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Abstract: To improve the distributed carbon emission optimization control capability of the smart
distribution network system, thereby reducing the carbon emissions in the distribution process, it is a
very important issue to comprehensively analyze the importance of the node carbon emission flow of
the smart distribution network. This paper transforms the power grid into a carbon emission flow
network through power flow calculations: Based on the complex network theory, it determines the
coupling scale of the two networks by means of the correlation coefficient method and the correlation
matrix method, and establishes a coupling network model based on the carbon emission flow network;
Combining the different business characteristics of carbon emission flow and information flow, an
evaluation index system considering the dual-network coupling scale is established, and a multi-
indicator comprehensive evaluation method that combines the Topsis and grey relational analysis
method, that can objectively evaluate indicators that contain subjective components was proposed;
The obtained node importance values can be used to determine the relative key line, greater sum
node importance values represent a greater carbon emission impact of the line, providing a sequential
basis for the carbon reduction and restructuring of the distribution network; Taking the 3-machine
9-node system as an example, the carbon flow distribution in the corresponding network is calculated,
and the comprehensive importance value of the coupling node is calculated to analyze the rationality
of this method.

Keywords: distribution network; carbon emission flow network; dual-network coupling model;
coupling scale; node importance value evaluation; objective empowerment method; key line

1. Introduction

Due to a worldwide energy shortage and the greenhouse effect, reducing CO2 emis-
sions and developing a low carbon economy has become inevitable [1,2]. As one of the main
sources of carbon emissions, the energy industry, especially the electric power industry,
which accounts for a major part of total carbon emissions resulting from fossil fuel combus-
tion, urgently needs to take the lead in steps to reduce carbon emissions [3–5]. However, as
a complex network mainly composed of the power grid and the power communication
network, the distribution network involves electricity consumption problems of many
people and needs to be systematically transformed to reduce carbon emissions step by step.

Due to the temporal and spatial asynchrony of carbon emission flow in the whole
“generating-transmission-distribution-use”, the distribution and electricity consumption
sides determine the flow of the entire carbon emissions [6]. In the smart distribution
network system, carbon emission flow, energy flow, and information flow are coupled
with each other [7]. As an important energy scheduling and conversion device node in the
smart distribution network system, the energy router plays a very important role in the
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transfer of carbon emission flow in the entire network [8]. Therefore, it is a very important
issue to comprehensively analyze the importance of the node carbon emission flow of
the smart distribution network to improve the distributed carbon emission optimization
control capability of the smart distribution network system [9].

At present, most of the worldwide power energy networks are mainly focused on
the modeling and importance assessment of a single network of the power grid or the
power communication network, and less analysis is carried out from the perspective of
information energy coupling, even though there are fewer problems related to carbon
emission flow [10,11]. To complement the lack of research in this area, it is necessary to
start with the analysis and statistics of carbon emission flows and the node importance
assessment mechanism of the coupled system.

In terms of carbon emission flow, the calculation of carbon emissions in the power
system mainly includes macro statistics [12] and carbon flow analysis [13,14]. The macro
statistics method is based on total energy consumption, but it is impossible to track the
specific flow of carbon emissions, which is not conducive to the division and determination
of carbon emission responsibilities. The carbon flow analysis method is usually combined
with the power flow analysis to achieve accurate tracking and positioning of the specific
flow direction of carbon emissions by introducing the concepts of node carbon potential,
carbon flow rate, carbon emission intensity, etc., and the emissions of power plants are
fairly distributed to each node load and each branch power [15–18].

In terms of node importance assessment of coupled network architectures, many
scholars have proposed assessment methods to assess the importance of power grid nodes
based on complex network theory, fuzzy theory, and the evaluation matrix method to
determine the core backbone network frame [19–23]. For power communication networks,
the literature [24] gives a calculation method for the business importance of power commu-
nication network nodes based on the difference in power service performance. Combining
the literature [25] with the topology of the communication network, the analytic hierarchy
process is used to construct an index system for identifying the key nodes of the power
communication network. The above studies are aimed at the power grid and the power
communication network, but none of them is combined to analyze the node importance of
the coupled network, neglecting the coupling relationship between the power grid and the
power communication network in terms of topology and service characteristics. In [26], the
coupling network model is based on the energy router as a node, but the evaluation method
is more biased towards the information flow and more subjective. In [27], by analyzing the
cascade faults and failure processes of the cyber-physical systems, the importance of power
network nodes coupled with information energy can be evaluated to a certain extent, but
the complex service characteristics of power communication networks are ignored.

Therefore, this paper will calculate the carbon emissions of the entire power grid
through the power flow calculation, thereby transforming the power grid into a carbon
emission flow network. Based on the complex network theory, it will study the similarities
and differences in the network topology and business relationship between the power
grid and the power communication network, and determine the coupling scale of the two
networks utilizing the correlation coefficient method and the correlation matrix method,
and establish a coupling network model based on the carbon emission flow network. The
corresponding importance values are, respectively, determined according to the carbon
emission flow and information flow business through an objective empowerment method
that combines the Topsis and grey relational analysis method, objectively evaluating in-
dicators that contain subjective components, and the coupling scale is used to adjust the
ratio of the carbon emission flow importance to the information flow importance. The
obtained node importance values can be used to determine the relative key line, providing
a sequential basis for the carbon reduction and restructuring of the distribution network.
Finally, taking the 3-machine 9-node system as an example, the carbon flow distribution in
the corresponding network is calculated, and the importance value of the coupling node is
calculated to analyze its rationality.
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2. Coupling Architecture Analysis of Distribution Network
2.1. Dual-Network Coupling Model

The smart distribution network system is a complex physical system deeply coupled
with information and energy, and it is also a new stage in the development of the energy
internet and a new form of application. The smart distribution network is mainly composed
of the power grid and the power communication network, of which the power communi-
cation network is a dedicated communication network that provides production, control,
and management communication services for the power system, and its power supply
comes from the power grid. To synthesize the service characteristics and topology of the
two to evaluate the importance of nodes, it is necessary to combine the similarity of the
node characteristics of the two networks and model them in a coupled manner. As shown
in Figure 1, suppose that the power grid uses substations and micro-grids (including loads,
small distributed power sources and energy storage, etc.) as network nodes, and the power
communication network uses a multi-service transport platform (MSTP), dispatch centers,
micro-grids, and power sales companies as network nodes.
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In Figure 1, the coupling dotted line between the two networks represents the inter-
dependencies between nodes [28]. According to the relevant concepts in graph theory, the
network topology of the power grid and the power communication network is defined
separately as G(VP, EP) and G(VC, EC), where V is the node collection, collectively refer
to nodes in different networks as a node vi, then vP

i ∈ VP, vC
i ∈ VC; E is the link collection,

the same goes for eP and eC.

2.2. Coupled Model Analysis

Since the carbon emission flow network, namely the power grid, and the power com-
munication network have certain similarities and differences in the topological structure,
it is necessary to analyze the inter-dependence of the two networks from the perspective
of complex network theory [29] based on the dual-network coupling model in Figure 1,
and evaluate the similarity of the mapped nodes from four angles: node degree, node
betweenness, node clustering coefficient, and node efficiency value. The specific indicators
are as follows:

Node degree: The node degree of nodes in the power grid and the power communica-
tion network are deg

(
vP

i
)

and deg
(
vC

i
)
, respectively, indicates the number of links directly

associated with nodes in the power grid and power communication network. Since the
energy flow is directed, its nodal degree needs to be directional, the number of links with
nodes as the starting point of the link is the node output degree deg+(vi), and the number
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of links with the node as the endpoint is the node input degree deg−(vi), the relationship
between the node input and out-degree and the node degree is shown in Equation (1):

deg(vi) =
1
2
[
deg+(vi) + deg−(vi)

]
(1)

Node betweenness: The node betweenness is used to indicate how much a node is
radiated globally in the network, then

Bi = ∑
j 6=k

δjk(i)
δjk

(2)

where δjk is the number of paths under the shortest routing principle from the node vj to
the node vk, and δjk(i) is the number of δjk through the node vi.

Node clustering coefficient: The node clustering coefficient of a node is used to describe
its connection to neighboring nodes, then

Ci =
2 deg(vi)

n(n− 1)
(3)

where n is the total number of nodes in the network.
Node efficiency value: The node efficiency value reflects how closely a node is con-

nected to other nodes, then

Li =
1

n− 1 ∑
i 6=j

dij (4)

where dij is the number of nodes from node vi to node vj passed under the shortest
routing principle.

According to Equations (1)–(4), the network relationship of any node in the distribu-
tion network can be determined by the matrix χi =

[
deg(vi), Bi, Ci, Li

]
=
[
χ1

i , χ2
i , χ3

i , χ4
i
]
.

According to the inter-dependencies of the nodes of the two networks shown in Figure 1, the
number of directed correlation paths from the carbon emission flow network to the power
communication network obtains the correlation degree of the two, and the correlation
matrix [30] can be obtained as shown in Equation (5):

M =

 O3×4 O3×3 A2(3×5)
O3×4 E3×3 A3(3×5)

A1(4×4) O4×3 A4(4×5)



A1(4×4) =


1 1 0 0
1 0 1 0
0 0 0 1
0 0 0 0


A2(3×5) =

 0 1 0 0 0
1 0 0 0 0
0 0 1 0 0


A3(3×5) =

[
O2×3 O2×1 O2×1
O1×3 1 0

]
A4(4×5) =

[
O3×4 O3×1
O1×4 1

]

(5)

The element of the correlation matrix Mij is the correlation degree between the carbon
emission flow network node vP

i and the power communication network node vC
j , which is

1 when the two are associated, and 0 otherwise.
As can be seen from the correlation relationship shown in Figure 1 and the correlation

matrix, a carbon emission flow network node may correspond to several power commu-
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nication network nodes. In order to more reasonably reflect the coupling relationship
between the two networks, the coupling scale value Sn based on the node of the carbon
emission flow network is introduced, then

Sn =

∣∣∣∣∣ N

∑
j=1

Mij × λij

∣∣∣∣∣ (6)

where n ∈ [1, N], in the coupling model of two networks based on a carbon emission flow
network, N = 9; λij is the mapping scale of the pair of nodes in the association, and its
calculation process is shown in Equation (7):

λij = 1−
∑R

l=1

(
χl

i − χl
j

)2

R·|χi|·
∣∣χj
∣∣ (7)

where R is the number of elements in the matrix χ, etc. R = 4.
According to Equations (1)–(7), the coupling scale values for all nodes in the coupling

model can be obtained, as shown in Table 1.

Table 1. Node scale value of the two-network coupling model.

Node Ordinal Coupling Scale Value Sn

1 0.78
2 0.76
3 0.71
4 0.82
5 0.79
6 0.81
7 1.45
8 1.43
9 1.48

According to the node coupling scale value in Table 1, combined with the two-network
coupling model shown in Figure 1, the dual-network coupling system based on the carbon
emission flow network shown in Figure 2 can be equivalently obtained. The coupling scale
of the two networks reflects the degree of interdependence between the two networks on
the nodes of the carbon emission flow network, and when the system is evaluated based
on the node importance of carbon emission flow, this scale value can affect the weight
distribution between the different indicators of information flow and carbon emission flow,
and affect the comprehensive node importance value based on the carbon emission flow.
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3. Carbon Emission Flow Calculation
3.1. Power Flow Calculation

Since the power flow of the power grid determines the carbon emission flow of the
power grid, it is necessary to first determine the power flow distribution of the power grid,
and clarify the relationship between active power, reactive power, and network loss. Power
flow calculations are usually solved using the Newton-Lafson method [31], which yields
the voltage amplitude Ui and angle δi of each node.

PGi − PLi = Ui

n

∑
j=1

Uj
(
Gijcosδij + Bijsinδij

)
(8)

QGi −QLi = Ui

n

∑
j=1

Uj
(
Gijcosδij − Bijsinδij

)
(9)

where PGi and QGi are, respectively, the active and reactive output of the generator con-
nected to node i; PLi and QLi are, respectively, the active and reactive load of the generator
connected to node i; Gij and Bij are, respectively, the negative values of conductance and
susceptance of the branch i− j; Ui and Uj are, respectively, the voltage amplitude of node i
and node j; δij is the difference in voltage angle between node i and node j, i.e. δij = δi − δj,
where δi and δj are, respectively, the voltage angles of node i and node j.

According to the above power flow calculation results, the active and loss calculation
formulas of each branch transmission are, respectively:

Pij = UiUj
(
Gijcosδij + Bijsinδij

)
(10)

Ploss
ij = 2UiUjGijcosδij (11)

where Pij is the active power flowing through the branch i− j, and its positive direction is
node i to node j; Ploss

ij is the active loss of the branch i− j.

3.2. Power Generation Power-Sharing

Taking the line composed of node i and node j as an example for interpretation and
analysis, as shown in Figure 3, where the load power connected by the node is PLi and
the generator power connected by the node is PGj. According to the branch power flow
direction shown in Figure 3, the relationship between the branch power and the network
loss and the power flowing through the node are as follows:

Pij =
∣∣Pji
∣∣+ Ploss

ij (12)

Pj = ∑
i∈Uj

∣∣Pji
∣∣+ PGj (13)

where Pj is the power flowing through node j; Uj is the node set of node j, which is directly
connected to node j and has flowed to node j.
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Rewrite Equation (13) to

Pj − ∑
i∈Uj

∣∣Pji
∣∣

Pi
·Pi = PGj (14)

Equation (14) can be expressed in matrix form as follows:

ASP = PG (15)

where matrix PG =
[
PG1 PG2 · · · PGn

]T is a column vector composed of the active

power of the generator at each node; P =
[
P1 P2 · · · Pn

]T is a column vector com-
posed of power flowing through each node; AS(n×n) is the power flow distribution matrix,
and its elements are calculated as:

(AS)ji =


1, i = j

−|PGi|/Pi, i ∈ Uj, j = 1, 2, . . . , n
0, others

(16)

where (AS)ji is the element of column i and row j in the matrix AS.
According to the principle that the flowing power of the node is equal to the total

outflow power, the power generation power can be distributed to the load of each node,
the power of each branch, and the network loss.

The load PLk of node k can be expressed as the sum of the contributions of each
generator by the proportional distribution principle as follows:

PLk =
PLk
Pk

Pk =
PLk
Pk

eT
k A−1

S PG (17)

where ek is a unit column vector with a total length of n and the kth element as 1.
The load power obtained by the node from the generator accessing the node can be

expressed as:

PLk,Gi =
PLkPGi

Pk
eT

k A−1
S ei (18)

where ei is a unit column vector with a total length of n and the ith element as 1.
Similarly, the power obtained by the branch k− j from the generator accessing node i

and the resulting network loss can be, respectively, expressed as:

Pkj,Gi =
PkjPGi

Pk
eT

k A−1
S ei (19)

Ploss
kj =

Ploss
kj PGi

Pk
eT

k A−1
S ei (20)

According to the active power of the node generator set, the active power vector of
the unit is obtained, and then the power flow distribution matrix is obtained from the node
system topology map, which can directly obtain the active components provided by the
node load, branch power and network loss of each node generator. Considering that the
operation of the generator and the carbon emissions are carried out simultaneously, the
power of the unit is directly related to the carbon emissions in various places, and the two
are consistent in the overall distribution. If the carbon emissions corresponding to the
power generation are known, they can still be distributed proportionally, and the active
components of each generator can be apportioned in the same proportion, so as to obtain
the distribution characteristics of the carbon emissions of the unit in the power network
and refine the carbon emissions in the whole process.
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3.3. Modeling of Carbon Emissions from Source-Side Units

The source-end unit generates electricity from fossil fuel, water conservancy, wind
energy, etc., of which the thermal power generation unit accounts for the largest proportion.
The rotor of the generator of the thermal system is driven by burning fossil fuels to generate
and utilize steam water vapor, and finally generates electrical energy, which emits a large
amount of carbon, which emits a large amount of carbon dioxide into the air in the process.
In the carbon flow analysis method, the carbon dioxide generated per unit of power
generation is usually used to express the carbon emission intensity of the unit, the unit
of carbon emission intensity is tco2 /(MW·h). In actual production, factors such as unit
capacity specifications, fuel quality, operating status, and load rate all can affect the carbon
emission intensity. The carbon emission intensity of coal-fired units EG [32] is calculated
as follows:

wi =
(

aiP2
Gi + biPGi + ci

)
ζi/PGi × 103 (21)

EGi = ξi·ηi·(1− µi)·
MCO2

MC
· wi
103 (22)

where ai, bi, and ci are, respectively, the characteristic parameters of the unit under normal
operating conditions of the power coal consumption curve, which can be obtained by fitting
the curve of historical data; wi is the standard coal consumption of unit i, and the unit
of which is g/(kW·h); ζi is the coefficient of correction, which is related to the operating
state of the unit, for the convenience of calculation, the default unit in this article is normal
operation, ζi is adopted as 1.0; MCO2 is the molar mass of carbon dioxide, adopted as
44 g/mol; MC is the molar mass of carbon, adopted as 12g/mol; ηi is the carbon content of
the coal combustion of the unit, adopted as 90%; ξi is the carbon oxidation rate of the coal
burned in the unit, adopted as 98%; µi is the carbon capture rate, which depends on the
performance of the carbon capture device installed in the power plant where the specific
unit is located, adopted as 80% [33].

3.4. Carbon Emission Flow Index Calculation

The source generates electricity at the unit, and the electrical energy is boosted and
transmitted to the transmission line through the voltage transformer, and the carbon
emission flow is moved on the branch road and node due to the movement of the electric
energy flow. Therefore, a branch carbon emission sharing model is established, the carbon
emissions generated by the unit are mapped to the topology of the power grid, and the
carbon emissions of the unit are apportioned according to the principle of proportional
distribution, so as to obtain indicators such as the load of each node, the carbon flow rate
of the branch road, the network loss carbon flow rate and the node carbon potential.

3.4.1. Carbon Flow Rate

The nodal load carbon flow rate means that the carbon dioxide emissions generated by
the load per hour of electricity consumption are equivalent to the carbon dioxide emissions
on the power generation side, the unit of which is tco2 /(MW·h). According to Formula (18),
the carbon flow rate component of node k undertaken by the unit i is as follows:

RLk,Gi = PLk,GiEGi (23)

Similarly, the carbon flow rate of the active power of the branch k− j and the carbon
flow rate of the network loss undertaken by the obtainable unit i are, respectively, as follows:

Rkj,Gi = Pkj,GiEGi (24)

Rloss
kj,Gi = Ploss

kj,GiEGi (25)

From the above Equations (23)–(25), the carbon emissions generated in all links can
be equivalently converted and distributed in detail, and then after simple calculation, the
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carbon flow rate indicators, such as the node load carbon flow rate required in the carbon
emission network, can be obtained.

3.4.2. Node Carbon Potential

The node carbon potential is the ratio of the sum of the branch carbon flow rates
flowing into the node to the power flowing through the node, indicating that the carbon
emissions generated by the unit of electricity consumed by the node are equivalent to the
carbon emissions on the power generation side, the unit of which is tco2 /(MW·h). For node
j, its node carbon potential can be expressed as follows:

ENj = ∑
i∈Uj

(
Rij − Rloss

ij

)
/Pj (26)

Through the above Equations (8)–(26), the required node carbon flow rate and node
carbon potential can be calculated.

4. Coupled Network Node Importance Evaluation Indicators
4.1. Node Importance Composition

Taking into account the directivity of communication and power services, Section 2 of
this paper constructs a carbon emission stream transmission system, as shown in Figure 2,
from the perspective of network topology characteristics, and obtains the coupling node
scale value considering the topological characteristics. Since the coupling node has both in-
formation flow and carbon emission flow services, in order to evaluate the important nodes
of the network architecture, it is necessary to comprehensively analyze the importance of
the coupling nodes from the aspects of information and carbon emissions.

4.2. Node Importance of the Information Flow

The information network in the power carbon emission network system is the key
factor to achieving regional coordination and intelligent dispatch, business adjustment, and
improvement, and the reliable transmission of information flow is a necessary condition to
ensure the safety, stability, low carbon, and energy saving of the power carbon emission
network system. In the model proposed in this paper, the information flow includes
communication services that provide production, control, and management functions for
the carbon stream transmission system, which plays an important role in the adjustment of
the carbon emission flow network. At the same time, the low degree of node coupling will
affect the comprehensive adjustment ability in the process of power transmission, and the
real-time statistics of carbon emission flow networks are difficult to achieve, and then the
emission reduction adjustment of the power transmission system cannot be realized, which
is not conducive to long-term development. Therefore, when screening important nodes in
the system, it is urgent to consider the node importance of the information flow, analyze
the requirements objects and indicator requirements of different services in the information
flow, and attach great importance to the nodes with high-importance information flow
services in order to achieve the accurate distribution of the importance values of the coupled
network nodes and the reasonable and efficient allocation of core network resources.

Table 2 lists the indicator items and corresponding control points for the information
flow. For the control points under the carbon emission flow transmission system: the
centralization corresponds to monitoring, telemetry, telemetry, telesensing, scheduling, and
other highly important indicator items; hierarchical centralization corresponds to more
important indicator items such as the management information of production operations;
services such as line protection and fault recording corresponds to adjacency have high
importance but have lower vulnerability than hierarchical concentration; the dispersion
corresponds to the relatively low importance of indicator items such as the office. Therefore,
the positive order of control point importance under the “Distribution Attribute” indicator
in this paper is concentration, hierarchical concentration, adjacency, and dispersion.
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Table 2. Information flow indicator items, indicator item control points, and their value distribution.

Information Flow Indicator Items

Business
Attributes Safe Zone Real-Time Data Type Distribution

Attributes Business Channels

indicator
item control

points

Production
operations

(1/1) *

Zone I (3/1)
Zone II
(2/0.75)
Zone III
(1/0.5)

≤10 ms (7/1)
≤ 30 ms (6/0.92)
≤100 ms (5/0.83)
≤150 ms (4/0.75)
≤ 250 ms (3/0.67)
≥1 s (2/1)

≥1 min (1/0.5)

Voice (3/1)
Data (2/0.75)
Multimedia

(1/0.5)

Concentration (4/1)
Hierarchical

concentration (3/0.83)
Adjacency (2/0.67)
Dispersion (1/0.5)

E12 Fibre Dedicated Channel (4/1)
Dispatch data private networks (3/0.83)

Integrated data network channel (2/0.67)
Wireless public network (1/0.5)

* (Original control point value/normalized control point value).

In order to unify with the forward linearity of the indicators listed, the original
importance values of the control points of each indicator item need to be normalized, and
the specific processing method is as follows:

a′i =
ai −minai

maxai −minai
·k + q (27)

where ai is the importance value of control point i of an indicator item, then aij represents
the importance value of the control point j of indicator item i, and a′i is the normalized
importance value calculated by ai. In order to distribute the results between [0.5,1] to
facilitate subsequent calculations, k = q = 0.5 is used here. Since the business of the
selected information flow is a production business and does not involve management
business, the information flow business attribute indicator items do not affect the final node
information flow importance value, so this indicator item can be ignored.

Each information flow indicator item has different requirements for its control points,
and according to Table 2, the distribution of normalized importance values of the control
points of information flow indicator items can be obtained, as shown in Table 3.

Table 3. Indicator items control point values.

Number The Business Name Safe Zone Real-Time Data Type Distribution Attributes Business Channels

1 Line protection 1 1 0.75 0.67 1
2 Stabilization system 1 0.92 0.75 0.83 1
3 Scheduling automation 1 0.83 0.75 1 0.83
4 Dispatching telephone 1 0.75 1 1 0.83

5 Stability management
information system 0.75 0.5 0.75 0.83 0.83

6 Electricity metering
telemetry system 0.75 0.5 0.75 1 1

7 Fault recording and
double-ended ranging 0.75 0.92 0.75 0.67 0.83

8 Electricity market 0.75 0.58 0.75 1 0.83
9 DMIS system 0.5 0.58 0.75 0.5 0.67

10 Power quality/cable
monitoring system 0.5 0.58 0.75 1 0.67

11 Primary equipment online
monitoring system 0.5 0.58 0.5 1 0.67

4.3. Node Importance of the Carbon Emission Flow

The carbon emission flow transmission system equivalent in Figure 2 is coupled with
the power grid structure as the main body, so the importance value of each node needs to be
evaluated in conjunction with the importance value of the carbon emission flow. However,
due to the fact that there is no similar type of power communication network in the power
grid, the node importance of the carbon emission flow is constructed from the perspective
of topology structure and carbon emission indicator distribution, and the node importance
indicator of the carbon emission flow and the energy flow node importance of the power
grid are the same in terms of topology. The specific evaluation indicators are as follows:
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(1) Connectivity:

Connectivity reflects how well nodes are connected to other nodes in the network,
depending on the average efficiency value Li of the remaining nodes when the node being
evaluated fails, it is calculated as:

C =
1

n− 1 ∑n−1
i=1 Li (28)

where n is the total number of system network nodes; Li is the node efficiency value that
does not contain the evaluation node.

(2) Equilibrium degree:

The equilibrium degree reflects the impact on the distribution of the carbon emission
flow of the system at the structural level when a single node fails, and its specific value
depends on the energy flow of the remaining nodes after the failure of the node being
evaluated, that is, the input and output of the carbon emission flow, the Equation is
as follows:

Ei =
1

n− 1 ∑n−1
j=1

(
Sj − S′j

)
(29)

where Sj and S′j are, respectively, the number of energy flow input and output lines of the
other nodes before and after the failure of node i.

(3) Node carbon potential:

From Section 3.4.2, it can be seen that the node carbon potential indicates that the
carbon emissions generated by the unit of electricity consumed by the node are equivalent
to the carbon emissions on the power generation side, similar to the carbon emission
intensity of the node, reflecting the unit carbon emissions of the node.

(4) Node load carbon flow rate:

From Section 3.4.1, it can be seen that the node carbon potential represents the carbon
dioxide emissions generated by the hourly consumption of electricity by the node load,
which is equivalent to the carbon dioxide emissions on the power generation side and can
be used to represent the actual carbon emissions of the assessed node load itself.

Connectivity and equilibrium degree assess the importance of nodes at the topology
level. The node carbon potential and node load carbon flow rate can be analyzed from the
actual carbon emission flow load.

4.4. Node Importance Analysis Steps

In summary, the node importance of this paper needs to comprehensively consider the
information flow and carbon emission flow contained in the indicator items. The analysis
steps include: (1) Calculating the importance value of the control point of the indicator
item aij; (2) According to the weight solution method of the indicator item, the weight of
each indicator item ωi is determined in combination with aij; (3) The node importance
values of information flow and carbon emission flow are, respectively, obtained as I I

n
and IC

n ; (4) According to the scale values of each node in the power carbon emission flow
transmission system in Figure 2, the comprehensive importance value of the node n is
obtained as I(n).

5. Importance Evaluation Mechanism Based on Objective Weighting Method
5.1. Improved Objective Weighting Method

To accurately analyze the comprehensive importance of each node in the carbon
emission transmission system, the importance values of different target items should be
analyzed, and the comprehensive importance values of nodes should be calculated based
on the specific distribution of the target items in the system. Due to the subjective factors
of some information flow indicators, to make the evaluation results of node importance
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more reasonable, the evaluation method needs to be more objective. In this paper, the
objective weighting method combined with the TOPSIS and grey relational analysis method
is adopted to evaluate node importance value, as shown in Figure 4.
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The interpretation of Figure 4 is as follows:

(1) The target term refers to the specific content of the carbon emission flow and infor-
mation flow of the system, i is the sequence number of the target item, i = 1, 2, . . . ,
N. When N = 2, it refers to the target term of the carbon emission stream, and when
N = 11, it refers to the information flow target item.

(2) For the specified target item i, the importance of an indicator item ai: ai1,ai2, . . . , aiM,j
is the serial number of an indicator,j = 1,2, . . . , M. M = 4 refers to the carbon emission
flow indicator term, and M = 5 refers to the information flow indicator term.

(3) The fusion weighting method uses the improved objective weighting method which
combines the TOPSIS method and grey relation method to calculate the weight. The
advantages of the two methods are integrated to make the final index weight value
more objective and reasonable.

(4) After the weight value of each indicator obtained by the fusion weighting method,
combined with the quantitative value of each node indicator, the importance value Ii
of the indicator i is calculated.

(5) On the basis of (4), combined with the node scale value Sn in Section 2.2, the compre-
hensive importance value I(n) of node n is obtained.

The basic idea of grey correlation analysis is to judge whether the sequence curves are
closely connected according to the similarity degree of their geometric shapes. If the curves
are close to each other, the correlation degree between the corresponding sequences will be
greater, and vice versa. Therefore, it is necessary to have more accurate reference terms to
improve the accuracy of evaluation when using the grey correlation analysis method for
evaluation. In the TOPSIS method, the original data matrix needs to be processed first to get
the forward matrix, and then the forward matrix is standardized to eliminate the influence
of each index dimension, and the optimal scheme and the worst scheme in the limited
scheme are found. Therefore, this paper adopts the fusion weighting method combining
the TOPSIS method and the grey correlation analysis method to obtain the optimal and
worst sequence through the TOPSIS method, which provides reasonable reference terms
for the grey correlation analysis method. It fully combines the advantages of the high
decision-making accuracy of the TOPSIS method and the grey correlation degree applicable
to poor information and effectively improves the evaluation accuracy.

5.2. The Calculation Flow of the Fusion Weighting Method

(1) Get the maximum and minimum reference vector.

Quantization values of information flow and carbon emission flow indicators can
be obtained from the contents in Sections 4.2 and 4.3. The quantization values of carbon
emission flow indicators need to be normalized through data processing, as shown in



Energies 2022, 15, 8223 13 of 21

Equation (27), where k = 0.8 and q = 0.2 are taken to make the final normalized results
distributed between [0.2,1]. The indicator matrix X =

(
aij
)

N×M can be obtained after
data forward processing. Find the maximum and minimum values of each indicator, and
construct the maximum and minimum reference vectors, which are, respectively:

Vmax =
{

max
(
a1j
)
, max

(
a2j
)
, . . . , max

(
aNj
)}T ,

Vmin =
{

min
(
a1j
)
, min

(
a2j
)
, . . . , min

(
aNj
)}T (30)

(2) Calculate the correlation coefficient with the reference vector.

Here, the correlation coefficient between the maximum reference vector is taken as
an example.

Step 1: Generate the absolute value matrix A.
Subtract the maximum reference vector Vmax column by column from the index matrix

X, and take the absolute value of the result to generate the absolute value matrix A:

A =


|a11 − vmax1| |a12 − vmax1| · · · |a1M − vmax1|
|a21 − vmax2| |a22 − vmax2| · · · |a2M − vmax2|

...
...

. . .
...

|aN1 − vmaxN | |aN2 − vmaxN | · · · |aNM − vmaxN |

 (31)

Let dmax be the maximum value in the absolute value matrix element and dmin be the
minimum value.

Step 2: Calculate the grey incidence matrix.
The grey incidence matrix B =

(
bij
)

N×M is constructed from the obtained correlation
parameters, and its elements are calculated as:

bij =
dmin + ρdmax

Aij + ρdmax
(32)

where ρ is the discrimination coefficient, and ρ is set as = 0.5.
Step 3: Calculate the grey correlation degree.
Let ξ j−max be the correlation coefficient between the index matrix and the maximum

reference vector, and its expression is:

ξ j−max =
∑N

I=1 bij

N
(33)

Similarly, the correlation coefficient ξ j−min between the indicator matrix and the mini-
mum reference vector can be calculated.

(3) Calculate the comprehensive correlation coefficient and weight.

After calculating the correlation coefficients between the index matrix and the maxi-
mum and minimum reference vectors, it is necessary to transform them into comprehensive
correlation coefficients s.

sj =
1

1 +
(
ξ j−min/ξ j−max

)2 (34)

After obtaining the comprehensive correlation coefficient ωj, it needs to be transformed
into the required weight, so as to calculate the importance value of the target item, whose
calculation formula is:

ωj =
sj

∑N
j=1 sj

(35)
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(4) Node comprehensive importance value.

The weight Ii obtained from (3) can be used to calculate the importance value of the
target i item:

Ii = ∑M
j=1 aijωj (36)

When IC(n) and I I(n) are used to represent the importance value of carbon emission
flow and information flow of node n, then the importance value of carbon emission flow is:

IC(n) = ∑4
i=1 Ii (37)

The importance value of node information flow can be obtained similarly. Combined
with the coupling scale value of the two networks obtained in Equation (7), we can obtain
the comprehensive importance value of node n:

I(n) = IC(n) + I I(n)× Sn (38)

6. Analysis of Examples
6.1. Node Importance Calculation

Taking the coupled model of the carbon emission flow system shown in Figure 1 as an
example, the simplified power grid with 3 machines and 9 nodes is selected for the carbon
emission flow network, as shown in Figure 5.
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To evaluate the importance of each coupling node, the following three steps are
required for analysis and calculation:

(1) Calculation of the importance of nodes on the carbon emission flow side.

Taking the example of IEEE 3 machine 9 nodes shown in Figure 5, the carbon emission
flow indicators of nodes and branches are calculated, among which units G1, G2, G3, that
is, the units corresponding to nodes 7, 8, and 9 are coal-fired units. Some unit parameters
are shown in Table 4.
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Table 4. Partial unit parameters.

Unit Number Node Number
Generator Characteristic Coefficient

ai(t/(MW·h)2) bi(t/MW·h) ci(t)

1 7 0.00375 2.00 0
2 8 0.00175 1.75 0
3 9 0.00625 1.00 0

After sorting out the data of the original example, the active power vector of the unit
PG = [0.7164, 1.6300, 0.8500]T , the node flowing power vector P = [0.7164, 1.2730, 0.9136,
1.4300, 1.0000, 0.8360, 1.6300, 0.8500, 0.7164]T , and related parameters such as branch power
loss. The node load, branch, and network loss power can be calculated separately from
Equations (8)–(20), then the corresponding carbon flow rate can be calculated from
Equations (21)–(25), and finally, the required node carbon potential can be calculated from
Equation (26). The calculation results of the required relevant carbon emission indicators
are shown in Table 5.

Table 5. Carbon emission flow indicators.

Node Number Node Carbon Potential Node Load Carbon Flow Rate

1 2.14 3.03
2 2.61 2.25
3 2.43 2.66
4 3.03 3.63
5 1.90 1.90
6 4.26 2.98
7 3.09 3.63
8 4.86 2.98
9 2.17 3.03

The obtained node carbon emission flow parameters, namely node carbon flow rate
and node carbon potential, and the network topology parameters obtained from Figure 1,
namely node connectivity and equilibrium degree, are normalized. The above data are
sorted out to obtain the importance indicators of all nodes in the carbon emission network,
as shown in Table 6.

Table 6. Normalized carbon emission flow importance indicators.

Node Number Connectivity Equilibrium Degree Node Carbon Potential Node Load Carbon Flow Rate

1 0.200 0.200 0.265 0.723
2 1.000 1.000 0.393 0.362
3 1.000 1.000 0.344 0.551
4 0.200 0.200 0.505 1.000
5 1.000 1.000 0.200 0.200
6 0.200 0.200 0.838 0.699
7 0.446 0.600 0.522 1.000
8 0.446 0.600 1.000 0.699
9 0.446 0.600 0.273 0.723

Based on the obtained node importance indicator value, the carbon emission flow
importance value of the node can be calculated according to the process shown in Section 5.2.
Take node 1 as an example, calculate the node importance value of the carbon emission flow of
node 1. According to the table, the maximum reference vector of the carbon emission flow node
importance indicator term Vmax = {0.723, 1.000, 1.000, 1.000, 1.000, 0.838, 1.000, 1.000, 0.723}T,
the minimum reference vector Vmin = {0.200, 0.362, 0.344, 0.200, 0.200, 0.200, 0.446, 0.446,
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0.273}T . To obtain the correlation coefficient with the largest reference vector ξ j−max and
generate the absolute value matrix Amax, there is:

Amax =



0.523 0.523 0.458 0.000
0.000 0.000 0.607 0.638
0.000 0.000 0.656 0.449
0.800 0.800 0.495 0.000
0.000 0.000 0.800 0.800
0.638 0.638 0.000 0.139
0.554 0.400 0.478 0.000
0.554 0.400 0.000 0.301
0.277 0.123 0.450 0.000


The largest element in the absolute value matrix is 0.800, and the smallest element is

0.000, namely dmax = 0.8, dmin = 0. All the elements of the grey incidence matrix Bmax can
be calculated from Equation (32):

Bmax =



0.433 0.433 0.466 1.000
1.000 1.000 0.397 0.385
1.000 1.000 0.379 0.471
0.333 0.333 0.447 1.000
1.000 1.000 0.333 0.333
0.285 0.385 1.000 0.742
0.419 0.500 0.456 1.000
0.419 0.500 1.000 0.571
0.591 0.765 0.471 1.000


According to Equation (33), the correlation coefficient ξ j−max between the index item

matrix and the maximum reference vector, namely the grey correlation degree of the
criterion term, is ξ1−max = 0.620, ξ2−max = 0.657, ξ3−max = 0.549, ξ4−max = 0.722. Similarly, the
correlation coefficient between the standard item matrix and the minimum reference vector
ξ j−min can be obtained, and is ξ1−min = 0.755, ξ2−min = 0.677, ξ3−min = 0.719, ξ4−min = 0.656.
According to Equation (34), the maximum and minimum correlation coefficients s obtained
are transformed into comprehensive correlation coefficients, which are s1 = 0.597, s2 = 0.515,
s3 = 0.632, s4 = 0.452, and then the comprehensive correlation coefficients are transformed
into weights ωj by Equation (35), which are ω1 = 0.272, ω2 = 0.234, ω3 = 0.288, ω4 = 0.206.
Finally, the node importance value IC(1) of carbon emission flow of node 1 can be calculated
through Equations (36) and (37), which is equal to 0.591. Similarly, the node importance
value of the carbon emission flow of other nodes can be obtained, and the results are shown
in Table 7.

Table 7. Node importance value of carbon emission flow.

Node Number Voltage Level Node Importance Value of Carbon Emission Flow IC

1

110 KV

0.326
2 0.694
3 0.719
4 0.453
5 0.605
6 0.487

7
220 KV

0.627
8 0.694
9 0.489
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(2) Calculation of the importance of nodes on the information flow side.

According to the importance distribution of information flow indicators in Table 3,
the importance value of each information flow indicator Ii can be calculated by the same
method, and the result is shown in Table 8.

Table 8. The importance value Ii of each information flow indicator item.

Number i The Business Name Importance Value Ii

1 Line protection 0.875
2 Stabilization system 0.904
3 Scheduling automation 0.892
4 Dispatching telephone 0.924
5 Stability management information system 0.754
6 Electricity metering telemetry system 0.838
7 Fault recording and double-ended ranging 0.773
8 Electricity market 0.808
9 DMIS system 0.595
10 Power quality/cable monitoring system 0.720
11 Primary equipment online monitoring system 0.720

The importance value of the information flow node of each node can be calculated
according to the different indicators and importance values contained in the electrical
equipment of each voltage level node. The results are shown in Table 9. If the same node
contains multiple criteria, the node importance value is the greater among them.

Table 9. Node importance value of information flow.

Node Number Voltage Level Node Importance Value of Information Flow II

1

110 kV

0.875
2 0.808
3 0.754
4 0.773
5 0.838
6 0.808

(3) Node comprehensive importance calculation.

Combined with the node carbon emission flow and information flow importance data
obtained from (1) and (2) in Section 6.1 and Equation (38) in Section 5.2, the comprehensive
importance of nodes I(n) can be calculated, as shown in Table 10.

Table 10. Comprehensive node importance value.

Node Number Voltage Level Node Comprehensive Importance Value I(n)

1

110 kV

1.009
2 1.308
3 1.254
4 1.087
5 1.267
6 1.141

7
220 kV

1.966
8 2.015
9 1.857

In order to reflect the relationship among the carbon emission flow, information flow,
and comprehensive node importance of all nodes, the importance values obtained above
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should be normalized according to Equation (27) and compared with the data of the same
node, and the comparison results are shown in Figure 6.
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As can be seen from Figure 6, the node importance screening of a single factor has
certain limitations. Taking the comparison between node 2 and node 3 as an example,
considering only the carbon emission flow-related indicators, node 3 has higher importance
than node 2, but the information flow importance of node 2 is higher than node 3. Finally, in
the coupled network, node 2 has higher comprehensive importance than node 3. Therefore,
the evaluation of node importance by considering the importance of carbon emission
flow or information flow alone cannot fully reflect the importance degree of nodes in the
coupled network. It is necessary to obtain the comprehensive importance degree of nodes
by combining the coupling scale based on the carbon emission network to comprehensively
evaluate nodes.

6.2. Line Selection Considering Node Importance

The node importance analysis of the two-network coupling model based on the carbon
emission flow network can provide a reference for the construction of its key line, that
is, adding the optimal solution search with node importance as an additional objective
function in the existing multi-objective optimization process.

To achieve the goal of energy saving and emission reduction, the line with the largest
sum of node comprehensive importance values centered on the importance of carbon
emission flow should be first restructured to reduce carbon emissions.

Considering the directivity of the carbon emission flow network, namely the power
grid, there are six complete lines in total, as shown in Figure 7, and the evaluation results
are as follows: 

1st : node 9− 1− 2, sum = 4.174
2nd : node 9− 1− 3, sum = 4.120
3rd : node 7− 4− 2, sum = 4.361
4th : node 7− 4− 5, sum = 4.320
5th : node 8− 6− 5, sum = 4.423
6th : node 8− 6− 3, sum = 4.410
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Evaluation node contrast by above knowable, node 5, 6, 8 of nodes in the line of highest
importance value, namely the line in the coupling network based on carbon flow network
is the most important in the network, in order to reduce carbon emissions, and need to
start from the line to power system restructuring, and the rest of the lines of reorganization
order can also be obtained by the comprehensive importance value of the sort.

7. Conclusions

This paper calculates the carbon emissions of the entire power grid through the power
flow calculation, thereby transforming the power grid into a carbon emission flow network.
Based on the complex network theory, it studies the similarities in the network topology and
business relationship between the power grid and the power communication network, and
determines the coupling scale of the two networks by means of the correlation coefficient
method and the correlation matrix method, and establishes a coupling network model
based on the carbon emission flow network. In order to further evaluate the important
nodes of the coupling network, combined with the different business characteristics of
carbon emission flow and information flow, a multi-index comprehensive evaluation system
considering the coupling scale of the two networks is established, a method that combines
two objective weighting methods to objectively evaluate indicators that contain subjective
components. Finally, the obtained node importance values can provide a sequential basis
for the carbon reduction and restructuring of the distribution network by determining
the relative core path, greater sum node importance values represent a greater carbon
emission impact on the line and need to be prioritized to transformation, so as to realize
the improvement of the distributed carbon emission optimization control ability of the
intelligent distribution network step by step. The method written in this paper is a power
grid transformation method based on the consideration of carbon emissions, which does
not take into account the actual economic requirements. It can be further improved by
considering the actual economic operation.
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