E3S Web of Conferences 416, 01014 (2023)
OGEGS 2023

https://doi.org/10.1051/e3sconf/202341601014

Planning Model for Integrated Energy Supply System in Park
Level Regions Under the Energy Internet

Ailin Zhao*, Feng Jiang, Zequan Wei, Shimin Liu

Beijing Beibian MicroGrid Technology Co., Ltd, Beijing, China

Abstract. With the reduction of traditional fossil fuels and the increasing severity of environmental issues,
it is of great significance to study energy system planning and optimization models that complement and
integrate multiple energy utilization methods in the context of the energy internet for building an integrated

energy supply system. Firstly, this article divides the planning indicators of the regional integrated energy

supply system into four categories based on the goal of "two highs and three lows"; Secondly, analyze the
three key issues of exergy efficiency, economy, and multi energy coupling in regional integrated energy

planning; Finally, a multi-objective planning model for regional integrated energy systems that takes into
account equipment capacity planning and operation scheduling optimization is proposed, with the

optimization objectives of minimizing the annual value of full life cycle cost and maximizing efficiency, and
a double-layer optimization structure is designed for efficient solution.

1. Introduction

With the reduction of traditional fossil fuels and the
increasingly serious environmental problems it brings, it
is particularly important to absorb diverse energy cultures
and technologies, improve the utilization efficiency of
various energy sources, strengthen coordination and
optimization between energy systems, and achieve
complementary and mutually beneficial multiple energy
sources. In this context, regional integrated energy supply
systems have emerged[1]. In addition, with the energy
revolution, the proposal of the "Internet plus" strategy and
the development of renewable energy, the energy Internet,
as a new energy industry, has begun to emerge [2]. Guided
by the dual carbon goals and policies related to the new
power system, achieving a clean, low-carbon, safe, and
efficient energy supply and consumption system has
become an important task during the 14th Five Year Plan
period[3]. Therefore, under the energy internet,
establishing an energy system planning model that
complements multiple energy sources and integrates
multiple energy utilization methods can help build an
integrated energy supply system, promote the large-scale
utilization of renewable energy, and play a leading role in
the development of integrated energy supply system
planning theories and methods during the important
transition period of energy development.

At present, research on the planning of integrated energy
supply systems mainly focuses on optimizing the
configuration of equipment capacity with the main
objective of economy, supplemented by environmental
protection and reliability. Reference [4] proposes a two-
stage multi-objective  planning method for an
electrothermal coupled integrated energy system with the
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goal of optimizing investment and environment. On the
basis of achieving the goal, it considers the operational
characteristics of equipment to achieve optimal planning
for system operation. Reference [5] provides a reference
for the planning of site selection and capacity
determination of park level integrated energy systems by
constructing a fixed capacity planning model with
minimal upper layer network loss and optimal lower layer
economic efficiency. Reference [6] adopts multiple
objectives such as minimizing investment costs to
characterize the reliability and economy of the system,
and establishes a coupling model for the integrated energy
system of gas electricity interconnection. Reference [7]
divides the optimization of integrated energy systems into
two layers: energy allocation and comprehensive
economy. The two-layer optimization method of second-
order cone algorithm is used to reasonably optimize the
comprehensive planning of multiple energy systems
coupling. Reference [8] proposes an optimized
configuration scheme for a park level integrated energy
system with the goal of minimizing the annual cost of the
entire life cycle, and quantitatively analyzes the external
and internal main factors that affect the planning of the
integrated energy system.

On the basis of existing research literature, this article
considers renewable energy access, energy storage
equipment, and distributed energy applications, and
constructs a regional integrated energy supply system
planning model centered on electricity, with the overall
goal of improving system efficiency, and constrained by
the total cost, pollutant emissions, and total energy
consumption of the regional integrated energy supply
system.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 416, 01014 (2023)
OGEGS 2023

https://doi.org/10.1051/e3sconf/202341601014

2. Connotation and basic architecture of
regional integrated energy supply
system

The purpose of a regional integrated energy supply system
is to improve integrated energy efficiency and promote
sustainable energy development. Its connotation is the
"multi energy complementarity, coordination and
optimization" among various energy subsystems. "Multi
energy complementation” refers to the complementation
and coordination among various energy subsystems such
as power system, coal, oil system, heating system, natural
gas supply system, etc., highlighting the equality and
"substitutability/complementarity" among various energy
sources. Coordination and optimization "refers to the
mutual coordination of various energy subsystems in
energy development, energy transmission, energy
conversion, comprehensive utilization, and other aspects.
Although each link within the system is separated and
there are many terminal energy self balancing units, to
ensure system efficiency, it is necessary to ensure that the
system chain is "separated but not dispersed", that is, to
ensure the coordination of various links in the regional
integrated energy supply system. This coordination is
more reflected in the conversion and utilization of
physical energy, as well as the interaction and response of
energy information.

The basic architecture of a regional integrated energy
supply system can be summarized as "loose on the outside
and tight on the inside, separated but not dispersed".
Outside the system, the regional integrated energy supply
system has obvious openness, and multiple energy
sources can be freely accessed according to certain rules,
and internal and external information can be reasonably
shared. Within the system, the vertical links are closely
coordinated, the horizontal energy subsystems are
interconnected, and the terminal self balancing units are
closely interconnected at both the physical and
information layers. For the entire system structure,
seemingly dispersed structures have coordination
mechanisms and optimization control measures at the
system level, regional level, and component level, with
each component, part, and link closely interconnected
with their respective systems and interacting with
information rather than isolated.

3. Planning index system for regional
integrated energy supply system

Planning indicators can be divided into expected
indicators and constraint indicators . Among them,
expected indicators refer to the goals that are expected to
be achieved but need to be achieved through the
autonomous behavior of the subject. Constrained
indicators refer to certain requirements that must be met
in the development of power planning and are mandatory
tasks that must be completed. This article aims to improve
the integrated energy efficiency of the system, improve
the reliability of system operation, reduce user energy
costs, reduce system carbon emissions, and reduce
emissions of other pollutants based on the goals of "two

highs and three lows" in the integrated energy system [1%],
By decomposing it, the planning indicators for the
regional integrated energy supply system are divided into
four primary indicators - system energy efficiency, system
cost, system pollutant emissions, total system energy
consumption, and 15 secondary indicators. The specific
content is shown in Table 1.

Table 1. Classification of regional integrated energy supply
system planning indicator system.

Primar .
i y Secondary indicators Notes
indicators
primary energy ratio expected
Energy conversion expected
System energy TEY conversi xp
. efficiency coefficient
efficiency Per capita ener
P ierey constraint
consumption
Investment cost constraint
System costs operatlng costs expected
income from
. expected
investment
Annual emissions of | constraint
System smoke and dust
pollutant Annual SO, emissions | constraint
discharge Annual CO, emissions | constraint
Annual NOx emissions | constraint
Clean energy constraint
consumption ratio
Rene .
. \.Nab.le energy constraint
utilization rate
Total system -
Annual consumption .
energy of il constraint
consumption -
P Annual coal constraint
consumption
Annual consumption | constraint
of natural gas
4. Planning model for park level

integrated energy supply system

4.1 Analysis of key issues

Due to the traditional definition of energy efficiency only
taking into account the changes in quantity of energy, but
neglecting the differences in quality of energy, it is
impossible to accurately measure the energy utilization
level of a integrated energy system. This article uses
exergy efficiency, which balances quantity and quality, as
the standard for measuring the energy utilization level of
a integrated energy system. So this section first provides
a detailed analysis of the three key issues in the planning,
namely exergy efficiency, economy, and multi energy
coupling.

4.1.1 Exergy efficiency analysis of regional
integrated energy system

Perform exergy efficiency analysis on the regional
integrated energy system, and equate it to a black box
model as shown in Figure 1 based on external
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characteristics. The supply side inputs exergy E . into

the regional integrated energy system as payment, and
through a series of processes such as transmission,
conversion, storage, and distribution within the system,
outputs exergy E__ to the demand side as revenue to

X,out

meet all forms of energy demand in the region. According
to the exergy reduction principle of the second law of
thermodynamics, in the process of internal energy
changes in a regional integrated energy system, it is
inevitable that a portion of the quantity will disappear into
the natural environment, which is called exergy loss
Payment exergy E_, is equal to the sum of gains

x loss *

and losses. Thus, the exergy efficiency of a regional
integrated energy system can be defined as:

,in

E X,out
Mo =% (M
X,in
payment . gain
supply exer Regional Integrated exer: output
Gid Energy Supply System sid
side E_. Exergy efficiency (7ex) E . side
loss E

exergy xJloss

natural

environment

Figure 1. Black box model for efficiency analysis of regional
integrated energy system.

Based on the exergy theory, assign corresponding energy
quality coefficients to each form of energy involved in a
regional integrated energy system according to its
essential attributes, thereby quantifying the quality level
between different forms of energy. For a certain energy
form I , based on its energy quality coefficient value A,
the relationship between its energy E, and its quantity

E_. can be simply established as:

X,i

E , =E2 )
In the formula, ? represents the form of energy, such as
electric energy e, fossil fuel f, natural gas g, thermal

energy h, cold energy c, renewable energy rn, etc.
Therefore, according to the black box model shown in
Figure 3-1, the overall exergy efficiency of the regional
integrated energy system can be expressed as:

z out,i l

E t ie
o' lel
Mex = E == A3)
x,in Z in,i I
i<,

In the formula, Q,

the regional integrated energy system; Q

is the set of input energy forms for
is the

collection of energy output forms of the regional
integrated energy system; E, ; is the energy contained in

the input energy form i ; E__ . is the energy contained in

out,i

the form of output energy i .

4.1.2 Economic modeling of regional integrated
energy system

This article establishes the annual value of life cycle cost
C.rc to describe the economic performance of a regional
integrated energy system within the planning level year.
The annual value of life cycle cost is composed of four
parts: Annual value such as initial investment cost C,

inv ’

Operation and maintenance costs C, ; Energy
consumption cost C_ ; Environmental costs C,,,
CATC Cmv + Cmat + C + Cenv (4)

Among them, Cin takes into account the time value of

funds and converts the one-time initial investment cost
of equipment into an equal annual value through a
discount rate, which can be compared with other costs.
The calculation method is as follows:

N
-3 [Zc:f’v,,ﬁf I }ﬁ 6

i€Quy (l+ )
In the formula: /j is the energy production equipment
number; £ is the number of the energy storage equipment;

G, and Y7 are the unit configuration cost and

inv.i,j
capacity of the j energy production equipment in energy
form i , respectively; Cf[:v,,-,k and Yf,t( are the unit
configuration cost and capacity of the k£ energy storage
device in energy form i, respectively; 7 is the discount
rate; N is the year.

C,.. is the annual operation and maintenance cost of the
equipment, expressed as:

= Z |:2Cri1patz /YIS}; th:axszSl :| (6)

€0

In the formula: C? . ; is the unit annual operation and

maintenance cost of the j energy production equipment

in the "8 form i ; C*

max,i,k

is the unit annual

maintenance

operation and cost of the K type of energy

storage equipment in energy form 7 ; ; X7 is the rated
power of the & energy storage device in the energy form
i,

C,,. represents the total annual cost of various forms of

energy consumed by the regional integrated energy
system, generally including fossil fuels, electricity, and
regional heating, expressed as:

Z( mft metG +tht ,t) (7)
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In the formula: ! represents the time; P,

e and Gy, are
the input power and unit price of fossil fuels at time ? ,

respectively; P, ., and G,, are the input power and unit
price of electrical energy at time , respectively; P, ;,

and G,, are the input power and unit price of thermal
energy at time ’ .

C.,. represents the carbon emission cost generated
by the regional integrated energy system in the process
of consuming various forms of energy, expressed as:

Ccnv = Z Rn,f,té‘f + P 5 + P

inet e inht

é‘h )Dctax (8)

t
In the formula: D, is the carbon tax price; oy, &, and
0, are carbon emission factors for fossil fuels,
electricity, and thermal energy, respectively.

4.1.3  Multi energy coupling modeling of regional
integrated energy system

This article proposes an improved five level energy hub
model. This model consists of allocation layer,
conversion layer, integration layer, energy storage layer,
and network layer, and can cover the entire process of
energy production, transmission, conversion, storage,
and allocation. The energy conversion process of each
layer can be expressed in the form of transfer matrix
M (x=1,2,--,5), and the relationship between the total

input and total output of the regional integrated energy
system can be expressed as:

I:Pout,c,r Pou\,h,z Puut,c,r ]T = MI:Piu,f,t Pin,c,r

Poni Pams | Pi] (9)
In the formula: £, ., is the power input of renewable
energy into the energy hub at time ¢ ; B, is the power
of energy storage attime ¢ ; Py .., Pouns, Foues are the
electrical power, thermal power, and cold power output

by the energy hub at any time ¢ ;
M =M, [M;M,M, |M, ] is the total transfer matrix of

the energy hub, where M, is the transfer matrix of the
distribution layer, used to describe the distribution
process of external input energy between multiple
energy production equipment. If natural gas is partially
supplied to gas turbines and partially supplied to gas
boilers or kitchen utensils; M, is the transfer matrix of

the conversion layer, used to describe the energy
conversion process, such as the conversion of natural gas
into electricity and heat energy by a cogeneration unit;
M, is the transfer matrix of the integration layer, used

to describe the summary of output power of multiple
devices belonging to a certain form of energy, such as
the total electricity in a certain area equal to the sum of
renewable energy generation and external grid purchase
electricity; M, is the transfer matrix of the energy

storage layer, used to describe the energy storage process
in the regional integrated energy system, such as the
impact of thermal energy storage on the supply and

demand balance of thermal energy through heat storage
or release; M is the network layer used to describe the
energy loss generated during the transmission process of
energy supply pipelines.

In equations (9), the specific values of M, to M; can
be calculated from the structural parameters of the given
system. Energy storage can be regarded as a type of
energy production equipment with positive or negative
output power. Its power B, at time ¢ is listed in an
augmented form after the energy production equipment,
and the energy storage transfer matrix M, is also listed
in an augmented form in the total transfer matrix.
Generally, the energy forms required by the terminal can
be classified into three categories, namely electricity,
heat, and cold. To meet the total energy demand of users
in the region, the various forms of energy output by the
energy hub must be greater than or equal to the
corresponding load demand in the region, namely

I:})out,c,z I)out,h,t ])out,c,z :|T 2 |:Lc,l Lh,! Lc,t :|T

them, L., , L,, , and L., respectively represent the

Among

electrical load, heating load, and cooling load of the
regional integrated energy system at the time ¢ .

4.2 Analysis of key issues

Based on the indicator system established above, this
article considers system cost and system energy
efficiency indicators, with the optimization goal of
minimizing the annual value of full life cycle cost and
maximizing efficiency as expected indicators, and
designs a double-layer optimization structure for
efficient solution. The upper level model is a device
selection and capacity optimization model, used to select
the optimal device configuration combination from the
set of selected devices; The lower level model is the
operation scheduling optimization model, which is used
to formulate the optimal plan for the output of each
equipment while meeting the regional energy supply and
demand balance.

4.2.1 Decision variables

The decision variables of the upper level model include
three types of variables, namely the configuration

capacity of energy production equipment ( Y} ), the
configuration capacity of energy storage equipment
(Y,), and the rated power of energy storage equipment
(X7%).

The decision variables of the lower level model include
three types of variables, namely energy input power
(Boris Bucss Bane s Bam, ) energy storage equipment
power (£, ), and energy allocation coefficient (U, ).

The energy distribution coefficient U],

represents the
proportion of a certain form of energy i allocated to the

J energy production equipment at time ¢ . For example,
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if the natural gas power rate inputted into the integrated
energy system of a certain region at any time is 100MW,
of which 60MW is supplied to the cogeneration unit, and
the remaining 40MW is supplied to the gas boiler, then

there are v;,, =0.6 and v}, , =04,

4.2.2  Objective function

(1) Upper level model

The upper level model is the main model of the entire
planning model, with the objective function of
minimizing the annual value of life cycle cost and
maximizing efficiency, i.e

f1,1 =min CATC (10)
J(l,z =max 77ex
Bringing the decision variable into a yields the
expression:

Z out,i 1

_ ’EQut

77ex
Z in,i z

ieQ, (11)
Z(Poutetﬂ’e +R)uth tﬂ’h +1, out,c,t c

Z(Pmtr/l +Pmer/15+thtj’h+ in,rn,¢ m
t

From equations (10) and (11), it can be seen that the
values of /i and /i» cannot be directly calculated
solely based on the upper level decision variables

(Y7,Y5, X7} . Because the values of Ceu, Cen , and

Tlex all depend on the operation scheduling plan of the
equipment, which will be optimized by the lower level
model and returned.

(2) Lower level model

The lower level model is a sub model of the upper level
model, used to solve the operation scheduling
optimization sub problem of various equipment in the
regional integrated energy system. Receive the data

(Y5 (n), Y,S;‘( (n), X7 "¢ () transmitted by the upper layer
model in iteration " and use it as a boundary condition

for scheduling optimization. The optimization objectives
are:

Sy =min{z(Cy, +C,) = 7., | (12)

In the formula, ¢ and 4, arethe weight coefficients of
economic indicators and exergy efficiency indicators,
respectively. In the 7 iteration of the optimization
process, the lower level model obtains the operation
scheduling plan, i.e. (B, ).B,.,().B,, ()R, (0. F, (0).07, () .
Then return to the upper level, so that the values of
Curc(n) and 7., can be fully calculated and used as the

initial values for the (n+1) iteration.

4.2.3 Constraints

Based on the indicator system established above,
considering the total energy consumption of the system
and the equipment output of the system, the constraints
of energy supply and demand balance, energy
production equipment, and energy storage equipment are
taken as the constraints of the park level integrated
energy supply system planning model.

(1) Energy supply and demand balance constraints
When the regional integrated energy system reaches an
energy balance between supply and demand, the energy
output of the energy hub should be greater than or equal
to the total energy demand of all users in the region, i.e.

T T
I: out,e,t out h,t Pout,c,t:| 2 |:Le,t Lh,t Lc,t:|
the energy supply and demand balance constraints of a
regional integrated energy system considering multi
energy coupling can be expressed as:

. Therefore,

M[P P

in,f,¢ m e,t inh,z

mml |P :. 2 I:Le,r Lh.z Lc.z:IT (13)

M, to M; canbe directly obtained from the parameters

of the regional integrated energy system, while M, is

Sp
l}t'

(2) Energy production equipment constraints

Although the characteristics of various energy
production equipment in regional integrated energy
systems vary, there are still some common constraints:
The upper and lower limit constraints on equipment
configuration capacity are used to describe the funding
and site limitations of equipment configuration, as
shown in equations (14); The upper and lower limit
constraints of equipment operation are used to limit the
output of the equipment within its allowable range, as
shown in equations (15) - (18).

composed of the decision variable v,

o<yr <y (14)
B min SE 0 S B o (15)
B o =P in ey (16)
B s =P Lo (17)
P? =v® P (18)

i,j,t i,j,t"in,it

In the formula: Yff,umn

is the upper limit of the
configured capacity of the j energy production

equipment in the energy form i ; B P* . and

i,j,max > *i,j,min
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Pff, are the upper and lower power limits of the J

energy production equipment in energy form i , and the

Sp Sp

output power at time ¢ ; O ., and O ., are the

upper and lower power limit coefficients of the J

energy production equipment in energy form i .

(3) Energy storage equipment constraints

In this model, three types of energy storage devices,
namely battery energy storage, heat storage tank, and
water cooling storage, are considered, all of which
follow the following common constraints:

st st
0< Y[,k < Yi,k,limit (19)
Yst
ik
l//min S Xst S‘lymax (20)
ik
st st st
_Xi,k < R,k,t < Xz',k (21)
st st st st st
PrsminYik < Sike < Prkmax Yk (22)
Ssl _ st Sst + st Pst,+ P:;{’:t (23)
idearl = DigenPige Tikinlin: — o
i,k,out

In the formula: Yi,s,lc,nmil is the upper limit of the
configured capacity of the k energy storage device in
the energy form i ; ¥, and ¥, are the upper and
lower limits of the energy storage capacity power ratio;
Plmx and Py ., are the upper and lower limit
coefficients of residual energy storage; ﬂit,(,h, 77[5,‘,(,1,1 and
Mwow are the energy storage standby efficiency,
charging efficiency, and discharging efficiency; Pf,‘f,
and B, represent the charging and discharging power
of energy storage. Pf,‘f, and B, represent the charging
and discharging power of energy storage.

In addition to the common constraints mentioned above,
heat storage tanks and water cooled storage tanks require

a certain amount of electrical energy to be consumed
during their operation, expressed as:

P =y | Py (24)

In the formula, P9 and %, are the power

consumption and power consumption coefficient of the
k energy storage device in energy form i .

5. Conclusion

The integrated energy system involves the interaction
and coupling of multiple energy sources, and includes
different equipment of single and multiple energy
sources. How to coordinate, cooperate, and optimize
different heating systems as a whole, meet the
characteristics and energy needs of different regions
under different energy consumption modes, achieve the
optimal overall efficiency of the system, and minimize
system costs is a key issue in the planning of the
Integrated energy system. This article proposes a multi-
objective planning model for regional integrated energy
systems that combines equipment capacity planning and
operation scheduling optimization, by establishing an
indicator system, considering system costs and system
energy efficiency indicators, with the optimization goal
of minimizing the annual value of expected indicators
such as full life cycle costs and maximizing efficiency.
This model improves the overall economic efficiency of
regional integrated energy systems.
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