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ABSTRACT Under China’s vigorous development of integrated energy services, the Integrated Energy
Service Agency (IESA) is responsible for purchasing energy from external markets and selling energy
to multi-energy users (MEUs). Currently, an increase in the various forms of energy in industrial parks
has caused great uncertainty for MEUs participating in an integrated demand response (IDR) but has also
provided an opportunity for industrial parks to optimize energy conservation. Therefore, determining how
to build an elastic energy cloud model with IDR uncertainty and add the uncertainty and randomness of the
cloud model to the optimal scheduling of an industrial park integrated energy system is a key problem.
In this paper, an optimal economic dispatch model of an industrial park is proposed and considers the
uncertain elastic energy of IDR. In this model, the IESA is responsible for the reasonable scheduling of
equipment for optimal operation, the establishment of integrated energy retail prices for MEUSs, and the
goal of maximizing the net income of the IESA. First, the functional relationship among the self-elastic
coefficient, retail energy prices, and IDR variation is considered. A cloud model of the self-elastic coefficient
is constructed to indirectly represent the multiple uncertainties of the elastic energy in the industrial park.
Second, this paper compares and analyzes the economic benefits and IDR potential of the industrial park by
considering only single power users in different intervals and the selection of cloud drop elements of MEUs
in all intervals. Finally, a new scene random sampling method based on interval contributions (SRS-IC) is
employed to solve the optimization model, and a typical example is used to demonstrate that the model and
method can guarantee the overall economy of the industrial park, improve the computational efficiency, and
explore the IDR potential of MEUs.

INDEX TERMS IDR uncertainty, elastic energy cloud model, IESA, MEUs, SRS-IC method.

NOMENCLATURE ES_CD/ES_HC Cold storage tank/Heat storage tank
A. ABBREVIATIONS AND SYMBOLS P2G/GSHP Power-to-gas/Ground-source heat
MT/WT/PV Microturbine/Fan/Photovoltaic pump
REC/GB Heat recovery unit/Gas boiler BDL/BGL/BCL/BHL  Basic (Rigid) electrical/gas/cold/
EC/EH Electrical chiller/Electrical heater heat load
HX/AC Heat exchanger/Absorption chiller EDL/EGL/ECL/EHL  Elastic electrical/gas/cold/heat
ES_BT/ES_NG Battery/Natural gas storage tank load
DN/NG Distribution network/Natural gas
The associate editor coordinating the review of this manuscript and distribution network
approving it for publication was Mauro Gaggero . CWP/HWP Cold/Hot water supply network
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B. PARAMETERS
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Optimization objective function (*¥)
Length of the dispatch period (h)
Net revenue from IESA sales (¥¢)
Total operating cost of integrated
energy system (¥)

Total transmission power cost
purchased by the industrial park
from external power distribution,
gas, cold and heat networks (*¥¥¢)
Total revenue from IESA sales (%)
Total cost and benefit of P2G and
GSHP (¥)

Total retail electricity/gas/heat/cold
energy revenues of the IESA (¥¢)
Cost and benefit generated by
power-to-natural gas equipment
(¥)

Cost and benefit of refrigeration
and heat generation of GSHP (*¥¢)
Operating cost of PV/WT/MT/
GB/ES (¥)

Photovoltaic/wind power

output (kWh)

Retail electricity/gas/cold/heat
cost price at time ¢ of the

IESA (¥/kWh)
Electricity/gas/cold/hot power that
the IESA retails to MEUs at

time ¢t (kW)

Thermoelectric ratio/gas-to-electric
efficiency of MT

Conversion efficiency of a P2G/
GB/REC device

Conversion efficiency of an EC/
EH/HX/GSHP device

Waste heat distribution coefficient
Stored energy in the battery/
natural gas/cold/heat storage

tank at time ¢ (KWh)

Stored energy in the battery/natural
gas/cold/heat storage tank at

time t + 1 (kWh)

Rated capacity of the integrated
energy storage device (kWh)
Energy charging efficiency
coefficient of the integrated energy
storage device

Energy discharging efficiency
coefficient of the integrated
energy storage device
Self-discharge efficiency
coefficient of the integrated
energy storage device

Maximum charging rate of the
integrated energy storage device
Maximum discharging rate of the
integrated energy storage device
Users of shiftable electrical
energy participating in the

output power increase/decrease
of the IDR program (kW)

Vbt /ng/cd [he,c
Vbt /ng/cd [he,d

t,increase t,decrease
APdl,elc,aft /Apdl,elc,aft

t,increase
A th/cl/gl,elc,ufl/

t,d X .
AQ) /eci;‘;?il c.af Users of shiftable gas/cold
energy participating in the
output power increase/decrease

of the IDR program (kW)

I. INTRODUCTION

Under the background of China’s energy market reform and
the gradual development of integrated energy services on the
demand side, the Integrated Energy Service Agency (IESA)
can develop more energy sales packages for multi-energy
users (MEUs) [1], [2]. With the increase in multi-type energy
varieties containing MEUs, when an industrial park meets the
requirements of MEUs participating in an integrated demand
response (IDR), the optimized energy-saving effect of the
demand-side integrated energy system (IES) is not signifi-
cant, especially for multi-type energy varieties in industrial
parks that have multiple uncertainty characteristics [3], [4].
Currently, the forms of energy use of integrated energy ter-
minal MEUs are divided into rigid energy and elastic energy.
Rigid energy is not subject to changes in some incentives,
while elastic energy is the part of energy or time that can be
adjusted by the stimulation of some factors [5], [6]. There-
fore, this paper establishes an elastic energy cloud model that
comprehensively considers the uncertainty of MEU partici-
pation in IDR and then designs a set of economic scheduling
strategies that consider the uncertainty and randomness of the
elastic energy cloud model. This strategy not only guarantees
overall economic benefits for the industrial park but also
maximizes the IDR potential of MEUs.

Many studies have focused on uncertainty models, strate-
gies, solutions and demand response (DR) mechanisms.
Zhao et al. [7] proposed a multistage robust optimization
(RO) model for unit commitment that considered the wind
power output and DR uncertainties, and the DR was modeled
as an uncertain price-elastic demand curve. Wei et al. [8] pre-
sented a two-stage two-level decision model for a smart grid
retailer that considered the DR and market price uncertainty.
Yi et al. [9] established a robust interval model that consid-
ered the uncertainties of renewable energy power generation
output and DR. Then, a robust counterpart transformation
method combined with a multi-objective genetic algorithm
was applied to solve the model. Yang et al. [10] proposed
a two-layer nested model for a hydro-wind complemen-
tary system that accurately considered the characteristics of
intermittency, the fluctuation characteristics of wind power,
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and forecasts. Li and Jayaweera [11] proposed a series of lin-
ear prediction models for load management that considered
different assumptions on the stationarity of customer load
data and then further designed a DR scheduling scheme based
on utility cost minimization with different customer cluster-
ing sizes. Ju et al. [12] proposed a multi-objective flexible risk
aversion model for power-to-gas (P2G)-based virtual power
plant (VPP) operation that considered the uncertainty risk
described by a conditional value-at-risk method and robust
theory. Pan er al. [13] proposed a synchronously decentral-
ized adaptive robust programming model for an IES that
considered the uncertainties of photovoltaic (PV) energy and
flexible IDR loads. The above studies have contributed sig-
nificantly to the uncertainty modeling of demand-side IESs
based on their respective approaches.

Some uncertain factors have also been considered in the
operation of demand-side IESs, such as economic dispatch
strategies and solution methods. For example, Majidi and
Zare [14] proposed a model for both the price and power
demand uncertainty of renewable units, and a stochastic pro-
gramming method combined with an interval optimization
method was employed to solve the model. Chen et al. [15]
presented a two-stage distributed robust hydrothermal-wind
economic dispatch strategy, which had the advantages of
traditional stochastic optimization (SO) and adjustable RO
methods, and a delayed constraint generation algorithm was
applied to solve the strategy. Zheng et al. [16] proposed a
comprehensive system model for a coupled natural gas and
electricity network that considered the impact of the power
output uncertainty of wind farms. Then, an interval algorithm
was employed to solve an uncertainty analysis of the coupled
system and compared with a Monte Carlo (MC) method.
Bai et al. [17] proposed an interval optimization-based coor-
dinated operation strategy for a gas-electric IES that consid-
ered DR and wind power uncertainty. Bai et al. [18] adopted
a SO model to deal with the uncertainty generated by a
large number of wind power forecast scenarios. Then, a sce-
nario reduction algorithm was applied to solve the model.
Furthermore, Zhang et al. [9] proposed a multi-objective
robust scheduling method that considers the uncertainty of the
predicted values of input variables, such as the load demand
and renewable energy power output. Then, a simultaneous
backward reduction (SBR) method was applied to reduce the
scenario that meets the requirements. Liu et al. [19] proposed
a stochastic RO framework to solve the distributionally robust
unit commitment (UC) problem, and the wind power moment
information of uncertainty parameters could be obtained from
the statistics of historical data.

Moreover, some researchers have studied the factors influ-
encing the DR uncertainty in the operation of demand-side
IESs, such as the DR mechanism. For example, Niu et al. [20]
established an optimization model comprising a VPP model
with an uncertain DR. Sun et al. [21] described the response
mechanisms of different types of demand-side resources in
detail. Then, they proposed a day-ahead scheduling model
based on fuzzy chance constrained programming, and the
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user response behavior under time-of-use (TOU) was mod-
eled with uncertainty. Wu et al. [22] proposed a multi-time
period flexible uncertain DR optimization model that consid-
ered the uncertainty impacts of the DR on the optimal oper-
ation. Ju et al. [10] proposed a bi-level stochastic scheduling
model for a VPP that considered the uncertainties of the wind
power plant and PV output, price-based demand response
and incentive-based demand response. Then, a robust SO
theory was introduced to solve the model. Wang et al. [23]
proposed an incentive-based DR unit commitment model that
considered different types of users according to their DR
characteristics. Wang et al. [24] established a fuzzy load
response model under the TOU electricity price that con-
sidered the uncertainty of the price DR, wind power output
and system load. Gu et al. [25] proposed a bi-level optimal
low-carbon economic dispatch model for an industrial park
that considered multi-energy price incentives and the IDR of
MEUs. In [26], the cloud model theory was applied to the
feature mining of wind power prediction training samples.
In [27], a cloud model was applied to address large group
decision-making problems based on the cloud model in a
linguistic environment, and the model was proven a power-
ful tool for expressing the fuzziness and randomness of the
linguistic information.

Previous studies have mainly focused on the uncertainty
analysis of the wind power output and electric load DR and
have less comprehensively involved the analysis of the IESA’s
IDR uncertainty optimization scheduling strategy for electric-
ity, heat, cold and gas MEUs. First, there are three methods
to deal with the objective function: RO, distributed RO and
random programming. Second, almost all fuzzy day-ahead
optimal scheduling models with DR uncertainty are solved
by transforming the expectation of the uncertainty model
and the fuzzy opportunity constraint into a clear equivalence
model according to uncertain programming theory. In addi-
tion, some previous scholars have affected the operation of
industrial parks by adjusting the flexible load in the IDR
scheme corresponding to the multi-energy pricing strategy.
It can be found that with an increase in the various types
of energy in an industrial park, it is difficult to quantify
an existing mathematical model of uncertainty, the existing
uncertainty model has difficulty measuring randomness and
fuzziness at the same time, and it is difficult to describe the
uncertainty characteristics of elastic energy. Therefore, it is
necessary to use a cloud model to represent the multiple
uncertainty characteristics of elastic energy in an industrial
park, to tap the potential energy use of MEUSs, to improve the
economic and energy conservation benefits of the industrial
park, and to optimize an economic scheduling scheme of
uncertainty and randomness for MEUs to participate in IDR.

Motivated by the abovementioned research gap, this paper
proposes an uncertainty optimal economic dispatch strat-
egy for an industrial park with consideration of the elastic
energy cloud model. This optimization model includes the
IESA setting retail energy prices based on external market
prices, taking into account the IESA’s retail energy prices
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and net/total revenue constraints, with the optimal net income
of the IESA as the overall goal. In an actual IDR process,
the elastic coefficient matrix can represent the functional rela-
tionship between the rate of change in the retail energy price
and the rate of change in IDR. Considering the uncertainty
characteristics of MEUs, such as diversification, the cloud
model can be used to represent the multiple uncertainties of
elastic energy in the industrial park, and then an improved
random sampling method is used to cut the scene to obtain
the overall optimal operation results of the industrial park.
The contributions of this paper are as follows:

1) An uncertain optimal economic dispatch strategy for
an industrial park considering an elastic energy cloud
model is introduced, and this strategy considers the
elastic energy varieties for MEUs, including electricity,
heat, cold, and gas, and has multiple uncertainty char-
acteristics, such as the time transfer and spatial distri-
bution. The strategy can also help the IESA develop a
reasonable integrated energy retail price optimization
strategy and improve the IDR potential of MEUs.

2) An elastic energy cloud model with three eigenvalue
parameters (expection, entropy, and hyper entropy) is
established, and this model can represent the uncer-
tainty of the self-elasticity coefficient, the IESA’s inte-
grated energy retail price, and MEU participation in
IDR.

3) A new concept of interval contribution in the elas-
tic energy cloud model is proposed, which can help
analyze the contribution of the selection of different
interval elements in the model and the contribution to
the overall economic benefits and IDR potential of the
industrial park.

4) A new scene random sampling method based on inter-
val contribution (SRS-IC) is employed, which adopts
the SBR method to improve an MC random sampling
method. This method can effectively improve the sys-
tem operation efficiency and reduce the error of uncer-
tain optimization results.

The rest of this paper is organized as follows. Part 2 intro-
duces cloud model theory and the elastic energy cloud model.
Part 3 introduces the structure and optimization model of the
demand-side IES. Part 4 presents the optimization solution
strategy for the proposed model in detail. In part 5, case stud-
ies and simulation results are presented. Part 6 presents the
summary and conclusions. In part 7, future work is presented.

Il. ESTABLISHMENT OF THE ELASTIC ENERGY CLOUD
MODEL

A. CLOUD MODEL THEORY

Cloud model theory can realize the uncertainty conversion
between qualitative concepts and their numerical represen-
tations [26]. The cloud model adopted in this paper is a
normal cloud with the most general adaptability. As shown
in figure 1, the abscissa and ordinate represent expection
(Ex) and its determinacy (u) respectively. The cloud model
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can adopt three eigenvalue parameters Ex, entropy (En), and
hyper entropy (He), to reflect the distribution characteristics
of the concept as a whole [26]. Among these parameters, Ex
is the expectation of cloud droplets belonging to a qualitative
concept in the universe; En is the degree of uncertainty of a
qualitative concept and is measured by both the fuzziness and
randomness of the qualitative concept; and He is the degree
of uncertainty of the entropy En (refer to definitions 1 and
2 in Appendix).
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FIGURE 1. A schematic diagram of a normal cloud model.

The cloud model can use a membership function to
describe the fuzziness of the uncertainty concept, the ran-
domness of the membership function and cloud droplets.
The cloud model perfectly combines fuzziness and random-
ness. At present, the core algorithm of the cloud model is
divided into a forward Gaussian cloud generator (FGCG) and
abackward Gaussian cloud generator (BGCG) [29], [31]. The
specific algorithm flow is described in (a) and (b) as follows:

1) FGCG ALGORITHM GENERATE CLOUD DROPLETS
Input: Three eigenvalue parameters, Ex, En, and He, and the
number of cloud droplets N.

Output: The quantitative value of N cloud droplets (x,,

He)-
(1) Generate a Gaussian random number:

En, = NORE (En Hez) )
(2) Generate a Gaussian random number:
x, = NORE (Ex, (En(p)z) )
(3) Calculate the determinacy:
2 2
sy = o Lo ED/2(Eny )’ 3)

(4) Form a cloud droplet (x4, tty) in the number domain.
(5) Repeat steps 1 to 5 until N cloud droplets are formed.
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2) BGCG ALGORITHM GENERATES EIGENVALUE
PARAMETERS
Input: Sample points x, (¢ = 1,2, ..., n).
Output: Three eigenvalue parameters, Ex, En, and He.
(1) Calculate the average value of x,:

1)’[
Ex = - 4
X n;xw €5

(2) Calculate the first-order absolute center moment of the
sample:

R
- szl |x, — Ex| 5)

(3) Calculate the second-order center moment of the sam-
ple:

§=- Z:zl (xp — Ex)° ©6)

n

(4) Calculate the entropy:

T 1 n
En:\/;'ﬁzg):l |xw—Ex

(5) Solve the hyper entropy:

He =+/S — En? (8)

Inspired by the above cloud model idea, this paper first
considers the difficulty of obtaining historical data samples of
the actual energy demand of MEUs and the integrated energy
retail price of the IESA, and then three historical eigenvalue
parameters of the cloud model are considered to describe
the uncertain distribution law of the self-elastic coefficient.
Among these parameters, Ex of the self-elastic coefficient is
the most representative point of the qualitative concept. En
is a random measure of qualitative concepts. On one hand,
it reflects the degree of dispersion of qualitative concepts, and
on the other hand, it determines the cloud droplet determina-
tion acceptable to concepts in the domain space. He reflects
the acceptance of the qualitative concept. The smaller is the
value of He, the more concentrated are the cloud droplets,
while the larger the value of He is, the more discrete the cloud
droplets are. At present, the FGCG and BGCG algorithms in
the cloud model can effectively convert between the quali-
tative concepts of fuzzy variables and clouds. Additionally,
a large number of cloud titration values in the cloud model
will also cause difficulties in data processing in the uncertain
optimal scheduling process of industrial parks.

En
, O<He<? 7)

B. ELASTIC ENERGY CLOUD MODEL

In the actual optimal dispatching process of an industrial park,
the actual energy demand of MEUs is often uncertain, and
the integrated energy retail price of the IESA is bound to be
uncertain. Therefore, the three historical numerical eigenval-
ues of the cloud model can represent the uncertainty distri-
bution of the self-elastic coefficient. These values can also
represent the multiple uncertainty characteristics of changes
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in elastic energy and changes in the retail energy price of the
IESA in the industrial park, which are described as follows:

t ¢ T r '
APdl,elc,qft/<Aledl,ld,rqf) =&a (Acdl,prc/cdl,prc,,ref)
¢t t _ 1 r '
Ath,elc,aﬁ/()‘thhl,ld,ref) =&n (Achl,prc/chl,prc,,ref>
r t _ r r
Ach,elc,aﬁ/(ACchl,[d,ref) _801 (Accl,prc/ccl,prc,,ref)
t - ¢ 1 r t
Ale,elc,aft/(knggl,ld,ref) _8gl (Acgl,prc/cgl,prc,,ref>

where &7, /), /€;,/€y, represent the self-elastic coefficients
of electricity/heat/cold/gas MEUs at time ¢ represented by the
cloud model, respectively; Aciil,prc/AC;zl,prc/Acél,prc/AC;l,prc
represent the changes in the retail prices of electric-
ity/heat/cold/gas of the IESA after the implementation of
IDR at time ¢ by using the cloud model, respectively;
and Apfz'l,elc,aft/AQ;zl,elc,aft/AQZI,elc,aft/AQ;l,elc,aft repre-
sent the actual changes in elastic electrical/heat/cold/gas
loads after the implementation of IDR at time ¢ by the cloud
model, respectively.

According to formulas (A-3) ~ (A-6) in Appendix, for-
mula (9) can be simplified into the following form (10):

©))

r 1 r ” ¢
APdl,elc,aft =&y (Kdl,prc,ref)‘dlpdl,ld,ref)

t _ 1 r - t
Ath,elC,aft =&y (’Chz,prc,ref)”hlp hl,ld,ref)

t - 1 r - f
Ach,elc,aﬁ‘ =& (Kcl,prc,ref)‘dpcl,ld,ref)

- ot t 7 t
Ale,elc,aft - 8gl (Kgl,prc,ref)‘gngl,ld,ref)

Finally, the same formulas (A-7) ~ (A-17) in Appendix are
derived to obtain a piecewise linear function of the total return
of the IESA and the corresponding constraint conditions
under uncertain optimal scheduling.

In figure 2, the abscissa represents the expected value of
cloud droplets, and the ordinate represents the degree of cer-
tainty. For example, figure 2 (a) contains four cloud models
with 3 specific numerical eigenvalues. Cloud models 1, 2, 3,
and 4 adopt (Ex1, Eny, Hey), (Exa, Eny, Hes), (Ex3, Enz, He3),
and (Exs, Eng, Hes), respectively, to represent the overall
characteristics of their concepts. When the point in a cloud
model that best represents its qualitative concept is closer
to Ex, the cloud droplet density is higher. In the opposite
case, the droplets become sparser. In addition, when the Ex
value is different, the cloud image of the cloud model will
be shifted to the left and right along the abscissa. When the
En value is different, the larger is the value of En, the wider
is the value range of a cloud droplet. In contrast, the smaller
is the value of En, the smaller is the value range of a cloud
droplet. When the He value is different, the larger the value
of He, the more discrete are the cloud droplets. For example,
compared with the other cloud models, cloud model 3 more
easily demonstrates this trend.

When there is only a single form of energy use in an
industrial, the physical meaning of the traditional uncertain
optimization (such as RO, distributed RO and random pro-
gramming) model can also be expressed. However, when

(10)
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FIGURE 2. A schematic diagram of multiple cloud model.

there are the four energy forms of electricity, heat, cold
and gas in an industrial park, it is necessary to construct
a four-dimensional elastic energy cloud model to charac-
terize the multiple uncertainty characteristics of multi-type
energy varieties containing MEU members. Therefore, from
the perspective of model construction, the construction of
uncertainty multidimensional cloud model is essentially dif-
ferent from the traditional uncertainty optimization modeling.
In addition, according to the basic theory of multidimensional
cloud models [26], an n-dimensional normal cloud model
can be combined mathematically with n one-dimensional
normal clouds. This approach can not only can guarantee
the mutual independence of cloud droplet arrays in the cloud
model but can also describe the complex qualitative concept
of an industrial park containing n types of random energy
combinations.

The specific implementation algorithm is as follows:

Input: Four-dimensional eigenvalue parameters, the num-
ber of cloud droplets N, (Ex1, Exp, Ex3, Ex4), (Eny, Eny, Enz,
Eny), and (He, Hey, Hes, Hey).

Output: The quantitative value of N cloud drops (x, x2, x3,
X4, JL)-

(1) Generate random numbers (En}, En,, En}, En) with
(Eny, Eny, En3z, Eng) as the expected values and (Hep, He3,
Hes, Hey) as the mean square deviations, respectively.
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(2) Generate random numbers (x1, x2, x3, x4) with (Exq,
Ex;, Ex3, Exs) as the expected values and (En, En), En},
En)y) as the mean square deviations, respectively.

(3) Calculate the determinacy:

_mE)? (=B (a-Exa)? (u-By)?

w=e 2(12n/1)2 2(En’2)2 2(15n/3)2 2(5»15)2 (11

(4) (x1, x2, x3, x4, ) is a cloud droplet in the domain.

(5) Repeat steps 1 to 4 until N cloud droplets are formed.

According to the above solution steps, the calculation of
the four-dimensional normal cloud model is complex, and it is
impossible to effectively describe the uncertainty characteris-
tics of energy user types in the four dimensions of electricity,
heat, cold and gas in a spatial coordinate system. Therefore,
the dimensionality reduction of the multi-dimensional cloud
model can effectively simplify the uncertainty model in this
paper. For example, figure 2 (b) shows one cloud model of
a spatial distribution. Combined with analysis of the results
of the calculation examples, the time (7'), expection (Ex),
and determinacy (u) are used to form four three-dimensional
coordinate systems.

Ill. STRUCTURE AND OPTIMIZATION MODEL OF AN
INDUSTRIAL PARK WITH MEUS

Figure 3 shows an optimal scheduling structure with informa-
tion exchange between the IESA and MEUs of an industrial
park. Figure 4 shows a busbar terminal structure [25]. The
overall structure of the IES includes the IESA and MEUs.
The IESA buys energy from external energy markets and
sets different retail energy prices for MEUs. The IESA is
responsible for the unified and optimized management of
the operation of comprehensive energy supply, energy stor-
age and energy conversion equipment in the industrial park.
The integrated energy supply equipment includes distributed
energy such as WTs, PVs, MTs, RECs and GBs. The energy
storage equipment includes ES_BT, ES_HC, ES_CD, and
ES_NG; the integrated energy supply and energy conversion
devices include P2G; and the integrated energy hub conver-
sion devices comprise an EC, EH, HX, AC and GSHP. The
form of energy use of integrated energy terminal MEUs are
divided into rigid energy (basic energy) and elastic energy.
Rigid energy is not subject to some excitation changes and
mainly includes basic (rigid) electrical/gas/cold/heat loads
(BDL/BGL/BCL/BHL). Elastic energy is the part that can be
used to adjust the energy or time with some factors and mainly
includes elastic electrical/gas/cold/heat loads (EDL/EGL/
ECL/EHL). In figures 3 and 4, the symbols used for each
equipment type in the industrial park are defined according
to the parameter nomenclature.

A. OPTIMIZATION MODEL

1) OBJECTIVE FUNCTION

The optimization in this paper aims to maximize the net
income of the IESA, that is, to maximize the difference
between the total income of the IESA and the total operating
cost of the system. The total retail energy revenue of the
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FIGURE 4. Bus-based structure map of a general industrial park with an IDR.

IESA, fnet, mainly includes the sales of electricity, heat, cold,
and natural gas and mainly comes from the IDR benefits of
rigid energy and elastic energy users in the industrial park.
In addition, the production costs and benefits mainly come
from P2G and GSHP energy conversion. The total operating
cost of the system mainly includes the operating cost of the
integrated power supply equipment (WTs, PVs, MTs, GBs,
and ES) and the cost of power transmission purchased by the
industrial park from the distribution/heat/cold/gas pipeline
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network. Therefore, the optimization objective function fyet
is shown as follows:

JNet = max [RTotal - (COm + CBuy)]

where Roia represents the total revenue of the IESA; Con
represents the total operating cost of each price of energy sup-
ply equipment and energy storage equipment in the industrial
park; and Cgyy represents the total power transmission cost
of each industrial park purchased from external distribution,

(12)
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heat, cold, and natural gas networks.

RTotal = RRev,sal,total + RRev,cot,total (13)

Here, the first term in (13) indicates the total retail sales
revenue of the IESA, and the second term in (13) indicates
the costs and benefits of the power-to-gas and ground-source
heat pump units in the industrial park.

RRevgsaltotal = RE_pL +Rg_HL + RE_cL + Re gL (14)

Here, the first through fourth terms in (14) indicate the total
revenue of the IESA from retail electricity, heat, cold, and gas
energy, respectively.

RRev,cot total = RE_P2G + RE_GsHP (15)

Here, the first term in (15) represents the production costs
and benefits of using the P2G device to convert power to gas
energy. The second term in (15) represents the production
costs and benefits of using the GSHP for heating and cooling
generation.

t !
cdl,prc,qftpdl,ld,qfi) ’
! t
Chi pre,aft th,ld,aft)
(16)

t !
Ccl,prc,aft ch,ld,aft) ’

_ ‘ t
RE gL = Z (Cgl,prc,aﬂng,zd,aft)

t=1

Here, cill,prc,aft /C;zl,prc‘aﬁ/cil,prc,aft/c;l,prc,aft indicate the
real-time retail cost prices of electricity/heat/cold/natural gas
after the IESA implements IDR at time ¢ (¥/kWh), respec-
ively. Py 1g.afe/ Qhi . ape/ Lot 1a.api/ Cot.1a.apr 11 (16) represent
the real-time electr1c1ty/heat/cold/gas load after the IESA
implements IDR at time ¢ (kW), respectively.

T
RE_poG = Z (ﬂtyzg,costQEzG,Ex>
=l a7

_ t 13 1 12
RE_GSHP = Z (Cco,costQHP_C + Che,coleHP_H)
t=1

Here, cp2 2,c05 ¢ indicates the benefit-cost coefficient of the
P2G device converting electric power to natural gas at
time ¢ (¥/kWh). Q{,zG_EX in (17) means the power from
gas converted through P2G equipment at time 7 (kW).
Cro.cost/Che.coss 1N (17) indicate the revenue and cost coef-
ficients of the GSHP unit generated by refrigeration and
thermal energy at time t (¥/kWh). Qpp /Qpp  in (17)
mean the cooling and heating power of the GSHP unit at time

t (kW).

Com = Cwt_om+Cpv_om+CMT_0m+CGB_0m+CES_Om
(18)
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Here, the first through fifth terms in (18) indicate the operat-
ing costs of the WTs, PVs, MTs, GBs, and ES, respectively.
The details are as follows:

T T

Cwr_om = Z (thPQVT)v Cpv_om = Z (vapiav)
t=1 t=1
T T

Cmt_om = Z (cmPyr):  CoB_om = Z (cepQGp)
t=1 t=1

Cbt (P[BT_D + ‘PtBT_C‘

+cea (Qep b + |Qep )

+ Che <Qi-[C»D +|Qhc ¢

G ]

Here, ¢y, ¢py, Cme» and cgp, are the operating cost coefficients
of the WTs, PVs, MTs, and GBs (¥/kWh), respectively.
Cbts Ches Ced> and cpe in (19) are the operating cost coef-
ficients of the integrated energy storage devices (batteries,
heat, cold, and natural gas tanks) (¥/kWh), respectively. P{VT,

19)

T

Cis om= Y

t=1

Pi,v, vafT, and Q’GtB in (19) mean the output power of the
WTs, PVs, MTs, and GBs (kW), respectively. PBT C /PBT D>
Qcp_c/Qcp_p+ Chic_c/Chc p- and Qyg /g p in (19)
mean the charging or discharging power of the batteries, heat,
cold, and natural gas storage tanks in the industrial park (kW),
respectively.

The IESA considered in this paper is not only used for
retail energy but is also used for the electricity, heat, cold,
and natural gas energy purchased from external markets. The
details are as follows:

T t t t t
Cro — Ca,buyPG.Buy T it buyCH, Buy
Buy =

1 ; t t (20)
=1 + Ccl,bquC,Buy + cgl,bquNG,Buy i|

Here, cdl buy? chl buy? Cl buy? and ¢! ol buy represent the power
cost coefficients of purchases by the industrial park from
power distribution, heat, cold, and natural gas networks
(¥/kWh), respectively. P Buy’ Qf{’Buy, QtC,Buy’ and Q'&G’Buy
in (20) represent the power purchased by the industrial park
from power distribution, heat, cold, and natural gas networks
(kW), respectively.

2) ESTABLISHMENT OF THE INTEGRATED ENERGY RETAIL
PRICE AND IDR MODEL

The balanced constraints of this section comprise the follow-
ing four parts: (21) ~ (24).

In the industrial park, the IESA is responsible for setting
the real-time retail energy prices of electricity, heat, cold and
gas, while the MEUs change their energy demand in real time
according to the price signal. Considering the price-type IDR
model, the elastic coefficient can describe the functional rela-
tionship between the change rate of a retail energy price and
the change rate of the IDR [24]. To facilitate data processing,
only the self-elastic coefficient is considered in this model,
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which is described as follows:
¢ ¢ 1 t t
Asz,elc,aﬁ/(’\dlpdz,zd,ref) = SdlACdl,prc/Cdl,prc,ref
¢ ¢ T ' ¢
Ath,elc,aft/ ()‘hl th,ld,ref) = ShlAchl,prc/ Chi pre, ref

B (21)
AQZl,elc,aﬁ/(AC!Qél,ld,ref) = gélAcél,prc/cil,prc,ref

t t AN t
Ale,elc,aft/()\nggl,ld,ref) - 8glAcgl,prc/cgl,prc,ref

where Ag;/Ani/Aci/Agl are the proportions of initial elas-
tic energy in the electricity/heat/cold/gas load predicted
before IDR, respectively. Py 140/ Qht i rer/ ot td ref !/
Q"gl’ Id, ref in (21) are the predicted electricity/heat/cold/gas
load before IDR at time ¢ ('kW), respectively. 'czl,prcyref /
C;ll,prc,ref/Cél,prc,ref/cgl,prc,ref in (21) are the retail electric-
ity/heat/cold/gas price reference values before IDR imple-
menttation at ti:ne t (¥/k\th), respectively. APY e ait!
Ath,elC,afl/Ach,elc,aﬁ/Ale,elc,aﬁ in (21) are the actual
changes in the elastic electric/heat/cold/gas load after IDR at
time # (kW), respectively. Acéllyprc/Aczl’prc/Acil)prc/Ac"gl,prc
in (21) are the changes in the retail prices of electric-
ity/heat/cold/gas after IDR at time ¢ (¥3/kWh), respectively.

In combination with formula (21), in (16), the real-time
retail energy cost prices after IDR and the above retail energy
price changes should satisfy the following constraints:

t it ot

Acdl,prc - cdl,prc,uft Cdl,prc,ref
t _ it ot

AChl,prc - Chl,prc,qft Chl,prc,ref

Ac! = - 22)
cl,prc = “cl,pre,aft cl,pre,ref

t _ it it
ACgl,prc = Cgl.pre.aft — Cgl.pre.ref

In addition, the real-time electricity, heat, cold, and natural
gas elastic load variation and the reference values of the initial
elastic load variation after the implementation of IDR should
satisfy the following constraint conditions:

t _ pt _ t
AP dl,elc,aft = P dlelc,aft AarP dl,ld, ref
AQly vie.aft = Qhtete.ae = 110}
hl,elc,aft hl,elc,aft hIZhl 1d, ref
DO et = Obtvetea — 41 ©,
cl,elc,aft cl,elc,aft cl cl,ld,ref
AQYy vie.at = Qit.ctc.at = 4410,
gl,elc,aft gl elc,aft 8% el ld, ref
Pt _ )\ Pt . Qt — )\’ Qt
dlelastic,ref — "dIql,1d ref > hl,elastic,ref — "M Zh] 1d, ref

12 — t . 12 — ¢
ch,elastic,ref - )‘Cchl,ld,ref’ le,elastic,ref - )‘nggl,ld,ref

(23)

23 t 13 12 : :
where Pdl,.elc.',aﬁ/th,elc,aft/ch,elc,c.zft/le,elc,aft indicate 'the
total electricity/heat/cold/gas elastic load after IDR at time

: ! 12 12
t (kW), respectlvely. Pdl,elastic,ref/th,elastic,ref/ch,elastic,ref/
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Q;Lelastic,mf in (23) mean the actual initial elastic load pre-
dictions before IDR at time ¢ (kW).

Combined with formulas (21) and (23), in (16), the total
loads of electricity, heat, cold, and gas in the industrial park
in real time after the implementation of DR should meet the
following power balance constraints:

Pl ia.ap = APt etc.an + Pat 1d.rer
Ohtia.apt = A etc.at T Qi td ref
(24)
Ot tdafr = A% eic.apt T Cet td ref

t _ 13 13
le,ld,aﬂ‘ - Ale,elc,a.)‘i‘ + le,ld,rf;f

By combining (22) and (24), formula (16) can be converted
into the following form:

T
J— ! !
REiDL = Z [(Acdl,prc + cdl,prc,,ref)

t=1

X (APldl,elc,aft + Piil,ld,ref)]

T
— t t
RE_HL - Z [(Achl,prc + Chl,prc,,ref)

t=1

X (AP;ll,elc,aft + P;zl,ld,ref)]
(25)

T
REfCL = Z I:(Accl,prc + Ccl,prc,,ref)

t=1

X (Apil,elc,afl + Pil,ld,ref)]

T
_ i :
Re 6L = Z [(Acgl,prc T Cel pre. ref )

=1
X (APtgl,elc,aft + Pfql,ld,ref)]

where formula (25) contains the product of continuous vari-
ables. To facilitate the programming calculation, the above
formula can introduce the auxiliary variables, K"ﬂ’pm”mf,
K/tzl,prc,,ref’ Kct'l,prc,,ref’ and /cél’prc”ref, which represent the
rates of change of the energy prices of retail electricity,
heat, cold and gas, namely, the ratios between the change
amounts of the retail energy prices and the price reference
values (refer to Appendixes (A-2) and (A-3) for details).
Then, based on the further derivation of (A-1) ~ (A-7) in
Appendix, the quadratic function expression of the total rev-
enue of MEUs after the implementation of IDR can be finally
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obtained as follows:

2
REfDL - |:(K lprc,,rf;f) 821)‘111
+Kdl pre,,ref (1+8dl)‘dl)+1:| <C£1’l,prc,,refpiil,ld,ref)
T 2 .
Z (K lprc,,ref) Shl)“hl
t=1
+K}[ll pre,,ref (1+8h1)‘h1)+11| (C;‘tl,prc,,refpéll,ld,ref)
(K l,prc,, ref) CI)LCI
1
cl ,pre,,ref (1+8L1)\'(’1)+1] (cél,prc,,refpi‘l,ld,ref)
T
Re oL = Z [(K 1.pre, ref) Eqrhgl

gl pre,,ref (1+8 )Lgl)+1:| (c;[,prc',,refP;‘l,ld,ref)

Rg gL =

(26)

M'\]

Rg_cL =

t

where the MEUs have the product constraint of continuous
variables in the quadratic function expression of the total
return after IDR implementation. Therefore, a piecewise lin-
ear function processing method [28] can be adopted, and the
Big M method [25] can be used to transform the nonlinear
model into a linearized model for solving. Please refer to (A-
8) ~ (A-17) in Appendix for the detailed formula derivation.

3) BALANCED OPTIMIZATION CONSTRAINTS
The balanced constraints in this part comprise the following
five formulas: (27) ~ (31).

(1) The energy flow balances of electricity, heat, cold,
natural gas, and auxiliary flue gas buses are as follows:

Pyt + Ppy + Pyr + PG guy = Per ¢ — Py p + Peog
+ Pigp + Pic + Piy + APy e apt + Pl 1a ref

QEH_EX+Q;-[X_EX+Q§-IP_D + Qi—[,Buy = Qi—lC_C -
+ A% vic.aft T Qi td et

Okc extQhp ct9c x + ONG.Buy =
+ A0 ieafi T Pt i ref

026 Ex T ONG.Buy = ONG ¢~ Phe b+ C6amr Q6208
+ A% eic.afi + Pl tdref

(1-w)- Qi{EC_EX + QtGB_EX = Ohx

t
QHC_D

QED_C + QtCD_D

27

where the first constraint in (27) is the electrical power bal-
ance, the second is the heat power balance, the third is the cold
power balance, the fourth is the natural gas power balance,
and the fifth is the auxiliary flue gas power balance. Please
refer to figure 4 for specific symbol details.
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(2) The constraints of the integrated energy storage devices
are as follows:

Pt
BT_D
Wé—si_jBT = ngT (l _Ubt) + [)\'btvCP%T_C_m} At
Ohc p
wid! “te = Wie (1=0he) + | Ahe,cQc ¢~ red A
Wi = Wi (1— e o A
s cp = Wep (1=0ca) + | Aed,cQcp c— hd d
ca,
ONG D
+ _
Wit NG = Wi (1=0ug) + | Ang.cONG c— Ang.d At
(28)

where the first to fourth constraints in (28) are the relation-
ships between changes in the storage energy of batteries,
heat, cold, and natural gas tanks and changes in the energy
storage charge or discharge power efficiency, power, and self-
discharge efficiency and duration, respectively.

(3) The energy balance constraints of the power supply
devices are as follows:

P fvlT = Vmr - Qf{EC

COPwr - QtGZMT =P fvlT + szEc

Qi’ZG_EX = COPpy - P i’ZG (29)
QIGB_EX = COPgg - QthGB

szEc_EX = COPRec - Qi{EC

where the first constraint in (29) is the thermoelectric energy
balance of MTs and the thermoelectric ratio of MTs. The sec-
ond constraint in (29) is the gas-to-electric energy balance
of MTs. The third through fifth constraints in (29) are the
electric-to-gas balance of P2G, gas-to-thermal energy bal-
ance of GBs, and heat-to-thermal energy balance of RECs,
respectively.

(4) The energy conversion constraints of the devices are as
follows:

QEC_EX = COPgcP fzc
QiEI—LEX = COPgpP %H
Qi\C_EX = cor ACQi\C’
QﬁX_EX = corp HXQ;IX
QtHP_C = COPypP §{P’

Qixc =w: Q%EC_EX (30)

QtHP_D = COPypPyp

where the first to fifth constraints in (30) are the energy
conversions of the EC, EH, AC, REC, HX, and GSHP, respec-
tively.

(5) The equality constraints of shiftable electrical, heat,
cold, and gas load variation are as follows:

Formula (24) describes the load power balance constraint
of MEUs considering that the elastic load curve should follow
its energy continuity, timing and overall properties after IDR
implementation. Therefore, the specific constraints are as
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follows:
T
Z A Pt increase Z A Pt ,decrease
dl,elc,aft — dl,elc,aft *
t=1
T
t,increase __ t,decrease
Z APhl,elc,a]‘i‘ - Z APhl,elc,aft
t=1 t=1
T T 31

t,increase __
Z APcl,elc,aﬁ -
=1
T
t,increase __ t,decrease
Z APgl,elc,aft - Z APgl,elc,aft
t=1 t=1

t,decrease
Z APcl,elc,aft ’

where the first and second constraints in the first row and the
first and second constraints in the second row represent the
increases or decreases in the total shiftable electrical, heat,
cold, and gas loads and should be equal to the sum of the
load changes during period T'.

4) UNBALANCED OPTIMIZATION CONSTRAINTS
The unbalanced constraints of this part comprise the follow-
ing five formulas: (32) ~ (39).

(1) The constraints of each type of power supply device are
as follows:

it i, t it
PMTmm = P = PMTmax
! !
PWTmm <P <PWTmax
Py in < Phy <Pf
PV,min PV,max ( 3 2)

OrEC.min = Ckic = OREC.max
!
QGB min — QGB QGB max

lt ztfl i
—RyranA1 < Pyr — Py < Ry, up

At

where the first to fifth constraints in (32) are the output power
limitations of the MTs, WTs, PVs, RECs and GBs, respec-

. it it ¢

tl\:ely Py, MT, max/ P MT,min’ WTmax/ ‘WT,min? PV,max/ s PV,min’
OREC max/ QREC.min® 204 0GB max/ 6B min 2€ the allowable
maximum and minimum output power of MTs, WTs, PVs,

RECs, and GBs at time ¢ (kW), respectively. Rf\/IT,up /Riv[T, an
are the limitations of the climbing force constraint coefficient
of MTs (kW/min), respectively.

(2) The constraints of the integrated energy conversion
devices are as follows:

OGsupmin = QGsup = QGsHPmax

Ob26.min = 2926 = Op2G,max

Okc xmin = ke px = OC X max (33)
Okn Exmin = Ok mx = OBH_EXmax

O mxmin = @hc x = Qac_Exmax

s ! !
Oux_Ex.min = Cux Ex = ZHX_EX,max

where QGSHP max/ QGSHP min’ QPZG max/ QPZG min’ QEC _EX, max/

QEC _EX,min’ QEH _EX, max/ QEH _EX,max’ QEH EX, max/ QEH _EX,max
and QHX EX. mdX/QHX Exmin are the allowable maxi-

mum/minimum output power limitations of the GSHP, P2G,
EC, EH, AC, and HX at time ¢ (kW), respectively.
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(3) The power transmission constraints of the electrical,
heat, cold, and gas networks are as follows:

Pt

0 = P G,Buy,max’

t 12
G,Buy — 0 = QH,Buy = QH,Buy,max
! !
0 = QNG,Buy = QNG,Buy,max

(34)

!
0= QC,Buy — QC,Buy,max’

t t 13 13
where ]:)G,Buy,max/QH,Buy,maX/QC,Buy,max/QNG,Buy,max are
the maximum electrical/heat/cold/natural gas power that the

IESA buys from the external distribution/heat/cold/gas net-
works at time ¢ (kW), respectively.

(4) The capacity constraints of the integrated energy stor-
age devices are as follows:

0 < Py ¢ =< &y oVor.cCapl,

0 < Phy p < & 4Vbr.aCapl,

Wes Brmin < Wes_ st < WES_BTmax

0 < Ohcrep ¢ = Ehejed.cVhe/cd.cCaPlescq

0 < Oucicp b = Ehejed.aVhe/cd.dCalhseq (35)
WES _HC/CD,min — WES _HC/CD — = WES _HC /CD,max
0 < ONG ¢ = &ng.cVng.cCapyg

0 < QNG p = &ng.aVng.aCapy,

Wis NGmin = Wes v6 = WES NG.max

where the first and second constraints in (35) represent the
charging and discharging power of the battery storage device,
respectively. The third constraint in (35) represents the min-
imum and maximum capacity constraints of the device. The
fourth and fifth constraints in (35) represent the charge and
discharge power of the heat/cold tank storage device, respec-
tively. The sixth constraint in (35) indicates the minimum and
maximum capacity constraints of the device. The seventh and
eighth constraints in (35) represent the charging/discharging
power of the air storage tank device, respectively. The ninth
constraint in (35) means that the minimum and maximum
capacity constraints of the device. &, /.1 /ne. /€t ing jcd he.d
are binary 0-1 variables.

(5) The inequality constraints of shiftable electrical, heat,
cold, and gas load variation are as follows:

z, increase t, in !, increase
0= AP eic.api = Eal (APdl ele,aft, max)

0 < APt,decrease St ,de (APl ,decrease )

dl,elc,aft dl,elc,aft,max
t,increase t,in tincrease

0= Ath/el/gl elc,aft = shl/cl/gl (APhl/cl/gl elc,aft, maX) (36)
t,decrease t,de t,decrease

0= Ath/el/gl elc,aft —shl/cl/gl (APhl/cl/gl elc,aft, max)

t,lnCreaSe t,decrease
0= <€dl/hl/cl/gl + Sall/hl/cz/gz) =1

t,increase t,decrease
&t nijcl)gt> Sdinijei /g € 10> 1)

f, increase t,increase
AP /AP /

where dl,elc,aft,max hl/cl/gl,elc,aft,max

t,increase t, decrease PET]
AP hl/cl/g.l,elc,aﬁ,max/ APy1 /el gl ele aftmax meate the all.ow—
able maximum changes in power of the shiftable electrical,

heat, cold, and natural gas loads at time ¢ (kW), respectively.

t, increase t, decrease . .
Sdl/hl/d/gl/Sdl/hl/d/gl are binary 0-1 variables.
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(6) The constraints of the changes in the energy retail price
and elastic load are as follows:

2 ! !
ACdl,prc,min = ACdl,prc = ACdl,prc,max

! ! !
Achl,prc,min = Achl,prc =< Ac

— hl,prc,max
ACi'l,prc,min = Athl,prc — ACi‘l,prc,max

AC‘tgl,prc,min = AC;l,prc = Aqul,prc,max (37)
= Piil,elc,aft —

!
Pt elc,aft,min = <P

A

!

dl,elc,aft,max
t t 13

O elc.aft,min = Chielc,aft = P ele,aft, max

t 12 t
ch,elc,aft,min = ch,elc,aft = ch,elc,aﬁ,max

thl,elc,aft,min = Q(tgl,elc,aft = Q;l,elc,aft,max

where the first through fourth constraints in (37) are the
upper and lower limits of the variation in the retail prices of
electricity, heat, cold and gas, respectively. The fifth through
eighth constraints in (37) are the upper and lower limits of the
total elastic load after the electricity, heat, cold, and gas loads
participate in IDR, respectively.

(7) The constraints of the rates of change in retail energy
prices are as follows:

To guarantee the rationality of the retail energy price of
the IESA, the constraint relationship between the rate of
change in the retail energy price and the rate of change in the
IDR should be comprehensively considered in combination
with the actual IDR income model proposed in this paper.
Therefore, the rates of change in the IESA’s retail energy
prices should obey the following constraints:

t t t
Kdl,prc,,ref,min = Kdl,prc,,reff = Kdl,prc,,ref,max

t t t

Khl,prc,,ref,min = Khl,prc,,reff = Khl,prc,,ref,max (38)
t t t

Kcl,prc,,ref,mm = Kcl,prc,,rej — Kcl,prc,,re;f,max

K(é[,prc,,ref,min = K{ifl,prc,,ref = Kgifl,prc,,ref,max
where the first through fourth constraints in (38) are the upper
and lower limits of the real-time rates of change in the retail
energy prices set by the IESA, respectively.

(8) The constraints of the IESA’s net/total energy sales
income are as follows:

Considering the multiple uncertainty characteristics of
elastic energy represented by the cloud model in the industrial
park, it is easy for the cloud droplet distribution in the cloud
model to have a high or low degree of dispersion. As a result,
the IESA’s energy sales revenue under the uncertain optimal
scheduling scenario is unreasonable. Therefore, in the uncer-
tain optimization scenario, the IESA needs to set a reasonable
constraint range of net energy sales/total income based on the
deterministic optimization results as follows:

RE_DLmin < Re_DL < RE_DL,max

RE_HL.min < RE_HL < RE_HL max

RE_cLmin < Re_cL < RE_CL,max (39
RE_GLmin < Re_cL < RE_GL,max

RRev,sal,total,min < RRev,sal,total =< RRev,sal,total,max

where the first through fourth constraints in (39) are the upper
and lower limits of the IESA’s net income from the sales of
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electricity, heat, cold, and gas under uncertain optimal dis-
patching, respectively. The fifth constraint in (39) is the upper
and lower limits of the IESA’s total energy sales revenue
under uncertain optimal scheduling and is proposed on the
basis of the IESA’s net income from energy sales.

IV. OPTIMIZATION SOLUTION STRATEGY

A. SIMULTANEOUS BACKWARD REDUCTION (SBR)
METHOD

To simplify the random sampling and combination scenario
of cloud droplet data samples in the elastic energy cloud
model of the industrial park, the computational efficiency
of the industrial park in the uncertain optimal dispatching
process is improved. Based on the interval contribution of the
electric load cloud model, this paper proposes a new SRS-
IC method and adopts the SBR method [9] to improve a
Monte Carlo random sampling (MC-RS) method, and this
approach not only avoids infeasibility of the optimization
results but also reflects the economics. This method first
needs to reduce the sample random combination scene size
of the self-elastic coefficient in the cloud model and only
keeps a few representative sample scene sets to replace the
original scene sets with a large amount of data to ensure
the minimum probability distance between the two scene
sets.

The specific steps of the SBR method are as follows:

Step 1: Suppose that the set of initial scenes is D and that
the number of initial scenes is Ns, £,(s = 1,2, ..., Ny). The
probability of each initial scenario is P,(s). The initial scene
setis w, and the set of cut scenes is S. In the actual calculation,
w and P, (s) are initially set to empty collections.

Step 2: During the /th iteration, calculate the Euclidean
distance (ED: min D; ¢ (£, £y)) between the probability of
£; of each scene and the nearest scene of £y, and then select
the probability P, (s") of scenario £y occurring, with [ € R,
s’ € Rand [ # s'. Then, according to (39), the scene £y with
the shortest distance from scene £ is calculated as follows:

Dl,min = Pr(s/) : [minDl,x’(£ls £ = Pr(s/) € — L4112
(40)

Step 3: According to formula (40), determine the minimum
probability distance D,,;,, between the scene W to be deleted
and the reserved scene as follows:

Dypin = Pp(s) - Dy min 41)

Step 4: After each scene is cut, the number of remain-
ing scenes needs to be modified, and the probability of the
scene being cut is added to the nearest scene, R = R —
{(W},J =J + {¥}, and P, (s') = P,(s') + P,(¥), to ensure
that the sum of the probabilities of the newly generated
scene is 1.

Step 5: Repeat (Step 2) ~ (Step 4) until the num-
ber of remaining scenes reaches the desired number of
scenes.
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B. FLOW CHART OF THE UNCERTAINTY OPTIMIZATION
ECONOMIC DISPATCHING STRATEGY

The uncertainty optimal economic dispatching strategy for an
industrial park proposed in this paper considering the elastic
energy cloud model is shown in figure 5.

V. CASE STUDIES

A. CASE DESCRIPTION

This section establishes an optimal economic dispatch strat-
egy for an industrial park considering the IDR uncertainty
elastic energy cloud model. The model and algorithm in this
paper are written in MATLAB 2018a and run on a computer
with an Intel (R) Core (TM) i7-9700 CPU with 3.00 GHz
main frequency and 32 GB memory. The correctness and
validity of the proposed method are verified by the following
case scenarios.

2771717177717 T
o— External electricity price —o— External heat price
—'— External cold price —v— External natural gas price
Initial retail electricity price —— Initial retail heat price
| —— Initial retail cold price —— Initial retail natural gas price
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FIGURE 5. The external and initial energy reference prices of electricity,
natural gas, cold and heat determined by the IESA.

In this paper, a typical case is used for analysis and
verification—a discrete manufacturing industrial park. It is
assumed that the industrial park has four types of MEUs—
electricity, heat, cold and gas energy—and that the total
power of electricity, heat, cold and gas energy in the example
is approximately equal to 4095, 4470, 4335 and 3024 kW,
respectively [25]. Figure 6 shows the external and initial
energy reference prices of the retail electricity, heat, cold and
natural gas unit costs for MEUs established by the IESA. It
is assumed that the initial retail electricity, heat, cold and gas
prices are 0.55, 0.5, 0.5 and 0.75 ¥/kWh, respectively. The
typical load prediction curve of MEUs on a certain day is
shown in figure 7. Please refer to Section 2 for descriptions
of the main equipment types in the industrial park and refer
to figures 3 and 4 for equipment symbols and names. In this
case, the daily electric load curve of the discrete manufac-
turing industrial park shows a “double peak, one low peak
and two concaves’ pattern, the daily heat load curve shows
a “‘single peak” pattern, the daily cold load curve shows a
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“single peak, two low peaks’ pattern, and the daily gas load
curve shows a ‘“double peak, two concaves” pattern. The
relevant equipment parameters of each industrial park are
shown in Table 1. The unit of active power in Table 1 is kW,
and the unit of the cost coefficient is ¥/kWh.

350 T T 40 T T T T T T T T T T T T
Discrete manufacturing PV
325r industrial park 1 35t o—WT i
300+ o 1
VAR L ]
275 a 30
LN -
250+ 7 - AR 25+ 1
225 20
2200 |
~ ! 4 L 4
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150 10} 1
125+, st ]
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75k Electricity —o— Heat | U 1

50 TLT 1Cledx Ll xNxatuxralxgaxs
0246 81012141618202224
Time (h) Time (h)
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0246 81012141618202224

FIGURE 7. Forecasted electricity, heat, cold and natural gas loads of
MEUSs, along with PV and WT power.

TABLE 1. Example parameters of an industrial park.

Parameter Value Parameter Value

Pur 60 kW Cpog cost 0.28 ¥ /kWh
Prec 180 kW Ceo, cos! Che, cost 0.20 ¥ /kWh
Pgp 50 kW Cos bt 0.028 ¥ /kWh
Pryg 100 kW Coesed 0.016 ¥ /kWh
Prx.ex 110 kW Cesni 0.018 ¥ /kWh
Prerx 60 kW Coesgl 0.038 ¥ /kWh
Prrex 80 kW w 0.8

Pacex 60 kW Vuar 1.5

Pyp 45 kW 1REC 0.73
Oupr-¢/Onr-p 135 kW R\ up/ R, 60 kW/min
PG, Buy, max 135 kW COP\t/COPrec 0.35

OH, Buy, max 100 kW COPp/COPyx 0.9

Oc. Buy. max 120 kW COPyc/COPey 2.0

ONG, Buy, max 160 kW COP ¢ 1.2

Cui 0.029 ¥ /kWh COPpyg 0.6

Cp 0.025 ¥ /kWh COPyp.cip 3.0

Coi/ Cap 0.025 ¥ /kWh Aai/ il Agi 0.65

B. ANALYSIS OF THE EXAMPLE RESULTS

1) SCENARIO DESCRIPTION

In this paper, the following 7 different scenarios are set for
analysis of the uncertainty optimal economic dispatch strat-
egy of the discrete manufacturing industrial park. Scenario
1 is a certain optimal scheduling strategy, while scenarios
2~7 are uncertain optimal scheduling strategies, and the
selection of all self-elastic coefficient cloud drop elements in
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Solve the uncertain optimal scheduling of an industrial
park considering the elastic energy cloud model
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Read the electrical users' self-elastic coefficient cloud Read the MEUSs' self-elastic coefficient cloud drop data
drop data sample sample

Use the traditional MC-RS method to conduct random
sampling of the cloud drop data samples of the self-elastic
coefficient of electrical users
(generate scenario 2)

Based on scenario 2, use the traditional MC-RS method to
conduct random combination sampling of cloud drop data
samples with self-elasticity coefficient of MEUSs
(generate scenarios 3, 4 and 5).

Based on scenario 5, the MC-RS method is improved by
using the SBR method (generate scenarios 6 and 7).

DR constraints of electrical
power users in (21-24)

IDR constraints of MEUs
in (21-24)

Equipment, Price of energy, Power balance constraints (27~31)

No

Is the convergence condition satisfied ?
?{/

Output the results of each uncertainty optimization scenario, and scenario comparison analysis

l

Use (b) BGCG Algorithm to solve the eigenvalue parameters of integrated energy retail prices of the IESA,
And elastic energy in the industrial park , respectively

Based on the multi-dimensional normal cloud model, output the uncertainty optimization results of the expected value of
each decision variable

C D

FIGURE 6. Flow chart of the uncertainty optimization economic dispatching strategy for an industrial park considering the elastic

Loop End

energy cloud model.

the cloud model is considered. Scenario 2 considers only the
elastic load cloud model, while scenarios 3~7 comprehen-
sively consider the elastic energy cloud model of electricity,
heat, cold and gas users.

In scenarios 3~35, the traditional MC-RS method is used for
the random sampling of cloud droplets with the self-elastic
coefficient of MEUs. Scenarios 6 and 7 based on scenario
5 adopt the improved SBR method to improve the MC-
RS method and set the desired scenario reduction numbers.
The corresponding scenario settings are shown in Table 2,
and the detailed descriptions of scenario construction are as
follows:
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Description (a): The self-elastic coefficients of electricity,
heat, cold and gas energy users adopt constant values, and
8511/821/821/821 = —0.2. )

Description (b): The self-elastic coefficient ‘9511 of elec-
tricity energy users adopts three eigenvalue parameters of
the cloud, (Ex, En, He)g = (—0.2015, 0.9468, 0.1735), and
e,’ﬂ/eél/e;l =-0.2.

Description (¢): The self-elastic coefficients ¢’ /¢},, /¢!, / S;l
of electricity energy users adopt three eigenvalue parameters
of the cloud, (Ex, En, He)y; = (—0.2015, 0.9468, 0.1735),
(Ex, En, He)p (—0.1972, 0.9364, 0.0684), (Ex, En,
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He) = (—0.2001, 1.0046, 0.2442), and (Ex, En, He)q =
(—0.1984, 0.9533, 0.2275), respectively. The traditional
MC-RS method is used to conduct random combination
sampling of cloud droplets 2000 times.

Description (d): Change the random combination sampling
of 2000 times in description (c) to 1000 times.

Description (e): Change the random combination sampling
of 2000 times in description (c) to 500 times.

Description (f): Based on description (e), the MC-RS
method is improved by the SBR method, and the random
combination scenarios of 500 self-elastic coefficient cloud
droplets of MEUs are reduced to the expected 300 groups.

Description (g): Reduce the number of scenarios in
description (f) to the expected value, and change to
200 groups.

TABLE 2. Scenario settings.

. Certainty Uncertainty Detailed
Scenario S S o
optimization optimization description
1 N x (a)
2 X \/ (b)
3 X v (c)
4 X x/ (@
5 X v (e)
6 X N o
7 x x/ ()

Note: V stands for consideration. x stands for no
consideration.

2) UNCERTAINTY OPTIMIZATION RESULTS ANALYSIS
(1) Uncertainty optimization strategy analysis with the elec-
tric load cloud model

(a) Schematic diagram of the electric load cloud model
based on interval contributions

According to the “3En rule”, the self-elastic coefficient
cloud droplet elements (hereinafter referred to as ‘‘ele-
ments”’) in the cloud model mainly fall within the interval
[Ex-3En, Ex 4+ 3En], and the contribution of those elements
outside that interval to the qualitative concept can be ignored
[29]. In Scenario 2, only the self-elastic coefficient of power
users is represented by the digital feature of the cloud. Based
on the above “3En rule”, in view of the randomness and
fuzziness of the selection of elements in different intervals in
the electric load cloud model, the contribution of the selection
of elements in 10 different intervals to the overall economic
benefit of the industrial park and the potential of MEUs to
participate in IDR were analyzed. The specific schematic
diagram is shown in figure 8.

In figure 8, all elements in Interval 1 are referred to as
“backbone elements”, which contribute 50% to the qual-
itative concept as defined in Appendix [29]. All elements
in Interval 2 are called ‘“skeleton elements less than 07,
and all elements in Interval 3 are called “‘skeleton elements
greater than 0.” The elements in Interval 4 are called “all
basic elements”, which contribute 68.26% to the qualitative
concept [29]. All elements in Interval 5 are called “base
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FIGURE 8. Schematic diagram of the electric load cloud model based on
the interval contribution.

elements less than 0”’, and all elements in Interval 6 are called
base elements greater than 0. All elements in Interval 7 are
called “peripheral elements less than 0", and all elements in
Interval 8 are called “‘peripheral elements greater than 0.
All elements in the above two parts contribute 27.18% to the
qualitative concept [29]. All elements in Interval 9 are called
“weak peripheral elements less than 0, and all elements in
Interval 10 are called ““weak peripheral elements greater than
0. All elements in the above two parts contribute 4.3% to the
qualitative concept.

(b) Uncertainty analysis of revenues, costs, and system
running times

Table 3 shows the IESA total/net revenues, system operat-
ing costs, MEUS’ energy costs and system running times in
scenario 2.

In Table 3, the corresponding IESA net income of each
interval is consistent with the fluctuation trend of the total
income. Combined with figure 13, when the element values
are in Intervals 2 and 3, the IESA net income corresponding
to ““all the backbone elements are less than 0 is higher than
that corresponding to ““all the backbone elements are greater
than 0”. When the element values are in Intervals 5 and 6,
the net gain of the IESA for “all basic elements are less
than 0” is higher than that for “all basic elements are greater
than 0”’. When the element values are in Intervals 7 and 8,
the net income of the IESA corresponding to “‘all peripheral
elements are less than 0 is higher than that corresponding
to ““all peripheral elements are greater than 0. When the
element values are in Intervals 9 and 10, the IESA net income
corresponding to “all the weak peripheral elements are less
than 0 is higher than that corresponding to “all the weak
peripheral elements are greater than 0. Therefore, when the
values of the interval elements are all less than 0, this pro-
vides a positive contribution to the net income growth of the
IESA; otherwise, this provides a negative contribution to the

52499



IEEE Access

H. Gu et al.: Optimal Economic Dispatch for an Industrial Park With Consideration of an Elastic Energy Cloud Model

1.75 ——————————————7—— 11— .75 —— ————
Forecasted electricity price - - - Interval 1 —— Forecasted heat price Interval 4
1.50 + Retail electricity price (certainty) - Interval 24  1.50 F —— Retail heat price (certainty) = - - Interval 5 1
125 Interval 4 - - -lnterval"‘ﬁ - - -Interval 3 125k " - Interval 1 - - -Interval 6
: :‘-\ - Interved 6 “’1- - -Interval 2 Interval 7 |
\
= 1.00F " \ §1.00 L - - - Interval 3 - -Interval 8 |
E ! TN 5 - - Interval 9
S 0751 . :“\ ,.',/I'_‘ 075 PR - - Interval 107
N R N XA -
050F “F AT A2 050} =
RN A ‘\ ”m ,
025p ===""=¢ 025} N S -~
- - -Interval 9 - - -Interval 10
OOO Il Il Il Il Il Il Il Il Il Il 000 Il Il Il Il Il Il Il Il Il Il Il Il
1.75 T T T ¥ T T T T 2.50 T T T T T T T T T T T T
_f{ oie.clasteli CO?d p(m; iny) T -1nterva}; 295 [ — Forecasted gas price T - Interval 1]
1.50 F etail cold price (certainty) - - - Interval2{ “ : - t .
Interval 4- - - Interval 3 _ - _joierval3 ] 2001 Retail gas price (certainty) Interval 2]
125 |- - - Intervah6 - - - Interval 7~ - - Interyal 8 Interval 7 f, #4 = - -Interval 3
T g nierva nicfya 1 V757 - - “Interval 8 Y Interval 4]
= 1.00+ 1150t " AY - - Interval 5]
E 51.25 Fy & y - - Interval 67
> 0.75F e \ U] 1y :
SH 51.00 \‘ ] 1 NH“‘\ e T
0501 1 075F — - "/\\ II N ‘Ir \\"L N4 ]
- A} Ty
02 001 __./ \\. f ‘ ‘k’l\. ]
l | oasp— Inerval 9 - - - Int 1-1(;: -
000 1 1 1 1 1 1 1 1 1 1 1 1 00 1 1 l'll eI'VIa 1 1 1;1 ervla I 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h) Time (h)

FIGURE 9. Uncertain optimal prices of electrical, heat, cold and natural gas energy determined by the IESA in

scenario 2.

net income growth of the IESA. The comprehensive energy
cost of MEUSs showed no significant fluctuation. In addition,
there is a large difference between the total return of Interval
6 and the total return of the other intervals, which may be
because only the electric load cloud model is considered
here or because the positive and negative elements of these
two intervals have a certain randomness and fuzziness in the
random sampling process.

(c) Retail energy pricing uncertainty analysis

Figure 9 shows the uncertainty optimization strategy of the
retail energy prices developed by the IESA for MEUs when
only the elastic electric load cloud model is considered in
scenario 2.

In figure. 9, When only the cloud model is considered
to represent the uncertain characteristics of electricity users,
the electricity sales strategy formulated by the IESA also
has uncertain characteristics, which will indirectly lead to
changes in the heat, cold and gas energy prices of the IESA
in the overall optimization process. Under the condition of
uncertain optimization operation, the IESA’s energy sales
price will change greatly with the selection of elements in
different intervals. Obviously, the price curve of electricity
sold in Interval 1 is between those in Intervals 2 and 3.
When all values of elements are greater than or less than 0,
the price of electricity sold in the IESA is too low or too
high, while the prices of heat, cold and gas sold are consistent
with the price of electricity sold. Similarly, Intervals 4, 5,
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and 6 have the same pricing pattern as Intervals 1, 2, and 3.
By comparing the sales price curves of Intervals 7 and 8 and
Intervals 9 and 10, it can also be found that when the element
values extracted from each interval are both less than 0 or
greater than 0, the sales price strategy formulated by the [ESA
is more reasonable.

(d) IDR uncertainty analysis

Figure 10 shows MEUs participating in the uncertainty
optimization strategy of the IDR when considering the elastic
electric load cloud model of the industrial park in scenario 2.

In figure 10, Under the condition of certain optimization
operation, MEUs use less energy during the peak period of the
IESA energy sales price and try to use more energy during the
trough of the energy purchasing price or normal period. The
load of thermal energy users increases during the peak period,
and the effect of the thermal load DR does not reach the
desired effect of peak load clipping. This may be due to the
actual energy demand decision at 11:00-16:00, or it may be
due to the consideration of only the elastic load cloud model.
In the case of uncertainty optimization, the IDR potential of
MEUs will also be different when the values of the cloud
droplets of the self-elasticity coefficient are located in dif-
ferent ranges. In Intervals 1, 2, and 3, the element values are
the IDR potential > Interval 1 > Interval 3 within Interval 2.
The distribution of the IDR potential in Intervals 4, 5, and
6 is basically consistent with the above scenario. Further-
more, through the analysis of the IDR potential uncertainty
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TABLE 3. Comparison of the revenues, costs and system running times from intervals one to ten in scenario 2.

Interval 1 2 3 4 5 6 7 8 9 10
Rg pL 3899.9 5263.7 9334 3247.8 4640.2 865.4 2631.8 306.3 2263.6 -36.8
Re mo 1262.8 1262.8 1262.8 1262.8 1262.8 2551.1 1262.8 1268.8 1268.8 1268.8
Rr cL 1761.4 1761.4 1761.4 1761.4 1761.4 2866.0 1761.4 1761.4 1761.4 1761.4
Re 6L 1281.4 1281.4 1281.4 1281.4 1281.4 2147.0 1281.4 1281.4 1281.4 1281.4
R g 0.4 0.4 0.35 0.27 0.29 0.26 1.45 0 1.41 0
RE Gsnp 1050.2 1047.1 1056.8 1053.1 1048.4 1094.0 1055.4 1068.4 1055.9 1068.4

GB Om 0 0 0 0 0 0 0 0 0 0

Cpv om 6.0 6.0 6.0 6.0 6.0 6.04 6.04 6.04 6.04 6.04
Cwr om 18.5 18.5 18.5 18.5 18.5 18.5 18.5 18.5 18.5 18.5
Cwmr om 22.1 22.1 22.1 22.1 22.1 23.2 22.2 22.1 222 22.1
Ces om 16.2 16.7 15.3 16.3 17.34 15.29 16.75 14.3 16.9 14.43
CG Buy 1848.4 1846.9 1851.6 1849.5 1848.2 1852.8 1851.8 1851.8 1851.8 1851.8
Ch Buy 799.2 787.1 825.4 789.0 782.1 695.4 761.1 751.3 761.1 750.6
Cc puy 1127.7 1130.1 1122.4 1849.5 1128.0 1010.1 1111.8 1096.4 1111.4 1096.6
CnG Bi,v 1807.8 1807.3 1809.1 1807.7 1807.3 1818.4 1807.3 1807.2 1807.3 1807.3
Tota

revenue (¥) 9256.1 10616.8 6296.2 8606.8 9994.5 9523.7 7994.3 5686.3 7632.5 53432

Cost of

MEUs (Y) 5645.9 5634.7 5670.4 6358.6 5629.5 5439.7 5595.5 5567.6 5595.2 5567.4
Net
revenue () 3610.2 4982.1 625.8 2248.2 4365.0 4084.0 2398.8 118.7 2037.3 -2242
Running
time (s) 190.05 130.2 59.85 278.25 176.4 84 84 71.4 12.6 14.7
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FIGURE 10. Power output curves of the discrete manufacturi
scenario 2.

optimization results of Intervals 4, 5, 6, 7, 8, 9 and 10,
when the values of all elements in the cloud model are less
than or greater than 0, there is an uncertainty optimization
interval for the IDR potential of MEUs. However, if the values
of the cloud droplet elements in the interval are all less than
0, the influence on the IDR potential of MEUs is positive, and
vice versa.
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ng industrial park uncertain optimal dispatch results in

(2) Uncertainty optimization strategy analysis with the
elastic energy cloud model

(a) Uncertainty analysis of revenues, costs, and system
running times

Table 4 shows the IESA total/net revenues, system operat-
ing costs, MEUSs’ energy costs and system running times for
scenarios 1 to 7 in the park.
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FIGURE 11. Uncertain optimal prices of electrical, heat, cold and natural gas energy determined by the IESA for

scenarios 1 to 7.

In Table 4, scenario 1 shows the certain optimal operation
results, in which the total/net benefit of the IESA is the
minimum, and the integrated energy cost of MEUs is the
highest. Scenario 2 considers only the elastic electric load
cloud model. In this scenario, the total IESA/net income
is higher than that in scenario 1, and the integrated energy
cost of MEUs is lower than that in scenario 1. Scenarios
3~7 comprehensively consider the elastic energy cloud mod-
els of electricity, heat, cold and gas. From the perspective of
the total/net income of the IESA, it is found that the total/net
income of the IESA is higher than that of scenario 2 under
scenarios 3~7, while the integrated energy cost of MEUs
is approximately equal to or lower than that of scenario 2.
The optimization result of scenario 3 is the closest to the
real solution, in which the total/net income of the IESA is
11338.3/5987.5 (¥¢), and the integrated energy cost of MEUSs
is 5350.8 (¥). After each scenario is further reduced to the
expected value, the total/net income of the IESA and the
comprehensive energy cost of MEUs under scenario 7 are the
closest to those under scenario 3, and the error rate is only
approximately 0.9%, saving time about 1634.85s.

(b) Retail energy pricing uncertainty analysis

Figure 11 shows MEUs participating in the uncertainty
optimization strategy of the IDR when considering the elastic
energy load cloud model of the industrial park for scenarios
1to7.
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Under the conditions of scenario 1, the IESA’s retail
energy price fluctuates significantly. Under the circumstance
of uncertainty optimization operation, the IESA’s electricity,
heat and gas revenue periods in scenario 2 are basically
the same as those in scenario 1, in which the electricity
sales price tends to be stable, the heat and gas sales prices
continue to increase at the peak hour, and the cold sales
prices transfer from the original prices from 05:00-08:00,
15:00 and 19:00-23:00 to those from 05:00-08:00, and the
retail price changes most obviously. When the electrical, heat,
cold and gas elastic energy cloud models are comprehensively
considered in scenarios 3~7, the traditional MC-RS method
is adopted in scenarios 3, 4, and 5 to conduct the random
sampling of cloud droplets with a self-elastic coefficient in
the cloud model. Scenarios 6 and 7 are scenario reductions
for the sample combination of scenario 5. When the expected
scenario reduction is 200, the IESA’s sales price fluctuation
is almost consistent with that of Scenario 3, and the system
operation time is the shortest.

(c) IDR uncertainty analysis

Figure 12 shows MEUs participating in the uncertainty
optimization strategy of IDR when considering the elastic
energy cloud model of the industrial park in scenarios 1 to 7.

Figure 12 combined with figure. 10 and Table 4 shows
that the IDR potential obtained through the optimization
of scenarios 3~7 is significantly better than that through
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TABLE 4. Comparison of the revenues, costs and system running times for scenarios 1 to 7.

Scenario 1 2 3 4 5 6 7
Re b 1272.5 2556.1 2548.0 2408.8 2279.8 22179 2204.7
Rg L 1262.8 1262.8 2517.5 24223 2427.8 2463.1 2421.2
Re L 1761.4 1761.4 2892.2 3173.1 2858.1 2895.9 2891.1
R 6L 1281.4 1281.4 2374.2 2529.3 2827.4 2707.9 2746.7
R p2g 9.2 0.4 0.44 0.36 0.39 0.46 0.44

Re Gsup 1015.8 1056.8 1006.0 1104.7 1102.1 1106.9 1107.2

GB Om 0 0 0 0 0 0
Cpv om 6.0 6.0 6.0 6.0 6.0 6.04 6.04

Cwr om 18.5 18.5 18.5 18.5 18.5 18.5 18.5
CMT Om 23.0 222 23.2 23.2 23.2 23.2 23.2
CEs om 15.5 16.0 15.3 15.5 15.4 15.28 15.02
CG Buv 1838.2 1850.4 1852.5 1852.3 1852.2 1852.4 1852.4
Chi Buy 877.3 775.8 628.1 630.0 628.2 617.5 613.5
Cc Buy 1158.1 1115.4 988.8 991.3 995.9 986.5 986.2

CnG Biw 1807.3 1807.5 1818.4 1818.6 1818.5 1818.8 1818.7
Tota

revenue (¥) 6603.1 7918.9 11338.3 11638.6 11495.6 11392.2 11371.3

Cost of

MEUs (Y) 5743.9 5611.8 5350.8 5355.4 5357.9 5338.2 5333.6
Net
revenue (¥) 859.2 2307.1 5987.5 6288.2 6137.7 6053.9 6037.8
Running
time (s) 2.04 469.05 1834.35 901.95 473.55 292.95 199.5
280 T T T T T T T T T T T 340 T T T T T T T T T T T T
2601 Forecasted electricity load 1 30 [ —— Forecasted heat load - - - Scenario 2 ]
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FIGURE 12. Power output curves of the discrete manufacturing industrial park uncertain optimal dispatch results

in scenarios 1 to 7.

scenarios 1 and 2. The traditional MC-RS method is adopted
in scenarios 3, 4 and 5 for random combination sampling
of elements in the cloud model. Scenario 3 has the largest
number of samples, and the optimization result for this sce-
nario can be considered to be the closest to the real solution.
In scenario 7, the SBR method is adopted to reduce the

VOLUME 9, 2021

random combination sampling scenario and greatly reduces
the system running time. In addition, the integrated energy
use of MEUs in scenario 7 is very similar to that in scenario
3. Therefore, this conclusion also verifies the effectiveness
of the uncertainty optimization strategy proposed in this
paper.
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In fact, the potential numerical value of MEUs partici-
pating in IDR can also be represented by the elastic energy
cloud model at multiple time scales. For example, the elastic
energy cloud model obtained for scenario 7 corresponding to
figure 12 is presented in figure 15. In addition, figure 15 also
shows the actual load IDR potential characteristics of MEUs.

VI. SUMMARY AND CONCLUSION

This paper proposes an optimal economic dispatch strategy
for an industrial park with consideration of an IDR uncer-
tainty elastic energy cloud model under the background of
China’s energy market reform. Based on the interval contri-
bution of the electric load cloud model, a new SRS-IC method
is proposed to solve this model. Moreover, a typical industrial
park is used to verify the effectiveness of the method. The
conclusions of this paper are summarized as follows:

a) An elastic energy cloud model with electricity, heat, cold
and gas MEUs is proposed to describe the randomness and
fuzziness of elastic energy in the industrial park.

b) A new concept of an elastic electrical load cloud model
based on interval contribution is proposed, and this model
can effectively analyze the overall economic benefit of an
industrial park and the contribution of MEUs to the IDR
potential.

¢) Compared with the traditional MC-RS method, a new
SRS-IC method is proposed, which can not only save about
1634s of system running time but can also ensure that the
error rate of the sampling results is about 0.9%.

d) The multiple uncertainty characteristics of the elastic
energy, are fully considered and combined with the above
SRS-IC method to propose a new uncertainty optimal dis-
patch strategy for an industrial park.

e) The above uncertainty optimization strategy can
improve the cooperation environment for the IESA and
MUEs, and the economic benefits of the IESA, and can also
optimize the energy use structure of the industrial park and
further explore the IDR potential of MEUSs.

VII. FUTURE WORK

Currently, an elastic energy cloud model that can represent
both randomness and fuzziness has been established, and a
correlation analysis of multiple energy cloud models has been
carried out. Therefore, determining how to comprehensively
evaluate the value of elastic energy in an industrial park from
the perspectives of technology, economy and benefit will
be considered. Moreover, based on the value evaluation of
elastic energy, determining how to further design the inte-
grated demand management mechanism and the operation
mechanism of a multi-energy market will be a focus in the
future.

APPENDIX
The quadratic function matching method is as follows:

4ac — b?

4da

b \2
f(x)=x2a+xb+c=a(x+2—> +
a
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. 12
The vertex coordinates can be expressed as: (—%, ‘%)
In formula (14), the total revenue of electric power users
after participating in DR is taken as an example, and the

formula can be derived as follows:

T
RE_DL ZZ [(Aciﬂ,prc +C£1l,prc,,ref> (APldl,elc,aft +P£il,ld,ref>i|
=1

(A-1)

where, by combining (22), (23) and (14), the functional rela-
tionship between the retail electricity price change and the
initial reference price is obtained as follows:

t ot t
Acdl,prc - Kdl,prc,refcdl,prc,,rf;f (A-Z)

Through (A-2), the rate of change of the retail electricity price
can be further obtained as follows:

t _ t t
Kdl,prc,ref - Acdl,prc/cdl,prc,,ref (A-3)

where, by combining (22), (23) and (14), the functional
relationship between the actual elastic electrical load after
participating in the demand response, the predicted value of
the initial elastic electrical load, the change in the retail elec-
tricity price, the initial reference price, and the self-elasticity
coefficient can be obtained as follows:

Ptdl,elastic,ref = AleZ]l,ld,ref (A‘4)

s _ pt t t t
APa’l,elc,aft - Pdl,elastic,refgdl (Acdl,prc/cdl,prc,,ref> (A_S)

Through (A-4) and (A-5), the actual DR rate of the electri-
cal load can be obtained as follows:

t [N S 5 t
AP dl,elc,aft = 8dlel,prc,ref)”le dl,ld, ref (A-6)

Substituting (A-3) and (A-6) into (A-1), we can further
obtain the quadratic function expression of the total return
after the participation of power users in DR. The details are
as follows:

T Kl cl
dl,pre,ref “dl,prec,ref
Rg pL= Z

!
=1 + Cdl,prc,ref

t t !
AdiK g pre. ref EaiPa 1d, ref
: !

+ P 1d ref

2
t t
_ Z (Kdl,prc,ref> Eqhdl

=1 +Kctil,prc,ref (1 + Eztil)‘dl) +1

X (C;’l,prc,refPtdl,ld,rgf') (A'7)

The total revenue of power users after the implementation of
DR can be expressed indirectly as follows:

RE_DL :f (Kctll,prc,ref> : (Czll,prc,refpﬁll,ld,ref) (A-8)

where (c’rep refPI’W ref) is the product of reference vectors

: t
and is a constant value. f Kal pre., ref) can be expressed as
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TABLE 5. Equation models component and description.

Component Description
L L ® the net income of the IESA (fer), {see equation (12) for details};
Optimization objective ® the total income of the IESA (Rrow), {see equations (13), (14), (15), (16), (17) for
function (12): details};
S o= Max [Rma] ~(Con +Ciy )J ® the total operating cost of the system (Com and Cayy), {see equations (18), (19), (20)
{please refer to for details}; ) o
®  where, the total revenue of the IESA from retail electricity (Rg pr), heat (Rg L), cold

equations (13) ~ (20)
for details}.

(Re_cL), and gas (Rg_gL) energy can be derived into the quadratic function (26);
for example, the quadratic function expression (Rg pr), {see equations (A-1) ~ (A-7)
and (A-8) ~ (A-17) in Appendix A for the detailed formula derivation };

(a) Establishment of the integrated energy retail price and IDR model. {the balanced
constraints of this section comprise the following four constraints: (21) ~ (24)}.

>

>

>

>

Balanced optimization

constraints:

price-type IDR model, the functional relationship between the change rate of a retail
energy price and the change rate of the IDR, {see constraint (21) for details};

the real-time retail energy cost prices after IDR and the above retail energy price
changes, {see constraint (22) for details};

the real-time electricity, heat, cold, and natural gas elastic load variation and the
reference values of the initial elastic load variation after the implementation of IDR,
{see constraint (23) for details};

the total loads of electricity, heat, cold, and gas in the industrial park in real time after
the implementation of DR, {see constraint (24) for details};

(b) Balanced optimization constraints. {the balanced constraints in this part comprise the
following five constraints: (27) ~ (31)}.

>

vVV YV V¥V

the energy flow balances of electricity, heat, cold, natural gas, and auxiliary flue gas
buses; {see constraint (27) for details};

the constraints of the integrated energy storage devices, {see constraint (28) for
details};

the energy balance constraints of the power supply devices, {see constraint (29) for
details};

the energy conversion constraints of the devices, {see constraint (30) for details};

the equality constraints of shiftable electrical, heat, cold, and gas load variation; {see
constraint (31) for details};

The unbalanced constraints of this part comprise the following five formulas: (32) ~ (39).

vV YVV

Unbalanced optimization

constraints:

Y

vV V VY

each type of power supply device, {see constraint (32) for details};

the integrated energy conversion devices, {see constraint (33) for details};

the power transmission constraints of the electrical, heat, cold, and gas networks, {see
constraint (34) for details};

the capacity constraints of the integrated energy storage devices, {see constraint (35)
for details};

the inequality constraints of shiftable electrical, heat, cold, and gas load variation,
{see constraint (36) for details};

the constraints of the changes in the energy retail price and elastic load, {see
constraint (37) for details};

the constraints of the rates of change in retail energy prices, {see constraint (38) for
details};

the constraints of the IESA's net/total energy sales income, {see constraint (39) for
details};

follows:

2
t _ t t
f (Kdl,prc,,ref) - (Kdl,prc,,ref> €dl)”dl
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; . e . .
where Kl pre,ref 18 a1 auxiliary variable and its upper and
lower limits are as follows:

t t t
Kdl,prc,ref,min = Kdl,prc,ref = Kdl,prc,ref,max (A-10)

— ot _ t _ t
Setx = Kal preref» @ = egrdl,b=1+eyla,c=1,ey <0,

K pres e (1 €gra) +1 (A9)  and Ag = 0.65.
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FIGURE 13. The revenue and cost of the industrial park corresponding to
Table 3.
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FIGURE 14. The revenue and cost of the industrial park corresponding to
Table 4.

By referring to the quadratic function substitution method,
the vertex coordinates can be expressed as follows:

b 4dac — b*
2¢° 4da

2
_(_ 1+ )\.dlsfﬂ 4)\,1185” — (1 + )LdZSZ”) (A-11)
- ZXdlsfﬂ 4)»41[8;:1

_ b _ 1+ )Ldlsfﬂ
T 22 2. )‘dlgidl
B 4ac — b? _ 4. )»dlefﬂ — (1 + )»dlefﬂ)z

da - 4. )»dlef”

(A-12)

According to the distribution state of cloud drops with the
self-elastic coefficient, it is necessary to reasonably analyze
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the approximate range of the x-coordinate of the vertex. The
details are as follows:

t
_ 1+ )‘dlgztz’l,max <A< _1 + )‘dlgdl,min (A—13)
2. )‘dl‘c’{il,max - 2. )”dlgzll,min

Suppose the general expression of quadratic piecewise linear
function f (x) is:

S1X + U1 Xmin <X < Xmid
f&x) =
X + U2 Xmid = X < Xmax

. — t = [
Xmin = Kgi pre,ref min>  Xmax = Kg pre ref max>

1+ Agiet
dl
Xmid = T e (A-14)
CAdIE g
where ¢1, 62, L1, and o can be expressed as follows:
B
S = 7 ;
A— Kdl,prc,re ,min
t
K1 = t Kdl,prc,ref,min
—A +_Kéil,prc,ref,min ’ (A—IS)
G2 = 7 5
-A+ Kdl,prc,ref,max
B t
H2 = t Kdl,prc,ref,max
—A+ Kdl,prc,ref,max

By introducing the 0-1 variable S, the following formula
can be further obtained:

f (Kctll,prc,ref)

B B . B
—\A —A + Kl

t
Kar ,pre,ref ,min ,pre,ref ;max

t
) Kdl,prc,refﬂ

,pre,ref ,max

t
—B , B -y
Kdl,prc,ref +

[
—-A+ Ka’l,prc,ref,max

t
B- Kdl,prc,ref,min
;
—A+ Ky

;
—-A+ Kdl,prc,ref,max

t
B- Kdl,prc,ref,max B
t
—-A+ Kar ,pre, ref ,max

,pre,ref ,min

(A-16)

where ¢ = Kfﬂ’prc’refﬁ. Then, add the constraints of ¢ as
follows:

{—M-ﬁswsM-ﬂ

Ky —M-(1-p) < ¢ <Kk,

(A-17)
+M-(1-p)
where M is a relatively large constant.

Note 1: Similarly, for the convenience of description, this
paper adopts the subscripts dl, hl, cl, and gl to represent the
piecewise linear functions of electricity, heat, cold and gas,
respectively.

Note 2: Under the analysis of the uncertainty optimization
scenario, the fuzzy parameters in each parameter vector can
be expressed by the superscript ~ in combination with for-
mula (38).

Definition 1 [26], [30]: Let U be the universe of discourse
and C be a qualitative concept related to U. If x € U is a
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FIGURE 15. The elastic energy cloud model for scenario 7 corresponding to figure 12.

random instantiation of concept C and u (x) € [0, 1] is the
certainty degree of x belonging to C, which satisfies

ux): Uel0,1], VxeU

then, a one-to-many mapping can be defined as a normal
cloud, and (x, u (x)) can be called a cloud drop.

Definition 2 [26], [30]: Let U be the universe of discourse
and C be a qualitative concept related to U. C contains
three numerical characteristics: expection Ex, entropy En, and
hyper entropy He. If x € U is a random instantiation of
concept C and u (x) € [0, 1] is the certainty degree of x
belonging to C, which satisfies

ux): Uel0,1], VxeU

then, ¢ = Ry (Ex, |y|), y = Ry (En, He), and the member-
ship function satisfies the following form:

(x — Ex)2
i) = exp |~ (A-18)
y

Then, the distribution of the random variable X composed of
all cloud drops is called the normal cloud model.
See Figures 13-15.
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