energy systems,’’ IEEE
Trans. Sustain. Energy, vol. 8, no. 2, pp. 846–854, Apr. 2017.

[25] M. Geidl, G. Koeppel, P. Favre-Perrod, B. Klockl, G. Andersson, and
K. Frohlich, ‘‘Energy hubs for the future,’’ IEEE Power Energy Mag.,
vol. 5, no. 1, pp. 24–30, Jan./Feb. 2007.

[26] A. Gholian, H. Mohsenian-Rad, and Y. Hua, ‘‘Optimal industrial
load control in smart grid,’’ IEEE Trans. Smart Grid, vol. 7, no. 5,
pp. 2305–2316, Sep. 2016.

[27] C.Wu, P. Jiang,W.Gu, andY. Sun, ‘‘Day-ahead optimal dispatchwith CHP
and wind turbines based on room temperature control,’’ in Proc. IEEE Int.
Conf. Power Syst. Technol., Sep./Oct. 2016, pp. 1–6.

[28] X. S. Jiang, Z. X. Jing, Y. Z. Li, Q. H.Wu, andW. H. Tang, ‘‘Modelling and
operation optimization of an integrated energy based direct district water-
heating system,’’ Energy, vol. 64, no. 1, pp. 375–388, Jan. 2014.

ZIQING JIANG (S’17) received the B.S. degree in
electrical engineering from Southeast University,
Nanjing, China, in 2016. He is currently pursuing
the Ph.D. degree in electrical engineering with
Shanghai Jiao Tong University, Shanghai, China.
His research interests include demand response,
electricity market, and regional integrated energy
systems.

QIAN AI (M’03–SM’16) received the B.S. degree
from Shanghai Jiao Tong University, Shanghai,
China, in 1991, the M.S. degree from Wuhan Uni-
versity, Wuhan, China, in 1994, and the Ph.D.
degree from Tsinghua University, Beijing, China,
in 1997, all in electrical engineering. He was with
Nanyang Technological University, Singapore, for
one year, and also with the University of Bath,
U.K., for two years. He is currently a Professor
with the Department of Electrical Engineering,

Shanghai Jiao Tong University. His research interests include load model-
ing, smart grid, microgrids, virtual power plant, regional integrated energy
systems, big data, and artificial intelligence.

RAN HAO (S’17) received the B.S. degree in elec-
trical engineering from Xi’an Jiaotong University,
Xi’an, China, in 2016. He is currently pursuing
the Ph.D. degree in electrical engineering with
Shanghai Jiao Tong University, Shanghai, China.
His research interests include the energy internet
and microgrid.

66346 VOLUME 7, 2019


	INTRODUCTION
	INTERACTION PATTERNS OF INTEGRATED DEMAND RESPONSE
	COUPLING RELATIONSHIP WITHIN IES
	INTERACTION PATTERNS OF IDR
	DIRECT LOAD CURTAILMENT
	COUPLING OF MULTI-ENERGY DEMANDS
	MULTI-ENERGY INTERACTION BETWEEN SUPPLY AND DEMAND

	INTERACTION PROCESS OF IDR

	DISPATCH MODEL OF INTEGRATED DEMAND RESPONSE
	MODELING THE COUPLING OF MULTI-ENERGY DEMAND
	DEMAND-SUPPLY INTERACTION MODEL
	OPTIMIZATION MODEL OF IDR
	LOAD CURTAILMENT INDEX CONSTRAINT
	UPPER AND LOWER BOUNDS OF HEATING AND COOLING DEMANDS
	LOAD BALANCE CONSTRAINTS
	CCHP OPERATION CONSTRAINTS
	HEATING NETWORK CONSTRAINTS


	NUMERICAL ANALYSIS
	TEST SYSTEM AND PARAMETERS
	SIMULATION RESULTS
	PROFITS ANALYSIS
	IMPACT OF COUPLING CHARACTERISTICS
	IMPACT OF INCENTIVE PRICE

	CONCLUSION
	REFERENCES
	Biographies
	ZIQING JIANG
	QIAN AI
	RAN HAO


