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ABSTRACT Based on the real-time environmental constraints in urban regional construction, this paper
constructed a bi-level decentralized low-carbon optimal dispatching model of the urban regional integrated
energy system (RIES), including the park integrated energy systems (IESs). In this model, a bi-level optimal
allocation model of carbon emission constraints between the urban and the park is proposed for the first time.
The upper urban will formulate the real-time carbon emission constraints based on real-time environmental
monitoring, decomposing the historical carbon emissions to the lower park IESs; the lower park will meet the
real-time carbon emission constraints during optimization. We through the upper urban with the lower park
between the bi-level decentralized optimization to ensure that the objective function’s upper urban power,
natural gas, and heat distribution network system is minimum total network loss. In addition, it is necessary
to ensure the minimum operating cost of each park IESs and focus on how to meet the requirements of the
overall environment of urban RIES. Furthermore, we study the influence of optimal allocation strategy of
carbon emission constraints on network loss, and operating cost of urban RIES under different scenarios.
Then, an improved analytical target cascading (ATC) method is applied to solve the bi-level decentralized
optimal dispatching model of urban RIES. Finally, an example under three different scenarios is given to
verify the superiority and effectiveness of the proposed model and the improved method.

INDEX TERMS Urban RIES, park IESs, carbon emission constraint, analytical target cascading, network

loss.
NOMENCLATURE MT/WT/PV Microturbine/Fan/Photovoltaic
ABBREVIATIONS AND SYMBOLS H-REC/GB Heat recovery unit/Gas boiler
DN Power d1str1bpt19n n§twork nodes EC/EH Electrical chiller/Electrical heater
NG Natural gas distribution network H-EX/AC Heat exchanger/Absorption chiller
nodes BT/NGT Battery/Natural gas storage tank
CWP  Cold distribution network nodes CD/HT Cold storage tank/Heat storage tank
HWP  Heat distribution network nodes R-EL/R-GL/R-CL  Rigid electrical/gas/cold
S-EL/S-GL/S-CL  Shiftable electrical/gas/cold load
W-HL Hot water supply temperature control
load
The associate editor coordinating the review of this manuscript and A-HL Air heating supply temperature
approving it for publication was Zhouyang Ren . control load
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I. INTRODUCTION

A. BACKGROUND AND MOTIVATION

At present, China is still in the middle and late stage of
rapid urbanization development. The energy consumption
and carbon emission generated by new urban buildings will
continue to increase [1]. However, faced with the continuous
expansion of energy demand and the worsening of ecological
and environmental problems, the urban Regional Integrated
Energy System (RIES) shows a new development trend [2],
[3]. Traditional integrated energy system (IES) planning and
operation are limited to single energy forms such as electric-
ity, natural gas, cold and thermal energy, which cannot fully
play the complementary advantages and synergistic benefits
of IES in urban areas. Compared with a single energy sys-
tem, urban RIES is mainly composed of integrated energy
supply and use systems, such as regional electricity, natural
gas, and heating distribution systems through IESs intercon-
nection at the terminal, which can realize the transmission,
conversion, distribution and other key roles of multi-types of
energy [4]-[6]. It can also effectively realize the decentral-
ized coordination and optimization among subsystems in the
urban area quickly in urban areas rapidly and fully exploit
the potential advantages of different subsystems. Meanwhile,
overall consideration of multiple types of energy sources can
also significantly reduce the integrated energy consumption
of urban RIES [7], [8]. Therefore, it is of great significance
to study urban RIES’ integrated energy-saving and carbon
emissions reduction.

B. LITERATURE REVIEW AND RESEARCH GAP

It was considering that different research subjects showed
a diversified distribution of RIES at all levels. At present,
many studies have focused on the influence of models, strate-
gies, demand response (DR) or integrated DR mechanism
design, and methods on the optimal operation of RIES.
Soheil et al. [9] proposed a general energy hub economic
dispatch model. A new self-adaptive learning with a time-
varying acceleration coefficient gravitational search algo-
rithm was employed to solve the model. In [10] and [11],
an optimal operating model for electricity-thermal-natural
gas network systems was presented that considered economy
and environmental pollution. Li et al. [12] proposed a linear
electricity and district heating networks model to coordinate
the short-term operation of electric power and district heating
systems. And then, in [13], a combined heat and power dis-
patch model for electric power systems and district heating
systems was presented. In [14] and [15], a novel mixed-
integer linear programming (MILP) optimization model was
introduced for multi-energy networks, in which electricity,
heating, and cooling loads and sources were considered in
the IES. The authors of [16] proposed an optimized dispatch-
ing model for city-scale IES that realized the flexibilities
of energy utilization. Pan ef al. [17] proposed a reasonable
power to heat and hydrogen model with start-up or shut-down
constraints and a novel seasonal hydrogen storage model

62342

for an electricity-hydrogen IES. Taylor et al. [18] presented
a new mixed-integer quadratic, quadratically constrained,
and second-order cone programming model for distribution
system reconfiguration. The above studies have contributed
significantly to IES modeling in their respective ways.

Some operation factors are also considered in the optimal
operation of IES, such as the strategies, DR, or Integrated DR
programs combined with different application scenarios. For
example, He et al. [19] presented an environmental economic
dispatch model for IES. The carbon trading scheme and
integrated DR strategies were introduced to reduce pollutant
gas emissions. Guo et al. [20] presented a RIES optimization
model considering DR, in which different DR strategies were
applied to improve the energy utilization efficiency. In [21]
and [22], an integrated DR uncertainty or certainty model
for the community networks was proposed, and a distributed
algorithm was employed to determine their optimal strate-
gies. Tek et al. [23] developed an integrated water-food-
energy nexus optimization model for an irrigated agricultural
production IES, in which carbon and water strategies were
applied to reduce carbon footprints. He et al. [24] presented
a low-carbon economic dispatch model for electricity and
natural gas systems, in which power to gas (P2G) equipment
and carbon emission capture strategies were applied to solve
it. The authors of [25] proposed a bi-level optimization model
for an IES network, in which a hybrid algorithm with an
adaptive particle swarm optimization algorithm was applied
to increase the proportion of renewable energy. Xu et al.
[26] presented a novel RIES structure in which an energy
management strategy was applied to improve energy effi-
ciency. Pan et al. [27] also offered a two-stage MES planning
method and novel energy pricing strategy that considered the
integrated DR program.

Moreover, some researchers have studied the operation
factors (such as different economic dispatching models and
fast solving methods or algorithms.) influencing carbon
emissions in the optimal operation of IES. For example,
Chen et al. [28] proposed a price-based low-carbon hierar-
chical model for IES, in which a carbon emission flow model
was employed to trace the carbon flow and calculate the car-
bon emission, and an enhanced particle swarm optimization
algorithm was applied to solve the model. The authors of [29]
proposed a complex non-convex, non-smooth and non-linear
multi-objective dynamic low-carbon dispatch model for the
combined heat and power units, in which a novel self-
adaptive probabilistic mutation method was introduced to
improve the performance of the algorithm. The authors of
[30] proposed a low-carbon distributed energy resource opti-
mization model, in which a MILP method was employed
to minimize the energy cost and reduce carbon emissions.
In [31], a long-term co-optimization planning model for an
integrated electricity and district heating system was pro-
posed that considered transmission lines and heat pipelines,
in which a parallel Benders decomposition combined with the
sequential bound-tightening method was applied to solve it.
Tsao et al. [32] presented a sustainable advanced distribution
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management system considering the DR program and carbon
emission strategy. In [33] and [34], a bi-level joint eco-
nomic dispatch model was constructed that considered carbon
emission constraints for new urban with multi-energy parks.
Sequential quadratic programming combined with the path
tracking interior point method was applied to solve it. Further-
more, other studies have focused on the mechanism design
of multi-energy prices. For example, Gu et al. [35] proposed
a double iterative optimal low-carbon dispatch model for an
industrial park with multi-energy, in which a bi-level prime-
dual path following the interior point method was applied to
solve it.

The above studies have focused on the two-layer operation
of the urban RIES with park IESs considering optimal carbon
emission constraints. First, few studies have constructed a
centralized or distributed optimal economic dispatch frame-
work for urban RIES with a park IES. Second, the inte-
grated DR program affected the operation of urban RIES
by regulating flexible loads, and corresponding constraints
were considered. The above economic dispatch model was
designed only to ensure that urban carbon emissions are
roughly limited. In recent years, China has put forward
a series of strict requirements for urban carbon emissions
reduction. Hence, some scholars have considered carbon trad-
ing scheme in the objective function of the economic dispatch
model, introduced low-carbon equipment operations such as
power-to-gas devices and ground source heat pumps, and
proposed low-carbon emission reduction technologies such
as a given total carbon emissions quota index, to realize
low-carbon economic dispatch for urban. In addition, pre-
vious research on the IDR program corresponding to the
multi-energy pricing incentive strategies affected the opera-
tion of park IESs by regulating flexible loads. Although few
papers have considered the design of urban carbon emission
constrained optimal allocation mechanism with park IESs,
when urban areas get a given total carbon emission constraint
target value, we cannot be sure that the given target value is
the best. Therefore, we need a new carbon emission constraint
optimization allocation mechanism to achieve the above goal.

C. CONTRIBUTIONS

Motivated by the abovementioned research gap, this paper
proposes a bi-level decentralized optimal low-carbon eco-
nomic dispatch model for urban RIES considering park IESs.
This model is optimized through decentralized coordination
between the upper and lower levels of the urban RIES and
park IESs, and takes the optimal network loss of the urban
and the operation cost of park IESs as the optimization
objective, respectively. The upper-level optimization involves
the electricity, natural gas, and district heating distribution
networks, considering the dispatch of two coal-fired and one
diesel generator unit and battery devices at the power distribu-
tion network side, and considering the urban historical real-
time unit power carbon emissions constraints. Overall, the
upper level involves real-time low-carbon constraints aimed
at the optimal network loss of urban electricity-gas-heating
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distribution networks. The lower level contains real-time low-
carbon constraints aimed at the optimal economical oper-
ation cost of park IESs. The IDR program model of the
temperature-controlled loads is constructed. The contribu-
tions of this paper are as follows:

1) A bi-level decentralized optimal low-carbon economic
dispatch model for urban RIES with consideration of
park IESs is proposed, which is beneficial to reduce the
total carbon emissions of urban RIES and the economic
operation costs of park IESs.

2) Animproved analytical target cascading method (ATC)
is employed, which can effectively improve the conver-
gence characteristics of the algorithm.

3) A carbon emission constrained optimal allocation
mechanism is introduced, which can help develop a
more accurate carbon emissions reduction strategy for
urban RIES.

D. PAPER ORGANIZATION

The rest of this paper is organized as follows. Part 2 intro-
duces the bi-level decentralized optimization model of the
urban RIES. Part 3 presents the solution algorithm for the
proposed model in detail. In part 4, case studies and simu-
lation results are presented. Part 5 presents the summary and
conclusions. In part 6, future work is presented. Parts 7, 8, 9,
and 10 represent the appendix, acknowledgment, references,
and team respectively.

II. BI-LEVEL DECENTRALIZED OPTIMIZATION
FRAMEWORK AND MODEL OF URBAN

RIEs WITH PARK IESs

The bi-level decentralized optimal scheduling framework
between the urban RIES and park IESs is shown in figure 1.
The whole structure is divided into two levels: the urban
RIES and the park IESs. The urban is responsible for setting
and allocating the total carbon emission target value. New
carbon emission constraints are reset and decomposed based
on the historical carbon emissions generated by the upper-
level urban RIES and the lower-level park IESs, respec-
tively. Under the constraints of real-time carbon emissions,
the lower park IESs will transfer the accumulated carbon
emissions generated by their actual operation to the upper
urban, respectively, and reset the total carbon emission target
value of the urban. Therefore, the total carbon emissions
generated by the units with carbon emission sources in the
urban will be updated and iterated in real-time during the
optimized operation.

At the upper level, considering the real-time carbon emis-
sion and historical data constraints of the unit power supply,
the urban is responsible for the decentralized management
of the park, reasonably scheduling the coal-fired and diesel
generator, and battery units of the urban, integrated power
supply, and the optimized operation of energy conversion
equipment of the park, aiming to minimize the loss of urban’s
electricity-gas-heating distribution networks.
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FIGURE 1. Bi-level decentralized optimal scheduling framework between
the urban RIES and park IESs.

At the lower level, considering the real-time unit power of
the park takes into account carbon emissions constraints, the
park is responsible for reasonably scheduling the optimized
operation of the multi-type energy equipment in each IES,
aiming to minimize parks’ comprehensive economic oper-
ation cost. The integrated DR power can be housed in the
park IESs as the urban RIES terminal energy hub, along
with the integrated energy supply, energy conversion, power,
gas, cold and heat, energy storage units, and the flexible
load combinations by reasonably scheduling the integrated
coordination of park IESs. Through the decentralized optimal
equipment operation and carbon emission allocation, output
energies can complement each other to integrate the urban
RIES and park IESs.

A. UPPER AND LOWER OPTIMIZATION MODEL
Figure 2 shows a bi-level structure of the urban RIES with
park IESs.

At the upper level, the urban is responsible for the unified
allocation of the whole total carbon emission target value
within the urban itself and the park area. The carbon emis-
sion allocation mechanism of urban RIES can be referred
to Fig.1 and the corresponding description section. In addi-
tion, the upper urban RIES involves the electricity, gas, and
heating distribution networks, and integrated two coal-fired
generator units and one diesel generator unit, and battery
units (DN-Battery) within the power distribution network.
The lower level is responsible for the unified allocation
of the lower total carbon emission target value to IES within
the park. The lower park IESs are responsible for the unified
management of the integrated power supply, energy conver-
sion, and the optimal operation of electric power, gas, heat,
and cold energy and energy storage equipment within the
park. The power supply equipment in the park IES includes
micro-gas turbine (MT), wind turbine (WT), photovoltaic
(PV), heat recovery (H-REC), and gas boiler (GB). The
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FIGURE 2. The decentralized structure of urban RIES with park IESs.

Energy conversion equipment includes electrical chiller (EC),
electrical heater (EH), heat exchanger (H-EX), H-REC, and
absorption chiller (AC). The energy storage devices include
batteries (BT), cold (CD), heat (HT), and natural gas (NG)
storage tanks. The terminal load side of the park with elec-
tricity, gas, cold and heat energy, and transfers electricity,
cold and gas to users through rigid and shiftable loads (R-EL
and S-EL, R-CL and S-CL, R-GL and S-GL), and heat to
terminal users through flexible air heating and hot water
supply temperature loads (A-HL and W-HL).

B. UPPER OBIJECTIVE FUNCTION

The upper level aims to optimize the operation of the coal,
diesel generators and energy storage equipment that can be
dispatched by the upper layer reasonably on the premise
of meeting the load demand of the urban regional distribu-
tion network system, and to minimize the network loss of
the power distribution, gas, and heat networks respectively.
Therefore, the upper optimization objective functions FDN,
FNG, and FHWP are respectively shown as follows:

1) OBJECTIVE FUNCTION OF POWER

DISTRIBUTION NETWORK

Considering the power transmission loss of the distribu-
tion network, this section selects the minimum loss of
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the distribution network within the day-ahead optimization
scheduling period as the objective function. The details are
as follows:
T N N-1 5
minFpx =Y 5 > Row - (Iéyn/) )
t=1 n=1n'=1
Here, Fpy is the optimization objective function of the
distribution network. / :l v Tepresents the current of the line
nn' at time ¢, A. R, ,, means the resistance of branch nn’,
ohms. N/N-1 indicates the number of nodes and branches of
the distribution network, respectively. ¢+ € T means hourly
periods, running from 1 to T hours.

2) OBJECTIVE FUNCTION OF NATURAL GAS NETWORK
Considering that the pressurizer in the upper urban regional
natural gas network is mainly used to compensate for the pres-
sure or energy loss in the process of natural gas transmission,
this section selects the minimum energy loss in the day-ahead
dispatching cycle as the objective function, the details are as
follows:
T K L T K L

min FNGZZ Z Z thom,/(,l:Z Z Zf/c,l Q_;td 2
t=1 « | t=1 k [

where Fng is the optimization objective function of the
natural gas distribution network. Q% , means the airflow
consumed by the pressurizer and the natural gas flow into

the pressurizer at time ¢, m3/h. Qfd indicates the average
flow rate of the natural gas pipeline of the gas network at
time ¢, m3/h. f,; represents the damping coefficient of the
natural gas pipeline in branch KL, which is usually 0.06-0.10.
K/L indicates the number of nodes and branches where the
pressurizer is installed in the branch of the gas network.

3) OBJECTIVE FUNCTION OF HEAT NETWORK
Considering the energy loss in the hot water transmission
process of the upper urban area heat network, this paper
selects the minimum energy loss in the day-ahead scheduling
cycle as the objective function, the details are as follows:
T M M-1
min Fawp =)D > (1= dowa) Qe 3
t=1 m=1m'=1

where, Fgwp is the optimization objective function of the heat
network. an v denotes the thermal power flow of pipe mm’ at

VOLUME 10, 2022

time 7, kW. A,, ,v represents the thermal power transmission
loss coefficient of pipe mm’ at time t, %, where the value is
95%. M/M -1 indicates the number of nodes and branches of
the heat network.

C. UPPER OPTIMIZATION CONSTRAINTS

1) EQUALITY AND INEQUALITY CONSTRAINTS OF POWER
DISTRIBUTION NETWORK

a: POWER AND VOLTAGE EQUALITY/INEQUALITY
CONSTRAINTS OF NETWORK NODES

P;:ZP;”,; QZZZQ;,W
n/

n/
Piz = Z Pg;;mu - Pl;,u=d1 - Pgﬁz,c:es + Pg;:,d=es
nefgm,}

! 2
- ZPZGD_IESi - (Irtz,n/> “Ruw
i=1
VS — V!, =2 (R,,,n/ P A X - O )

n,n’
2
— (1) [Raw) + (X))

1
+ Q;’n, < cotan (% (5 — e))
. (Pt — cos (£e> .S ,) + sin (ze) S
n,n 4 n,n 4 n,n

V2. 1000 < VS' < V2, - 1000
“
Here, me,/Ql’1 v Tepresents the active/reactive power of

the line nn', (kW). P/Q!, means the active/reactive power
injected by node n at time ¢, (kW). Pg;,mu is the output power

of coal-fired or diesel generator set dispatched at time 7,
kW, where u € {gm}; Pl,’w= 4 denotes the active power
of each node at time 7, (kW). Pg}, ._,/Pg,, ,_,, means the
charging/discharging power of the battery device at the dis-
tribution network side at time ¢, (kW). PtGD [Es; Tepresents
the active power transmitted by the distribution network from
node n to each IES in the park at time 7, (kW). X, ,» denotes
the reactance of branch nn’, (ohms). Vmin/Vmax means the
lower/upper limit value of each node voltage, (kV). S’m w Tep-
resents the upper limit of the apparent capacity of branch nr/,
(kVA). e € {1, 2, 3, 4} means the variation range of the dis-
tribution network’s perceived capacity constraint, as shown
in figure. 3.

b: CAPACITY EQUATION/INEQUALITY CONSTRAINTS FOR
BATTERY STORAGE ON POWER DISTRIBUTION
NETWORK SIDE
Wet;r C}n = WS an (1 = 0dnbr) + (hdn.br.cP8h c—es

— P8, d—os/hdn.br.d) At
0= Pgiz,c:es = ‘i:t;n,bt,c * Ydn,bt,c Capiin,bt

t t t
0 < P8, d—es < Eanbr.a " Vanbt.d - Capgy b ©)
t t t
Wes,dn,min = Wes,dn = Wes,dn,max
t _ 1 t —
Wes,dn,min =02 Capdn,bt’ Wes,dn,max =0.92
t
~Capg,
62345



IEEE Access

H. Gu et al.: Bi-Level Decentralized Optimal Economic Dispatch for Urban RIES Under Carbon Emission Constraints

where, WE’S’ 4n 18 the storage capacity of the battery at the
distribution network side at time ¢, (kWh). Cap’ dn b is the
rated capacity of the battery storage device, (kWh). W, ;..
and Wes, dnmax 1€ the allowable minimum and maximum

rated stored capacity of the battery device, kWh, respectively.

¢: INEQUALITY CONSTRAINTS ON CLIMBING OUTPUT FOR
DISPATCHING COAL-FIRED/DIESEL UNITS

- Z (Rgm,l,downAt) = Z (ngmu _ngmﬂ>

ne{gmy} ne{gmy}

= Z (Rgmﬂ,upper At) (6)

ne{gm.)

where, Rgmwduwn/Rgmﬂ,upper is the constraint coefficient of
upper/lower limit climbing output for coal-fired and diesel
generators, (kW/min), respectively. When the subscript u
is 1 or 3, it represents coal-fired units, and when p is 2,
it represents diesel units.

d: INEQUALITY CONSTRAINTS ON TRANSMISSION POWER
BETWEEN POWER DISTRIBUTION NETWORK AND
EACH PARK IES

! t A
Pop 1esimin = Pop_iesi < Pop_1esimax (N

: " . o
Where’PGD_IESi,max/P.GD_IESg‘,min is the transmission Power
between the power distribution network and each IES in the
park at time 7, kW, respectively.

e: CARBON EMISSION CONSTRAINTS OF UPPER URBAN
RIES ITSELF BASED ON REAL-TIME ENVIRONMENTAL
MONITORING

Z Z <ngmp,) = carbon ey M= 8My, §mM3
ue{gmu} =1
Z Z (Pg ) carbon Lepr M= 8M2
Me{g’"u} r=1
1,8 _
Ecarbon,el - Z ngmﬂ
“5{8’";1}
1,8 _
Ecarbon,ez - Z ngmu
“e{g’"u}
r T
carbon el Z carbon er’ carbon e Z carbon .e2

®)

where, p., and p,., are the carbon emission intensity coeffi-
cients of coal-fired and diesel generating set per unit time,
(t/kWh), respectively. DCarbon ¢, and Dcalbon ., are the upper
limits of carbon emission constraints that can be relaxed for
coal and diesel generator units, (t), respectively. E

carbon el
and Ecarbon o r.epresent real-time eptlmlzed carbon. emissions
of coal and dlesel generator units, (t/h), respectively. For-

mula (8) indicates that the real-time carbon emissions of the
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coal/diesel units that can be allocated by the power distri-
bution network in the upper urban area after optimization,
and the carbon emissions are respectively calculated and
transmitted to the upper urban. The superscript § represents
the number of iterations.

2) EQUALITY AND INEQUALITY CONSTRAINTS

OF THE GAS NETWORK

a: POWER BALANCE EQUATIONS AND INEQUALITY
CONSTRAINTS FOR GAS NETWORK NODES

13 _ 12
Z QAir,s - Z ( K, lin

Airek lek,k#l
1

! 12 12
+ Z PNG_IESi + Qlc,load + Qcom,/c,l
i=1

th,l,out)

©))

! 13 13
QAir,x,min = QAir,s = QAir,s,maX

Here, Q' air s 18 the gas flow output from the natural gas
source point of the gas network at time 7, (m3/h). QK load 18
the natural gas load flow of the pipeline node « at time t,
m3/h. QK 1.in0d QK 1.our TePresents the gas flow at the inlet
and outlet of the pipeline «x/ at time ¢, (m3/h). Plt\IG_IESi
refers to the transmission flow of natural gas pipeline for
the gas network from node « to each IES at time ¢, (m3/h).
Qlir.s.max/Qir.s.min Means the upper/lower limits of the out-
put gas flow at the air source point of the gas network at time t,
(m3/h), respectively.

b: INEQUALITY CONSTRAINTS FOR NATURAL GAS
PRESSURIZER DEVICES

Friction resistance exists in the natural gas transmission pro-
cess of the medium and low-pressure gas network, resulting
in pressure loss of the gas network, so a certain number of
pressurizer devices are needed. This paper assumes that a
variable ratio fixed pressurizer device is adopted [14], The
details are as follows:

com,k,l — le QKZ (10)
Pl < ﬂcom,cp;(

where pj is the pressure of node / of the natural gas pipeline
at time ¢, (bar). Bcom,c 1s the compression coefficient of the
pressurizer, which is the pressure boost ratio of the pressur-
izer, and the value is set to 1.2. p! is the pressure of node «
of natural gas pipelines at time ¢, (bar).

c: EQUATION AND INEQUALITY CONSTRAINTS OF NATURAL
GAS PIPELINE FLOW

Considering that there is no general formula to describe the
steady flow of natural gas in pipelines, we adopt the sim-
plified Polyflo’s medium-pressure pipe network equation to
describe the branch gas flow of the natural gas pipe network
and the pressure at both ends of the pipe nodes [14], the details
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are as follows:

v
Sed ( ) = Ki [(#)* = (1))
Ko =117 x 103—
T O ln+Ql(l out »and
kl — )
el.min < Q

p/c,min — pK — pk,max

+1 > pl
Ses = Pe =i (11)
—1 De <D

Kl max

where, Q’ .7 1s the average flow rate of natural gas pipelines at
time ¢, (m3/h). K,; represents the pipe constant of the pipe k!
at time ¢, which is related to the length L (m) and diameter

D (mm) of the pipe segment. QK /. max and QK /.min eaN the
upper/lower limit constraint value of natural gas pipeline «!/
flow at time ¢, (m3/h), respectively. Sk ; represents the gas
flow direction of the natural gas pipeline «!/ flow at time ¢,
(m3/h). In this paper, the flow direction of the gas in the
pipeline is fixed by fixing the pressure difference of the nodes
in the optimization process. v; is the flow index of natural gas,
approximately value is 2 in the low-pressure pipe network.
p,’(max and p,’(’min are the upper and lower pressure of node «,
(bar), respectively.

d: EQUATION AND INEQUALITY CONSTRAINTS FOR GAS
NETWORK DYNAMIC CHARACTERISTICS

The dynamic characteristics of the gas network refer to that
due to the slow transmission speed and compressibility of
natural gas, the natural gas flow at the first end of the pipeline
is often different from the output flow at the end. This part
of natural gas flow will be temporarily stored in the natural
gas pipeline, which is called “pipe storage’ [14]. In addition,
to make reasonable use of pipe storage, the stock of natural
gas pipes after one week of operation is usually restored to the
initial value and a certain adjustment margin is reserved for
the next dispatching cycle, which can buffer the fluctuation
of natural gas load and ensure the reliability of natural gas
supply. The details are as follows:

t—1
Mlil = M + QKI in "~ QKZ out
t
Mxl min = M = M/cl max (12)
> = Y
kleQy KlE€Qy

where M/, is the pipe storage of natural gas pipeline «/ at
time ¢, (m3/h) M! l. maxandMKl mindre the upper and lower
limit constraint values of pipe storage for pipeline «/ at time
1, (m3/h), respectively. M ,91 and M KTI represent the initial value
of pipe storage and that after one cycle operation for pipeline
Kl at time ¢, (m3/h), respectively. €2,; means the collection of

natural gas pipeline «!.
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e: INEQUALITY CONSTRAINTS ON THE TRANSMISSION
POWER BETWEEN THE GAS NETWORK AND EACH IES

!
PGAS_IESi,min - PGAS _IESi — = PGAS IESi,max (13)

!
where,. Pg AS_IESi.max aqd .PG AS_IESimin ar¢ the upper and
lower limit of the transmission flow between the gas network
and each IES in the park at time ¢, (m3/h), respectively.

3) EQUALITY AND INEQUALITY CONSTRAINTS OF

HEAT NETWORK

In this paper, a simplified 12-node heat network system is
considered [13], and the energy loss caused by frictional
resistance during heat distribution pipeline transmission is
also considered. The details are as follows:

a: POWER BALANCE EQUATIONS AND INEQUALITY
CONSTRAINTS FOR HEAT NETWORK NODES

= Z Qin,nﬂ
Z 08y j —

je{HNS}

1_)‘mm ZQmm/

where, 0!, is the thermal power injected into node m of the
heat network at time z, (KkW). Qlfn 4= denotes the thermal
power load of node m at time ¢, (kW). Qg’ - means the heating
power of node m at time ¢, (kW). If j € HNS, the heating
power is the power of the upper heat network injected into
the heat distribution network. Py xr gs; Tepresents the trans-
mission power of hot water pipelines that the heat distribution
network transmits to each IES in the park at time 7, (kW).

Pt
m u=nhl HEAT_IESi (]4)

b: INEQUALITY CONSTRAINTS OF SOURCE POINT
OUTPUT POWER

Qgin,j,min = ngn,j = Qgin,j,max (15)

where, 0g;, 1. and Og;, j.min are the upper and lower limit
value of thermal power output of heat source point at time 7,
(kW), respectively.

c: INEQUALITY CONSTRAINTS ON THE PIPELINE
TRANSMISSION POWER OF HEAT

DISTRIBUTION NETWORK

t

m,m’,min — Qm m — Qm m’, max (16)
where, Qm w mmande o maxFepresent the lower and upper

limit value of thermal power flow of line mm’ at time ¢, (kW),
respectively.

d: INEQUALITY CONSTRAINTS ON THE TRANSMISSION
POWER OF CONNECTING PIPES BETWEEN THE HEAT
NETWORK AND EACH IES

A ! !
Pupar 1esimin = Prear 1gsi = Puear Bsimax (17
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where, Pupat Esi max@4PHEAT [ESimin &r¢ the upper and
lower limit value of thermal power transmitted by hot water
pipes between the heat network and each IES in the park at
time ¢, (kW), respectively.

D. LOWER OBJECTIVE FUNCTION
The lower optimization goal is to minimize the economic
operation cost of IESs in the park. The operating cost of IESs
mainly includes the gas acquisition cost and the operating
cost of each piece of equipment. Therefore, the lower level of
the optimization objective function Figs is shown as follows:
Q Q
min Figs = » Clys =Y (Clpy+Cloy) (18
i=1 i=1
Here, C, 1Es 18 the economic operating cost of i-th IES,
¥). Cl putepresents the gas purchase cost of MT in i-th IES,
). CI)OM means the total operating cost of integrated energy
supply and storage equipment in i-th IES at time ¢, (¥¢). Q2 is
the number set of IESs in the park.

T N

Rru
i~ 12 [ (£ 01
,FU HFU p X_:l levMT 77MT
X_
+ (@i gagr/ncB) (19)

where, Rpy is the price of natural gas, (¥/m3). Hryis the
low calorific value of natural gas, (kWh/m3). nMmt and ngs
represent the electricity generation efficiency of MT con-
sumption of natural gas and the heat generation efficiency of
boiler consumption of natural gas, respectively. )i indicates
the number of MT equipment.

Ciom = Cipv_oMm + Ciwr_om + Cimt_om + CiEs
T T

Cipv_om = Z (cpvPipy): CiwT_om = Z (cwi Pl wr)
t= l t=1
o

CiMT OM = ZZ (CthlX MT)

t=1 x=1
Cbt (P f,BT,d + ‘P ;,BT,C )
s =Y FCed (Q;,CD,d +1Qicpe
’ =1 | TChm <Q§,HT,d + ‘Q;HT,C )
TCng (Q;,NG,d + ‘Qf,NG,c )

(20)

Where, Ci,PV_OM’ Ci,WT_OM, Ci,MT_OM, andCi,Es means the
operating cost of PV, WT, MT, and energy storage devices,
(¥), respectively. cpy, Cwr, Curs Chrs Ced s Cht» and ¢ TEpTESEnt
the operating cost parameters of PV, WT, MT, battery, gas,
cold and heat storage tank device, (¥/kWh), respectively.
P! i py and P i wr are the output power of PV and WT at time
t, (KW), respectlvely Pl BT.c* Qf’CD’C, QiHT’C, and Q;NG’C are
the charging power of storage battery, gas, cold, and heat
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storage tank device at time ¢, (kW), respectively. Pﬁ BT.d>
Qi cpas Qinrgs and O g indicate the discharge power
of storage battery, gas, cold, and heat storage tank device at
time ¢, (kW), respectively.

E. LOWER OPTIMIZATION CONSTRAINTS

1) EQUALITY AND INEQUALITY CONSTRAINTS OF THIS
SECTION COMPRISE THE FOLLOWING

FOUR PARTS: (21) ~ (31).

a: THE LOAD POWER BALANCE CONSTRAINTS OF EACH IES
ARE AS FOLLOWS

N

PtWT+PzPV+Z( lXMT)+PlBTd + Piia_1Esi
x=1

= Pipre + Pipc + Pign + PipL
OinGa T Pas 15si =

+Qicomr + QigL
Qf ECex + Qi cpa + Qiacex + Peota_iksi

i, CD c + Ql CL
Qz e T Qinexer T Qintd T Phear 1si
= OQiyre + Qi

Oinex = Qi prEC.ex (

! !
Qinc,c T Qicocs

1 —w)+ 0!
i,GB,ex
{  _ pt f t
Pigr =Pig pr +Pis oL Pis pL

= Pﬁ,in,s,DL - Pi,de,SfDL
Oior=Qircr+ Qs o QispL
= Qf,in,s_GL - Q?,de,s_GL
OicL = Qircr +Qisc Qis cL
= Q?,m,s,CL - Q?,de,s,CL
Oim. = Qiam + Qiw

2n

Here, w is the waste heat distribution coefficient. P! i R_DL
and P! iS_DL in (21) are the rigid and shiftable electrical loads
(kW), respectively. Q R.GL and Q, s gL are the rigid and
shiftable gas loads, (kW) respectlvely QLR_CL and Qz,S_CL
are the rigid and shiftable cold loads, (kW), respectively.
P ?,in,s,DL/ P g,de,S,DL’ Q?, in,s_GL/ Q?,de,s,GL’ Q?,in,s,CL/ Q?,de,S,CL
are the shiftable electrical/gas/cold energy participating in
the virtual energy output increase/ decrease power of the
integrated DR program, (kW), respectively. ta', A pr s the
temperature-controlled hot air power load that the park i
supplies to end users at time #, (kW). in 1 is flexible hot
water power load that the park i supplies to end users at
time ¢, (kW).

b: ENERGY COUPLING CONSTRAINTS BETWEEN ENERGY
SUPPLY DEVICES
P ?,MT = Vmr - Q?,H-REC
COPwit - Qi ot = Pivr + Qinrec
?,GB,ex = COPgp - Q?,GzGB
Q?,H-REC,ex = COPRgc - Q?,H-REC
(22)
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where, P; \ir and Qf i are the output power of MT and GB
in each IES at time 7, (kW), respectively. O i rpc/Q; H.REC ex
represents the waste heat power input/output of waste heat
boiler at time t, (kW), respectively. Q?,GZGB/Q;,GB,ex means
the thermal power input/output of GB at time 7, (kW), respec-
tively. COPyr indicates the efficiency of converting natu-
ral gas to electricity for MT. COPgp and COPRrgc are the
thermal conversion efficiency of GB and waste heat boiler,
respectively.

¢: ENERGY BALANCE CONSTRAINTS BETWEEN ENERGY
SUPPLY DEVICES

t _ t t _ t
Qigcex = COPEC - Pipc, Qipp e = COPEH - Pipy
12 . 12 12 _ !
i,AC,ex — COPxc - Qi,AC’ Qi,AC =w- Qi,H—REC,ex
12 _ 12
Qi,H—EX,ex = COPyx - Qi,H-EX
(23)

where, Q! g, P gy, Of Ac» and O} gy are the input power
of EC, EH, AC, and H-EX at time ¢, (kW), respectively.

iECer Qiners Qiacer ad Qippx,, are the output
power of EC, EH, AC, and H-EX at time ¢, (kW), respec-
tively. COPgc, COPgl, COPac, and COPyx represents the
conversion efficiency of EC, EH, AC, and H-EX devices,
respectively.

d: ENERGY STORAGE DEVICES OF EACH IES CONSTRAINTS
+1

Wit,BT = Wil,BT (1 —op)
+ (oe.cP} gr.c = Pipr.a/rod) At

zt;]G = Wit,NG (1 - Ung)

+ (hng.cOinG.c — QinG.a/ tng.a) At
,tJEll) = Wit,CD (1 —oca)
+ (red.c Qi cp.c — Qhcp.al/red.a) At

Wit,J&]T =W/ pr (1 — o)
+ (MOl it o — Oh iy a/ *he.a) At
0 < Pyro/ONG/cp/ut.c < Ebt/ng/ed it c
Vot /ng/cd /ht.c - CaPly jng)ed /e
0 < Phra/ONG/cp/ut.a = Ebtyng/ed h.d
Vot fng/cdfhtd * CaPly ng cd e
WatinG/cpyur min < WG cp/HT

(24)

t
= WBTNG/CD/HT max
t _ 1
WetnG/cD/HT min = 0.2- Capyy ing/cd his

WetnG o/t .max = 092 - CaPly e scd e

where, )\bt,c/)"bt,dy )Vng,c/)\ng,dv )\cd,c/)”cd,d’ and )\ht,c/)\ht,d
represent the charging/discharging efficiency coefficient of
battery, gas, cold and heat storage tank devices, respectively.
Opt/onglocqlon: indicates the self-discharge efficiency coef-
ficient of battery, gas, cold and heat storage tank device,
respectively. W/pr/W/\o/W/cp/W yr means the storage
capacity of battery, gas, cold and heat storage tank at
time ¢, (kWh), respectively. Pf’ BT. C/Pﬁ’ BT.d» Qf’ NG. C/Qf, NG.d>
OQicpe ! Qiepgr and O yr JO; yr , means charging/
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discharging power of battery, gas, cold and heat storage tank
at time ¢, (KW), respectively. Vit /ng/cd/ht,c and Vbt /ngjed /ht.d
represent the maximum charge/discharge ratio of battery, gas,
cold and heat storage tank, respectively. &, Jngjed fht,c and
38 Ing/cd /ht.d Tepresent the variable of binary 0-1, respec-
tively. Wyrng/cp/urmin 809 WarnG,cp/pr max indicates
the minimum/ maximum energy storage of battery, gas,
cold and heat storage tank at time 7, (kWh), respectively,
Capj, Jng/cd e 18 the Tated capacity, (kWh).

e: INEQUALITY CONSTRAINTS FOR EACH
POWER SUPPLY DEVICE

! ! !
Pi,x,MT,min = Pi,x,MT = Pi,)(,MT,max
. t t—1
—Riy MT.anA? < Piy vt — P mr
< Ri,x,MT,upAt

s 3 s
Qi nRECmin = Zinrec = ZiH-REC,max (25)

s s r
Qi 626B.min = 9ic26B = 9iG26B,max
! ! ! !
Pipvmin = Pipv = Pipvmax: PiwTmin
' !
= Pi,WT = Pi,WT,max

where, Pf (MTmax @ Pi o v are thf? upper and
lower limit of the output power of MT at time ¢, (kW),
respectively. R; y mT,dn and R; y mt,up Tepresent the upper
and lower limit of climbing force constraint coefficient
sz MT, (kW[/min), resplectively.Qlf’H_REC’maX/Qf’H;REC’min,
Qi 6268,max’?i 6268 min’ Pipvmax/Pipvmins a4 P wr max/
P;WT’mm are the upper/lower. limits of the outpu.t power of
H-REC, GB, PV, and WT at time ¢, (kW), respectively.

f: INEQUALITY CONSTRAINTS FOR EACH ENERGY
CONVERSION DEVICE

Q%C,ex,min = Q%C,ex = Q%C,ex,max’ Q%H,ex,min

= Q;EH,ex = Q%H,ex,max (26)
QtAC,ex,min = QfAC,ex = QfAC,ex,max’ Q?—l—EX,ex,min

= Qil—EX,ex = Qil—EX,ex,max

13 t 13 3
where, QEC,ex,max/ QEC,ex,min’ QEH,ex,max/ QEH,ex,min’

13 t ! 13
Oac ex.max/ac.exmins N4 OHEX ex max/ CHEX ex,min TEPrE-
sent the upper/ lower limits of the output power of EC, EH,

AC, and H-EX at time 7, (kW), respectively.

g: INEQUALITY CONSTRAINTS ON THE TRANSMISSION
POWER OF LINK LINE BETWEEN EACH IES AND URBAN
DISTRIBUTION NETWORK

t t .

0 < Peria_iesi = Pgria_igsi,max:
t !

0<P gas_IESi <P gas_IESi,max (27)
t ! .

0= PheatJESi = PheatJESi,max’

! !
0 < Peoia iesi = Peota_1esimax

t ! !
where, Po.ii 1£si max: Poas 1E5i.max> Lhear_1Esi max> a0
P! 4 1Esi max ar€ the upper limit of the transmission power of

the connection line between each IES and urban distribution
network at time ¢, (kW), respectively.
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oo

The urban is responsible for the unified allocation of the whole total carbon
emission target value (urban RIES itself and park IESs)

Initial each park IES datas (including equipment operation parameters,
coupling variables, initial value of first/second term multiplier of penalty
function, and set k= 1)

TEST economic

IESi ecconomic
scheduling

1ES2 cconomic
scheduling

scheduling

all park TESs economic
scheduling converges?

Output and save the lower-level coupling variables and actual carbon
emissions of each park IES, respectively
1

To

¥
['ransmit the Lower level of coupling variables and actual carbon emissions
to the upper Level of urban area, and Set the iterative precision of coupling
variables difference

BT

‘ Initial DN datas ‘ ‘ Initial NG datas ‘ ‘ Initial ITWP datas

1 ¥
[ DNeconomic | | NGeconomic | [ HWPeconomic |
‘ scheduling ‘ | scheduling scheduling

cheduling converges?

Output and save the upper-level coupling variables and actual carbon
emissions of utban RIS, respectively

To

Is the converge condition satislied according to (37)?

e )

FIGURE 4. Flow chart of the proposed bi-level iterative algorithm.

h: CARBON EMISSION CONSTRAINTS OF EACH PARK IES
BASED ON REAL-TIME ENVIRONMENTAL MONITORING

N

cchp

Z Z( l)(MT) +Q1HREC+PIGZGB

=1

D carbon,park, i

A
t,8 __ _cchp
carbon,park,i — Te Z i,a, MT+Q1 H-REC Ql G2GB
a=1

D5

_ t,8 3
carbon,park,1 — 2 :Eca.rbon park,1° D carbon,park,2

Z carbon park,2

t=1
T

) _ t,8
Dcarbon,park,3 - Z Eca.rbon,park,3
t=1

(28)

where, 757 is the carbon emission intensity coefficient of
integrated energy supply of each IES in unit time, (tkWh).
Dcarbon park,i is the. upper limit of IES’§ tot'al carbon emis-
sion quota constraint value, (t). Each historical total carbon
emission quota constraint value (Dcarbon park.1° Diarbon,park,Z’
and DcaIbon park, 3). can be obtained be'tsed.on real-time air
environment monitoring. When the historical accumulated
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FIGURE 5. Forecasted electricity, heat, natural gas and cold loads of park
IESs, along with photovoltaic (PV) and wind power (WT).

carbon emission data of each park is obtained, the historical
method based on historical carbon emission intensity can be
used to determine the initial carbon emission constraint tar-
get value [35]. Ecarbon park, i is the real-time carbon emission
of each IES optimized operation, (t/h). The third to fifth lines
in (28) indicate that the unified calculation of real-time car-
.o t, 1,8 1,8
bon .emlss1on Ecarbon,park,1/Ecz_irbqn,pa.rk,Z/Ecarbon,park,3 O.f e_aCh
IES in the lower park after optimization and the upper limit of
the total carbon emission quota constraint value of each IES

will be transmitted to the upper urban.

i: ELECTRICITY, NATURAL GAS AND COLD LOAD SHIFTING
The electrical, gas and cold loads of the park IESs comprise
the basic and shiftable loads, among which the total shiftable
electrical, gas and cold load increase or decrease should
equal the sum of the load change. The specific constraints
of shiftable electricity, gas and cold loads are as follows:

T T T
P =) P o
i,in,S_DL — i,de,S_DL> i,in,S_GL

=1 =1 t=1

T
_ Ql
- i,de,S_GL

=1

T T
>0 = ¢
i,in,S_CL — i,de,S_CL
=1 =1

0<PluspL =< &mna fin S_DL,max’

0= Pl de,S_DL — Ede dl zde S_DL,max (29)
0<QiinscL = Sin,ngi,in,S_GL,max’

0= Qides oL = Ede.gt Qi de.s_GLmax

0 = Q?,in,S?CL = ‘i:itn,cl Q?,in,S?CL,max’

0= QidescrL = et de.s_cLmax
0<é&na+Eiea =L &na Etea €01}
0= ém ,8l + gctle,gl =1, Eitn,gl’ E(;e,gl € {O’ l}
0 = gin,cl + gzge,cl = l’ Sitn,cl’ %_ttle,cl € {O’ 1}

A
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TABLE 1. Prediction parameters of outdoor temperature changes.

uul OC
1 2 3 4 5 6 7 8 9
26.8 26.8 26.8 26.8 26.8 27.5 28.9 30.4 31.8
10 11 12 13 14 15 16 17 18
332 344 354 354 354 354 33.2 31.8 29.9
19 20 21 22 23 24 Park IES1
28.2 27.7 26.8 26.8 26.8 26.8
o
out C
1 2 3 4 5 6 7 8 9
25.8 25.8 25.8 25.8 27.7 28.9 31.3 32.0 31.3
10 11 12 13 14 15 16 17 18
30.6 31.8 32.8 342 347 34.7 32,5 30.6 31.8
19 20 21 22 23 24 Park IES2
31.8 31.1 28.9 27.0 25.8 25.8
t
Tl °C
1 2 3 4 5 6 7 8 9
25.0 25.0 25.0 25.0 25.0 26.0 28.0 31.0 33.0
10 11 12 13 14 15 16 17 18
34.0 35.0 35.0 35.0 35.0 35.0 34.0 33.0 31.0
19 20 21 22 23 24
Park IES3
29.0 29.0 29.0 27.0 25.0 25.0

! ! t
wilere Pi,in,S_DL,max/tPi,de,S_DL,max ,t Qi,in,S_GL,me_lx/
i,de,S_GL,max and Qi,in,SfCL,max/Qi,de,SfCL,max in (29) .repre—
sent the allowable maximum change power of the shiftable

electrical, gas and cold load, (kW). Em > Et’l.e’ a & g,, &l de.gl"
Sm o and 34 de.c; are binary 0-1 variables.

We adopt the equivalent thermal parameter model [29]
based on circuit simulation for the study of building air
temperature control loads in the park. Therefore, based on
this equivalent model, the constraints of the power equivalent
model of the flexible cooling or heating supply for end-users
in the park can be obtained as follows:

Tt

out

Tl‘

in,opt
R K
T T
r_ t
Z Qair - Z Qair,fore
t=1 =1

;ir Jore ( + s;ir 7) = alr = Qazr Jfore (1 + géir,Jr)
0.8 Qalr f()re = Qalr <12x Qatr foret

12 | oul

air,fore - air =

t

%_; __ Yin,min — “in,opt Et __ Yinmax — “in,opt
= Eir =
air ATI i air ATatlr
AT;”. |Tt - Tt Titn € [Tin,minv Tin,max]
(30)
where Ql air fore is the predicted cold and heat load demand

power at time ¢, (kW). The second constraint in (30) means
that the sum of the heating and cooling virtual energy supply
is equal to the sum of the power demand. 7}, opt is the
comfortable indoor temperature in the office bu11d1ngs of the

park at time ¢, (°C). T}, and T!  in (30) are the indoor and

l 1,out
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outdoor air temperatures of buildings, (°C). R is the equiv-
alent thermal resistance of buildings, (°C/kW). Tf in.min and
Tlt in.max are the allowable minimum and maximum indoor
temperature fluctuations change, °C, respectively. The third
and fourth constraints in (30) mean that the cold and heat
power in the park can be flexibly regulated by the air tempera-
ture values. ATIt is the difference between the comfortable
indoor temperature and the outdoor temperature at time ¢
©O). é;ir’_ and Eair’ . are the fluctuation parameters of cold
and heat loads.

Considering the widespread application of indoor hot water
supplies in buildings, we establish the constraints of the
indoor flexible heating water supply load power equivalent
model [29] and the specific constraints as follows:

' _ t t gt
{ iWA Jore — Vi ws,cold (Tl ws Ti,ws,cold)

ZQz W_HL — ZQI ws,fore

Qi,wsfore (1 + sWx,—) — Qﬁ,W_HL
= Q?,ws,fore (1 + %—fvs,Jr)
0.8 % Q;,ws,f;}re = Q;,W_[HL = 1.2 % Q;,ws,fore

Cwater

%_; _ i,ws,min Ti,ws,opt
s
ws p i
i,ws,opt i,ws,cold
t t
St _ I,ws, max Ti,ws,opt
ws, -
+ t _ Tl‘
i,ws,opt i,ws,cold
t t
AT: ws Tz ws,opt Ti,wx,cold ’
t t t
Ti,ws € [Ti,ws,min’ Ti,ws,max]

€1y}
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TABLE 2. Prediction parameters of storage volumes of cold water instead of hot water.

V.M (t) / L — Park IES1

1 2 3 4 5 6
1984.50 1984.50 1984.50 1984.50 1984.50 2232.56
7 8 9 10 11 12
2728.68 322481 3720.93 4217.05 4630.49 4961.24
13 14 15 16 17 18
4961.24 4961.24 4630.49 4217.05 3720.93 3059.43
19 20 21 22 23 24
2480.62 2315.25 1984.50 1984.50 1984.50 1984.50
Vs (t) / L — Park IES2
1 2 3 4 5 6
1653.75 1653.75 1653.75 1653.75 2315.25 2728.68
7 8 9 10 11 12
3555.56 3803.62 3555.56 3307.49 3720.93 4051.68
13 14 15 16 17 18
4547.80 4713.18 4713.18 3968.99 3307.49 3720.93
19 20 21 22 23 24
3720.93 3472.87 2728.68 2067.18 1653.75 1653.75
Vs (t) / L — Park IES3
1 2 3 4 5 6
1378.12 1378.12 1378.12 1378.12 1378.12 2101.64
7 8 9 10 11 12
2756.24 3617.57 4134.37 4823.43 4823.43 4823.43
13 14 15 16 17 18
4823.43 4823.43 4823.43 4823.43 4134.37 3652.02
19 20 21 22 23 24
3100.78 3100.78 3100.78 2480.62 1722.65 1722.65
TABLE 3. Parameters of equipments.
Parameters Value Parameters Value
Pur 120 kW Rurn 60 kW/min
ORrREC 180 kW ives 0.3
Ocs 100 kW ey 0.73
Ou-ExXex 135 kW o) 0.8
Prcex 80 kW Vit 1.5
Prpex 100 kW COPyr 0.35
OAcer 90 kW COPgp /COPyx 0.9
Cu 0.029 ¥kWh COPrc/COPyis 3.0
Cp 0.025 ¥/ kWh COPc 1.2
Cot 0.025 ¥/ kWh COPric 0.73
Cy 0.028 ¥/ kWh Poria_1Esi, max 200 kW
C. 0.016 ¥/ kWh Poas 17, max 300 kW
Cu 0.018 ¥/ kWh Pheat_1ESi, max 200 kW
Cu 0.038 ¥/ kWh Peota_tesi, max 200 kW
Rru 345 ¥/m’ ngmLmax 500 kW
Hzy 9.78 kWh/m’ Pgem, max 200 kW

where the first constraint in (31) is the forecasted indoor
flexible hot water demand that can maintain an optimal water
storage temperature for users. Cyqer 15 the hot water parame-
ter (kWh/(L-° C)), and Vl.’ ws.cold 18 the storage volume of cold
water instead of hot water at time 7 (L). th ws.cold is the tem-
perature at time ¢t when cold water replaces hot water at time

62352

t (°C). T} is the storage temperature of hot water at time ¢
o 0 t .

( C)? T} \s.max and Ti’ws’min are the allowable minimum and
maximum hot water storage temperatures (°C), respectively.
T! opt is the comfortable indoor hot water temperature value

at time ¢t (°C). The third constraint in (31) ensures that the
sum of the hot virtual power supply is equal to the sum of the
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TABLE 4. Initial carbon emission constraint values of urban les.

K 3 K K k K
Dearbon.e, Dearton.e; Dearbon park,1 Diarbon,park,2 Dearbon,park 3 Diarbon
TABLE 5. Scenario settings.
. With carbon
. . With carbon gy
Scenarios Without carbon . emission
. .. . emission X
Setting emission constraints . constraints and
constraints
IDR
1 v X X
2 X R X
3 X R \/

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

TABLE 6. Comparison of the power loss of the upper urban RIES from
scenarios one to three.

Scenarios  Fpy (kW) Fyg (kW) Fjjyp (kW)  Total Loss (kW)

1 302 44643 1566 46511

2 295 44654 1799 46748

3 254 43803 1708 45765
Resulta  1(-2.3%) —(0%) T(+14.8%) T(+0.5%)
Resultb  1(-15.9%)  (-1.9%) T(+9.1%) L(-1.6%)

users’ demand. Q; ws.fore TEPTESENLS the predicted hot water

load demand power (kW). &/ and &/ , are the fluctuation
Ay 1 1

coefficient (?f .hot water loaq. T; \ps.min @nd T o are the

allowable minimum and maximum hot water storage temper-

ature at time ¢ (°C).

IIl. BI-LEVEL DECENTRALIZED OPTIMIZATION

SOLUTION STRATEGY

The bi-level optimization model constructed in this paper
aims to optimize the network loss of the urban at the upper
level and minimize the comprehensive economic operation
costs of park IESs at the lower level.

A. LINEARIZATION OF THE MODEL

Due to the existence of nonlinear terms in formula (1) and (4)
in the model, to reduce the difficulty of optimization solution,
we consider that the urban RIES nonlinear optimization prob-
lem with park IESs can be transformed into a mixed integer
optimization problem to solve it. Then, Second-order cone
programming (SOCP) is used to perform equivalent trans-
formation for the quadratic equation model in LinDistFlow
model of the distribution network [12]. However, for the
quadratic equation model in the distribution network model,
the piecewise linearization method can be adopted to perform

the equivalent transformation in the original model (Qfd)

and (pt)? [12].

In addition, considering the complexity of the first line
of formula (11) in the upper optimization constraints of
urban RIES, we refer to the voltage amplitude processing
method of each node in the distribution network constraints

VOLUME 10, 2022

TABLE 7. Comparison of the operating cost of the lower park system
from scenarios one to three.

Scenarios Fra ® Fire, ® Fre; ® Total Cost (¥)

1 4593 304.8 3333 1097.5

2 4382 312.6 333.7 1084.5

3 35.8 38.7 38.3 112.8
Result a L(-4.6%) T(+2.6%) —(0%) L(-12%)
Result b L(922%)  L(-87.3%)  1(-88.5%) 1(-89.7%)

for equivalent processing, that is, we consider replacing the
quadratic pressure difference of natural gas nodes in the
distribution network with a quadratic pressure difference

(vi —21).

B. APPLICATION OF ANALYTICAL TARGET CASCADING
Analytical target cascading (ATC) is an effective method to
quickly solve decentralized [37], hierarchical coordination
problems. It allows each subject in the hierarchy to make
independent decisions, coordinates and optimizes the deci-
sion between each subject and each sub-subject, and obtains
the overall optimal solution of the system.

ATC transfers the optimized coupling variables of each
principal system to the objective optimization function of
each sub-principal system. Then the optimized coupling vari-
ables of each sub-principal system are transferred to the
objective optimization function of each principal system.
Therefore, the coupling variables of each link line are decou-
pled. The first and second terms of the Lagrange penalty
function are introduced into the objective function of each
agent, respectively, to ensure the optimization of each agent.
Compared with other optimization methods, the objective
cascade method has the advantages of parallel optimization,
unlimited series, and strict proof of convergence. Therefore,
we adopt the improved ATC algorithm to solve the above
bi-level decentralized coordinated optimal scheduling model,
and the optimization problem is described as follows:

C. THE OBJECTIVE FUNCTIONS OF POWER/GAS/HEAT
DISTRIBUTION NETWORK IN THE UPPER URBAN

CAN BE RESPECTIVELY CONVERTED INTO THE
FOLLOWING FORM:

ot
min Fpy

T
— Frn t ! [
= Fpn + Z Z Z @ [PA,GD_IESi - PA,gridJESi]

t=1 ien i€lES

T
2
+ Z Z Z S [Pf\,GD_IESi - Pf\,grid_IESi] (32)

t=1 Aen i€lES

T
t t !
= Fne + Z Z Z w,, - [PV,GAS_IESi - Py,gas_IESi:I

t=1 yek iclES

T
2
+ Z Z Z Sy [P;,GAS_IESZ‘ - P;/,gas_IESi] (33)

t=1 yenielES
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TABLE 8. Comparison of the carbon emissions of the urban RIES from scenarios one to three.

Scenarios D:mbon,el Dfarbon,ez Dckarbon,park,l D:arbon,park,l Dckarbon,park 3 Total (t/day)

1 25.44 1.40 0.20 0.12 0.14 27.30

2 25.18 0.45 0.18 0.12 0.13 26.08

3 23.56 0.36 0 0 0 23.92
Result a L (-4.5%) 1 (-67.8%) L(-2.8%) —(0%) 1(-0.01%) L(-4.5%)
Result b L (-7.3%) 1 (-74.3%) 1 (-100%) 4 (-100%) 1 (-100%) $(-12.4%)

TABLE 9. Comparison of the total output power of devices with carbon
emission sources in the upper urban regional from scenarios one to three.

TABLE 10. Comparison of the total output power of devices with carbon
emission sources in the lower park IES1~3 from scenarios one to three.

Total output

IES1- Total output

Scenarios P8 (kW) FPgon, (kW) Pgg,y (kW) power (kW) Scenarios 11 (W) uaee (W) Qe (W) power (kW)
1 11738.6 2380 11820.9 25939.5 1 232.89 349.34 258.46 840.69
2 11718.1 704.2 11595.7 24018.0 2 210.94 316.41 259.89 679.81
3 11310.0 569.4 10499.0 22378.4 3 0 0 0 0
Result a L(-0.2%) L(-70.4%) L(2.0%) L(-7.4%) Result a 1(-9.4%) 1(-9.4%) —(0%) L(-19.1%)
Result b U(-3.5%) $(-19.1%) 1(-9.5%) L(-6.8%) Resultb  1(-100%)  (-100%) L(-100%) $(-100%)
min F¢ IES2— Total output
HWP T Scenarios Rir (W) Quc kW) Ogay (kW) power (k{)V)
1 191.27 286.91 4830 526.48
= Fawp + Z Z Z - [P pHEAT tES; — P fﬁ,heat_lESi] 2 195.52 293.28 43.76 532.57
t=1 yek iclES 3 0 0 0 0
T 5 Result a T+22%)  T(+2.2%) $(-9.4%) T(+1.2%)
+ Z Z Z 5‘(; . [P;)HE AT IESi — pryhem_IESi] Resultb  $(-100%)  L(-100%)  L(-100%) L(-100%)
t=1 ¢en iclES
(34) IES3— Total output
scomrios P OW) O (W) Qg (W) 00 0
1 104.05 156.07 317.54 577.67
D. THE OBJECTIVE FUNCTIONS OF EACH IES IN THE 2 101.65 152.47 31755 571.67
LOWER PARK CAN BE RESPECTIVELY CONVERTED 3 0 0 0 0
INTO THE FOLLOWING FORM Result a U(-2.3%) L(-2.3%) < (0%) L(-1.0%)
Result b L-100%)  L(-100%) $(-100%) L(-100%)

T Q
min FIZES = Fps + Z Z Za)i

t=1 Aen i=1
(P - P
A, grid_IESi *,GD_IESi

r 2
+ Z Z Z Si - (Ptx,gridJESi - P&,GD_IES:‘)

t=1 Aen i€lES

FYY Y

=1 yek icIES

g 2
+ Z Z Z §;t/ : (ng,gas_IESi - P;/,GASJESi)

s ¢
(Py,gasJESi - Py,GAS_IESi)

t=1 yenielES
T

13 ! !
+ Z Z Z @y (P ¢.hear_1Esi — P ¢HEAT_IESi)
t=1 yek i€lES
T 2
+ Z Z §<§> : (P fp,heaz_IESi —P ipHEAT_IESi)
t=1 pen iclES

(35)
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Here, P tx,GD_EHi’ P ;/,GAS_EHV and P prEAT_EHi represent
the coupling variable of transmission power between the
upper power, gas, and heat distribution network and each IES
in the lower park at time 7, (kW), respectively. o), a);, and
!, mean the first term multiplier of the Lagrange penalty
function for the objective function of power, gas, and heat
distribution network at time #; ¢ , g;, and g(; are the quadratic
multiplier of Lagrange penalty function for the objective
function of power, gas, and heat distribution network at time 7,

respectively.

E. THE CONVERGENCE CRITERION AND LAGRANGE
MULTIPLIER RENEWAL PRINCIPLE

The optimized coupling variables of each principal system
in upper/lower regions can be iteratively transferred to each
other by ATC to ensure the optimal goal of each princi-
pal system. Therefore, whether the difference of the opti-
mized coupling variable and objective function between the
upper/lower-level system meets the accuracy requirement as
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the convergence condition is considered in this paper, the
details are as follows:

AP} Goigria_tesi = |P j{,kGD_IESi - Py qund IESi| = €1
AP Gasigas_isi = |P ;/’,kGASJESi —P ;/];as IESt‘ =&l
AP wEAT/hear_1Esi = |P ;;{(HEAT_IESi — P fpkheaz IESi| = €1
AFfy = [FEE = FE < e
ARG = |Fxg — Fg || < &
AFfywp = ‘FHWP - FI(—ZI’\I;EI‘ = €23
AFjgs; = ’FIESz Ff]élé;l = €3
(36)

Here, €1, &2, and e3 represent the convergence accuracy
of the difference of coupling variable and the difference of
objective function between the upper and lower systems in
the urban area, respectively.

If the above convergence criterion cannot satisfy the
formula at the same time, the Lagrange penalty function
multiplier should be updated according to the following for-
mula (37), the details are as follows:

2
t,k t,k—1 tk—1 t t
;" =y +2< ) [P %.GD_1Esi —F A,grid_IESi:I
tk_IB )th 1, 2<’3 <3

t.k __ tk 1 t,k—1 t t
wy +2< ) [P v,GAS_1ESi —F y,gas_IESi]

—ﬁg”‘ ho2=p =3
t,k t,k—1 t,k—1
Wy =gt 42 ( ) [P pHEAT 1ESi —P zb,heutJESi:I
cif=psy* "t 2<p<3

37)

To accelerate the convergence speed of ATC, the value of
B in (37) is set as 2.5, and the value of the Lagrange penalty
function multiplier in (37) is uniformly set as 1.5.

F. THE SOLUTION FLOW OF BI-LEVEL DECENTRALIZED
OPTIMIZATION ALGORITHM

The process of urban RIES bi-level decentralized coordina-
tion optimization algorithm based on ATC with IESs in the
park is shown as follows:

Step 1: Input carbon emission constraint value distribution
parameters and system equipment parameters of urban RIES.
Set the initial value of the system coupling variable, the
initial value of the first and second multiplier of the Lagrange
penalty function, and the initial value of the iteration k = 1.
The primary variable zero matrix is reserved for data record-
ing observation.

Step 2: According to formula (35), (18), and (31),
the optimization problems of IES in the lower park
are solved respectively. Then, the solved coupling vari-
ables (Ptx, g”.dJESl-/P;/’ ¢ aUESi/P;)’ hear_jEsi) Ar€  transmitted
to the upper power/gas/heat distribution network sys-
tem for optimization, and the real-time carbon emissions

VOLUME 10, 2022

t,8 .8 t,8 :
(Ecarbon park, 1/Ecarbon ,park, 2/Ecarbon park, 3) of IESs in the lower

park after optimization are transmitted to the upper.
And then update the carbon emission constraint value
D éarbon,park I/D carbon,park, 2/ D garbon,park,S) of IESs decom-
posed from the upper urban area to the lower park.

Step 3: When the upper power distribution system receives
all the data transmitted by each IES in the lower park. Accord-
ing to the formula (32), (4) ~ (8), (A.5) ~ (A.6), (33), (2),
(9) ~(10), (12) ~(13), (A.12), (A.14), (A.16) ~ (A.18), (34),
(3), and (14) ~ (17). The optimization problem of the upper
urban power/gas/heat distribution network system is solved,
and the real-time carbon emission (E": Cmbon o /E" Carbon ez) after
the optimization of the power distribution network is trans-
mitted to the upper layer, to update the carbon emission con-
straint value (D° /Diarbon e) decomposed by the urban
itself.

Step 4: Refer to Formula (36) to check whether the con-
vergence conditions of the optimization algorithm meet the
convergence criteria. If convergence, the iteration is termi-
nated and output the optimal scheduling results. If not, set
k = k + 1, update the multiplier of Langerin penalty function
by Formula (37), then return to Step 2, and then continue
iterative solution.

The flow chart of the proposed bi-level iterative algorithm
is shown in figure 4.

carbon, e

IV. CASE STUDIES

A. CASE DESCRIPTION

This section establishes a bi-level decentralized optimal low-
carbon economic dispatch model for urban RIES with park
IESs considering the optimal allocation mechanism of carbon
emissions. The model and algorithm in this paper are written
in Matlab2017a and run on a computer with an Intel Core i5
52570 CPU, 3.00 GHz main frequency and 8 GB memory.
The correctness and validity of the proposed method are
verified by three cases of different scenarios. In this case, the
urban area as a whole is divided into a bi-level decentralized
coordination structure of upper RIES and lower IESs. Among
them, the upper urban considers three network structures:
power, gas, and heat distribution network. Each distribution
network has its conventional loads, the node 24 and 29 of
the network are connected to two dispatchable coal-fired
generating units (gm; and gm3), node 7 is connected to a
diesel generating unit (gmy), and node 32 is connected to a
set of battery storage (DN-battery) equipment.

Three different electrical/gas/heat/cold rigid loads and
flexible loads are also considered in the lower park area. It is
assumed that the total power of electricity/gas/ heat/cooling
predicted by the lower level IES is equal, which is 4095, 3024,
5364 and 4335KW respectively. The flexible load of electric-
ity/gas/cold in the lower layer of the park is shiftable load,
and the flexible heat load includes flexible air heating and
hot water supply temperature loads, which account for 60%
and 30%, respectively. In addition, the wind and photovoltaic
power generation equipment (WT and PV) are also contained
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FIGURE 6. Power balance optimization scheduling results of park areas IES in different scenarios.
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FIGURE 6. (Continued.) Power balance optimization scheduling results of park areas IES in different scenarios.
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FIGURE 8. Power balance optimization scheduling results of park IESs in
scenario 2.

in the park IESs, which are typically represented by the pre-
dicted curves of load and rated output power of WT and PV
on a certain day, as shown in figure 5. Refer to tables 1 and 2
for the prediction curves of outdoor temperature and storage
volume of cold water instead of hot water in different urban
areas on a certain day. The equipment parameters of the cal-
culation example are shown in table 3, and the initial carbon
emission constraint value of urban RIES (t/day), as shown
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in table 4 [35]. The symbols and descriptions of the main
equipment types of IES in the lower park area are shown in
section 2.1, and the Lagrange function multiplier parameter
of ATC algorithm is shown in formula (37).

In fact, the carbon emissions generated by the whole urban
depend on the operation of equipment with carbon emission
sources in the upper and lower areas, respectively, which
depends on the load distribution of the upper urban distribu-
tion network itself and the comprehensive energy consump-
tion of IES in the lower park.

B. SCENARIOS DESCRIPTION

In this paper, the following 3 different scenarios are set for the
analysis of the network loss of upper urban regional power,
gas, and heat distribution network, the economic operating
cost and corresponding comprehensive energy consumption
of park IESs, the carbon emissions of each system in the urban
RIES, and the convergence characteristics of the algorithm.
By analyzing the differences between the data of multiple
types of indicators in the above different scenarios, it is
helpful for urban to build a reasonable regional low-carbon
RIES. The details are shown in table 5.

In table 5, scenario 1 does not consider the overall carbon
emission constraints of urban RIES, while scenario 2 consid-
ers the overall carbon emission constraints of the urban based
on real-time environmental monitoring of urban RIES. Based
on scenario 2, scenario 3 further considers the end users of
park IESs to participate in integrated demand response (IDR).

C. OPTIMIZATION RESULTS ANALYSIS

1) NETWORK LOSSES, COSTS, AND CARBON EMISSIONS
NUMERICAL ANALYSIS

Table 6 shows the comparison and analysis results of network
losses of the upper urban power distribution/gas/heat network
system in scenarios 1, 2, and 3. Table 7 shows the comparison
and analysis results of system operating cost of IES1~3 in
scenarios 1, 2, and 3. Table 8 shows the comparison and
analysis results of carbon emissions of the upper urban distri-
bution system and the lower park IESs in scenarios 1,2 and 3.
Results a and b in tables 6, 7, and 8 represent the comparison
results of scenarios 1 and 2, and 1 and 3, respectively.

In table 6, compared with scenarios 2 and 1 (see the
result a), the network loss of the upper urban regional dis-
tribution network system is reduced by about 2.3%, and
the network loss of the gas distribution network system is
almost unchanged. However, the network loss of the heat
distribution network system is increased by about 14.8%,
which also indirectly led to the total network loss of the
upper urban regional distribution network system increased
by about 0.5%. Compared with scenario 1 (see result b), the
network loss of power and gas distribution network system is
reduced by 15.9% and 1.9%, respectively. Although the net-
work loss of heat distribution network system is still increased
by 9.1%, however, compared with scenario 2, scenario 3
reduces the network loss of the upper urban power, gas,
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FIGURE 9. Real-time charging or discharging electric power of park IESs in different scenarios.

and heat distribution network system by about 13.9%, 1.9%, the network loss of the heat distribution network system
and 5.1% through introducing IDR to end users in the park, in scenario 3 still increases. However, the total network
respectively. Through data analysis, even based on scenario 1, loss of the urban RIES in scenario 3 is effectively reduced.
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FIGURE 9. (Continued.)Real-time charging or discharging electric power of park IESs in different

scenarios.

Therefore, the strategy in scenario 3 is better than that in
scenario 2.

In table 7, compared with scenario 1, the economic oper-
ating costs of park IES1 in scenario 2 are reduced by about
4.6%, those of park IES2 are increased by about 2.6%,
while those of IES3 are virtually unchanged. Although the
total operating costs of park IESs are reduced by about
1.2%, the effect is not obvious (see result a). Moreover,
the operating costs of each IES in the lower park area
are greatly reduced (see result b), and the total operating
costs of the lower park IESs are reduced by about 89.6%.
Therefore, the operating costs of park IESs in scenario 3 are
optimal.

In table 8, scenario 1 shows that the upper urban is respon-
sible for the initial carbon emission constraint upper limit
values of park IESs and the urban itself. When only the carbon
emission constraints are considered, the carbon emissions
generated by equipment with carbon emission sources in the
upper urban and lower park in scenario 2 are reduced by about
1.2 t/day and 0.03 t/day, respectively. However, according to
table 8, it is found that the carbon emission reduction effect
in the middle and lower levels of the park in scenario 2 is
not ideal (see result a). Therefore, the carbon emissions of
the upper urban RIES and the lower park IESs are further
optimized in scenario 3. And, the carbon emissions generated
by IESs in the lower park area are almost zero (see result b).
Therefore, scenario 3 has the best carbon emission reduction
effect.

Overall, the bi-level carbon-constrained optimization allo-
cation mechanism is an effective IDR strategy, which can
greatly reduce total network loss of the upper urban RIES,
decrease the operating cost of park IESs, and further reduce
the overall carbon emissions of urban. Even, to a certain
extent, zero carbon emissions can be achieved in the park,
which can ultimately ensure the overall environment of the
urban.
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2) THE TOTAL OUTPUT POWER OF GM1, GM2, AND GM3
NUMERICAL ANALYSIS

Table 9 shows the total output power of main devices (gm,
gmyp, and gm3) with carbon emission sources in the upper
urban RIES, which are described as follows.

In table 9, in scenarios 2 and 3, the output power of the
dispatchable diesel generator unit (gm;,) decreases by about
70.4% and 76.1%, respectively. Then, the output power of
the coal-fired generator unit (gm3) decreases by about 2%
and 11.2%. Compared with scenario 2, the total output power
of generator sets (gm1, gmy, and gm3) with carbon emission
sources in the power distribution system of upper urban in
scenario 3 is further reduced by about 6.8%.

3) THE TOTAL OUTPUT POWER OF MT, H-REC, AND GB
NUMERICAL ANALYSIS

Table 10 shows the total output power of devices (MT,
H-REC, and GB) with carbon emission sources in the lower
park area of IES1, IES2, and IES3.

Combining the analysis in tables 10, 8, and 9, in scenario 2,
the total output power of each device with carbon emis-
sion source in each park may decrease, increase or remain
unchanged. However, in scenario 3, the total output power
of equipment with carbon emission sources in the park will
reduced by about 100%, which can theoretically achieve zero
carbon emission in the park.

Combining the analysis in table 10 and figure 8, the IDR
strategy can smooth the energy consumption curve of each
end user relatively, and achieve the effect of peak clipping
and valley filling, and greatly improves the user’s energy
consumption comfort (refer to figure 8).

4) THE SYSTEM OPERATING RESULTS

COMPREHENSIVE ANALYSIS

Figure 6 shows the comparison of real-time charging/
discharging power of energy storage devices on the
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FIGURE 10. The convergence property of system coupling variables between the upper urban RIES and the lower park IESs under

different scenarios.

distribution network side, the real-time active power injected
by power nodes in the power distribution network, the
real-time natural gas flow output by natural gas source points
in the gas distribution network, and the real-time thermal
power output by heat source points in the heat distribution
network under different scenarios. Figure 8 shows the opti-
mization dispatching results of real-time power balance out-
put power curves of each IES in the lower park under different
scenarios. Figure 9 shows the real-time charging/discharging
state of battery, cold/ heat/gas storage devices of each IES in
the lower park under different scenes.

Combining the analysis in table 9 and figure 7, the real-
time status of scenarios 2 and 1 are basically the same.
In scenario 3, the charging/discharging status of the battery
storage device on the side of the upper urban RIES. However,
the real-time active power injected by the power supply and
heat source nodes has a certain influence on the output of
the devices with carbon emission sources, while the real-time
gas flow injected by the natural gas source node is almost
unchanged.

According to figure 9, the battery device of IES3, cold and
gas storage tank devices of IES1~3, and heat storage tank
device of IES1~2 in the lower level of the park are basically

VOLUME 10, 2022

not in operation. However, the battery device of IES1~2 has
a more frequent charge/discharge state, and only the heat
storage tank device of park IES3 stored and released heat for
part of the time.

Therefore, we can basically confirm that the regulation
of energy storage devices in the upper urban RIES and the
lower park IESs is an indirect factor to reduce the overall
urban regional carbon emissions. However, the regulation of
electricity and heat power injected by power nodes and heat
nodes of the distribution network is the main factor to reduce
the urban regional overall carbon emissions. In addition,
we also need to specifically analyze how the upper urban
power, gas, and heat distribution network system optimally
discretely coordinates the operation of each IES in the park,
as shown in figure 6.

Combining the analysis of figure 6 and figure 8, the operat-
ing state of scenario 3 is the best. Compared with scenario 2,
the energy load of each IES in the lower park area tends to be
stable. Among them, the gas/cold power transmitted by the
upper urban RIES to the lower park IESs can mostly meet the
use of gas/cold energy users. The heat power used by ther-
mal users is satisfied by the heat transmission power of the
heat distribution network system and EH equipment, while,
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FIGURE 11. The iterative convergence characteristic curves of the
objective function difference of park IESs under different scenarios.

the power of electricity users is met by the transmission power
of the distribution network system, WT, and PV devices,
and so on. Through comparison, it is found that all types
of energy storage devices in the lower park are barely used,
and most energy conversion devices (such as EC, AC, HX,
etc.) are not used. On the one hand, it is because we have
introduced the bi-level optimal control strategy of carbon
emission in urban areas. On the other hand, it is because we
have introduced IDR program for electricity, gas, cold, and
heat for all end users in the park area. Therefore, we can
better realize the minimum network loss of the upper urban
RIES, the minimum operation cost of the lower park IESs,
and maintain the overall environment of the urban region to
maintain the best.

D. CONVERGENCE OF BI-LEVEL DECENTRALIZED
OPTIMAL METHOD
In section three, the improved ATC algorithm is proposed to
solve the bi-level iterative decentralized optimization prob-
lem, and the parameters of the above method are given. In this
paper, figure 10 shows the convergence property of coupling
variables between the upper urban RIES and the lower park
IESs under different scenarios. Figure 8 shows the conver-
gence characteristic curves of objective function difference
iteration of each park IES under different scenarios.

In figures 10 and 11, the improved ATC algorithm pro-
posed by us can converge in different scenarios. Among
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them, scenarios 1, 2, and 3 completed iterative convergence
at the 118th, 10th and 14th times, respectively. Therefore,
scenariol has the slowest convergence speed, followed by
scenarios 3 and 2. This is because we have introduced the
bi-level optimization allocation model of carbon emission
constraints in scenarios 2 and 3, which can reduce the
constraint space of the original system optimization oper-
ation. Scenario 3 introduces the IDR strategy on the basis
of scenario 2, which will inevitably lead to the increase
of a large number of interaction information of coupling
variables in the iterative process, especially affecting the
convergence rate of optimization of complex urban RIES.
Therefore, the convergence speed of scenario 3 is lower
than that of scenario 2. Even if the urban RIES has a large
number of initial parameters and iterative coupling variables,
scenarios 2 and 3 can quickly realize iterative convergence
without sacrificing accuracy. However, through the compre-
hensive comparison of the network loss of urban power,
gas, and heat distribution network, the operating cost, and
integrated energy conversion efficiency of park IESs, and
the overall carbon emissions of the urban area, even if the
convergence speed of scenario 3 is slightly lower than that
of scenario 2, the effectiveness of the proposed urban RIES
bi-level decentralized optimization scheduling model and the
improved ATC algorithm considering environmental con-
straints can be fully demonstrated.

V. SUMMARY AND CONCLUSION

This paper proposes a bi-level decentralized optimal low-
carbon economic dispatch model for urban RIES with consid-
eration of park IESs under the background of China’s urban
energy reform. The improved ATC method is adopted to solve
the bi-level decentralized iterative optimization model, and
three different types of scenarios in cases are used to verify
the effectiveness of this method.

The conclusions of this paper are summarized as follows:

1) Real-time air environment monitoring is adopted in the
urban RIES. According to historical data, the carbon emis-
sions of the unit integrated energy supply with carbon sources
of urban RIES and park IESs are constrained in real-time.
In addition, a bi-level carbon emission constrained optimal
allocation mechanism is constructed, which can determine
the actual carbon emissions and help the urban meet the
overall environmental requirements.

2) By decentralizing and coordinating the optimized oper-
ation of urban RIES and each park IES, the network loss of
the upper urban regional power and gas distribution network
system is reduced by about 15.9% and 1.9% respectively.
Although the network loss of the heat distribution network
is increased by about 9.1%, the total urban regional network
loss and carbon emissions are further reduced. In addition,
the total operating cost of the lower park system is reduced by
about 1.2%, which can almost achieve zero carbon emission
of park IESs.

3) The IDR program includes electricity, cold, gas, and
heat load shifting, a flexible cooling or heating power supply,
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and a flexible indoor hot water supply, which can not only
further reduce the operating cost and carbon emissions of
each park IES but also improve the comfort level of end users
and energy conversion efficiency of the park IESs.

4) An improved ATC algorithm is proposed, which can
not only arbitrarily set the initial value parameters of cou-
pling variables between the upper and lower systems but also
guarantee the privacy of urban RIES. Moreover, the feasible
region constraints can be continuously optimized and com-
pressed to achieve convergence quickly without sacrificing
convergence accuracy.

VI.

FUTURE WORK

Currently, there is no unified definition of integrated energy
efficiency of urban RIES. Therefore, how to build an effec-
tively integrated energy efficiency theory for the urban or
park RIES will be the focus of this study in the future.
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