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ABSTRACT

With the widespread implementation of distributed generation (DG) and the integration of soft open point (SOP)
into the distribution network (DN), the latter is steadily transitioning into a flexible distribution network (FDN),
the calculation of carbon flow distribution in FDN is more difficult. To this end, this study constructs a model
for low-carbon optimal operations within the FDN on the basis of enhanced carbon emission flow (CEF). First,
the carbon emission characteristics of FDNs are scrutinized and an improved method for calculating carbon flow
within these networks is proposed. Subsequently, a model for optimizing low-carbon operations within FDNs is
formulated based on the refined CEF, which merges the specificities of DG and intelligent SOP. Finally, this model
is scrutinized using an upgraded IEEE 33-node distribution system, a comparative analysis of the cases reveals
that when DG and SOP are operated in a coordinated manner in the FDN, with the cost of electricity generation
was reduced by 40.63 percent and the cost of carbon emissions by 10.18 percent. The findings indicate that the
judicious optimization of areas exhibiting higher carbon flow rates can effectively enhance the economic efficiency
of DN operations and curtail the carbon emissions of the overall network.

KEYWORDS
Flexible distribution network; carbon emission flow; distributed generation; soft open points

Acronyms

TN Transmission network
DN Distribution network
FDN Flexible distribution network
SOP Soft open point
DG Distributed generation

Variables

PSOP,i,t, QSOP,i,t Active/reactive power injected by SOP into node i in the FDN
PLoss

SOP,i,t, PLoss
SOP,j,t Active power loss generated at node i/j side of SOP in the FDN

PMT,i,t, QMT,i,t Active/reactive output of MT installed at node i
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PWT,i,t, QWT,i,t Active/reactive output of WT installed at node i
PPV,i,t, QPV,i,t Active/reactive output of PV installed at node i
PTN,i,t Active power injections at node i in the TN
PLoss,l,t Active power loss in branch l
IMT,i,t Carbon emission intensity of MT installed at node i
ITN,i,t Carbon emission intensity injected into the FDN node i by the TN
Pij,t, Qij,t Active/reactive power flows on branch ij in the FDN
I ij,t Squared current magnitude of branch ij in the FDN
PD,i,t, QD,i,t Active/reactive power demands at node i in the FDN
ui,t Squared voltage magnitude of node i in the FDN
Sl,t Transmitted power of branch l

Parameters

ηSOP Loss coefficient of SOP
SSOPij SOP capacity installed between nodes i and j
ui,max, ui,min Upper/lower voltage limit of node i in the FDN

Indices and Sets

Ω i+ Set of tributaries injecting currents into node i
Ω i− Set of tributaries flowing out of the current from node i
Nb Set of nodes in the FDN
ΩL Set of branches in the FDN
Ψ , Φ Set of start and end nodes of branch

1 Introduction

The growing demand for energy and the resultant climate change present formidable hurdles for
modern society. The power industry is liable for approximately 40% of carbon emissions stemming
from the combustion of fossil fuels [1]. Embracing a low-carbon economy has progressed into a
prevailing strategy for the power sector, serving as a pivotal component in China’s pursuit of the
“carbon peak, carbon neutral” initiative. The decarbonization of the power industry stands as a central
and critical measure of China’s aim to address the complex issues of global climate change [2,3].

With the widening adoption of distributed generation technology, an increasing number of
distributed generation (DG) units are being integrated into the distribution network (DN). This
integration brings about significant advantages in reducing network losses and mitigating carbon
emissions [4]. Nevertheless, the widespread implementation of DGs has also triggered substantial alter-
ations in the operational characteristics of DNs [5,6]. Consequently, the operation of DNs faces novel
challenges, including network congestion and bidirectional power flow [7]. The soft open point (SOP)
offers a continuous control of power within the DN, enabling flexible interconnection between feeders
and enhancing the controllability and adaptability of DN operations [8,9]. Hoseinzadeh et al. [10]
analyzes an example of a Norway island to emphasize the positive environmental impacts of integrat-
ing renewable energy. Combating climate change and achieving sustainable development by reducing
carbon emissions and promoting clean energy production. Evolved from the traditional “closed-loop
design, open-loop operation” framework, based on the flexible interconnection technology of SOP,
DN is progressing towards flexible closed-loop operation and ultimately transitioning to a flexible
distribution network (FDN). Flexibility stands out as a pivotal characteristic of future DNs.
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The recent development of low-carbon power solutions necessitates a more thorough understand-
ing of the carbon emissions associated with power systems. The carbon flow theory offers a new
perspective for research in the realm of low-carbon power [11]. Existing calculation methods for power
systems’ carbon emissions primarily involve macro-statistics [12] and carbon flow analysis [13,14]. The
macro-statistical method computes carbon emissions of the power system on the basis of grid energy
consumption; however, it is limited to calculating carbon emissions on the power generation side, often
disregarding network structure and the transmission characteristics [15]. In contrast, the carbon flow
analysis method are rooted in the carbon flow theory and track the flow of carbon emissions in the
grid over time [16,17].

Kang et al. [18] introduced a conceptual framework for the carbon flow analysis method,
establishing a correlation between carbon emissions on the source and load sides of the power system.
On the basis of the complex structure theory of carbon emission flow, an advanced carbon emission
responsibility allocation method was built, broadening the research dimension of carbon emissions
within the domain of low-carbon power and offering new directions for optimizing DN operations
[19]. Additionally, a virtual carbon emission tracing method was founded on the principle proportional
sharing [20], achieving accurate monitoring and tracing of carbon emission flow within the power
system. Hong et al. [21] established a user-centered environmental demand response model with a
carbon perspective grounded in the theory of carbon emission flow, and employed an industrial park in
a southwestern Chinese city as a case study. The model realizes the reduction of electricity procurement
during the period of high carbon emission factor, which reduces the total annual carbon emissions of
the industrial park. Prior research has effectively introduced the theory of carbon emission flow within
the context of low-carbon optimization of power system operation; however, the distribution of carbon
emission flow subsequent to the integration of DGs and SOP into the DN has not been specifically
analyzed, failing to precisely depict the influence of the coordinated operation of DGs and SOP on
carbon emissions within the DN.

Existing research on the low-carbon optimization of DN is relatively few, and the distribution
network is mostly dependent on the main grid power supply, when the operating state of the main grid
changes, the node carbon potential of the node connecting the distribution network and the main
grid will also change accordingly, so it is not possible to accurately describe the carbon intensity
of the power from the main grid. To address the aforementioned issues, this paper examines the
operational attributes of diverse power electronic equipment, including SOPs and DGs within the
FDN. Subsequently, it develops a low-carbon optimal operational approach for the FDN grounded
on carbon emission flow analysis and constructs a corresponding low-carbon optimal operational
framework for the FDN. The introduced model is solved, demonstrating that the proposed approach
effectively mitigates the carbon emissions of the FDN while accomplishing low-carbon optimal
operations. The principal contributions of this paper are as follows:

1) Based on the carbon emission characteristics of distribution networks and the operating
characteristics of power electronic equipment SOPs, the influence of SOP access on the distribution of
carbon emission flows within distribution networks is examined, and a carbon emission flow model
incorporating SOPs is presented.

2) A refined approach for computing carbon emission flow within the FDN is introduced. When
the SOP is connected to the DN, on the basis of on the traditional carbon emission flow model, it is
regarded as a “branch circuit” that allows active power to pass through and generate reactive power.
In the context of the FDN, carbon emission flow is contingent upon the active current, empowering
the SOP to govern active power within the FDN, concurrently regulating the distribution of carbon
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emission flow. This method effectively realizes the calculation of carbon emission flow distribution
within the FDN.

3) A low-carbon optimal operation model is constructed for the FDN. Considering the operation
mode of traditional DN and the operational characteristics of DG and SOP, the influence of both on
the carbon emission of the FDN is explored. On the basis of the calculation method of the FDN, the
distribution of the carbon emission intensity of nodes and the carbon flow rate of loads is obtained in
the whole network, and reasonable optimization of the areas with large carbon emission in the DN is
carried out through the coordinated operation of DG and SOP to achieve carbon emission reduction.

2 Introduction to the CEF Theory of a Power System
2.1 Power System CEF

In the realm of low-carbon energy, the theory of CEF has undergone significant refinement
since its inception, and emerged as a pivotal approach to low-carbon energy dispatch in recent years.
This theory currently serves as a robust analytical tool for advancing low-carbon energy solutions,
elucidating the significant influence of diverse energy structures, scheduling strategies and operational
modes on carbon emissions. Essentially, it offers crucial theoretical guidance for optimizing energy
utilization and mitigating environmental impacts.

For example, when a power plant utilizes fossil fuels for electricity generation, it releases substan-
tial amounts of carbon dioxide, leading to carbon emissions. Under the CEF, this carbon dioxide is
conceptualized not as direct atmospheric discharge but as gas injected into the grid alongside electricity
flow, eventually reaching end-users as part of the CEF. This theoretical framework vividly depicts the
distribution patterns of CEF within the power grid, as illustrated in Fig. 1, which materializes carbon
emissions in the form of network flows in the power system.
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Figure 1: Schematic materialization of carbon emission flow in the power system



EE, 2025, vol.122, no.2 789

2.2 Theoretical Foundations of Power System Carbon Emission Flow: Definitions
CEF is a new concept and indicator, formed by adding carbon emission labels on the basis of grid

active current data [22].

1) Branch Carbon Flow (BCF): It represents carbon emissions via branch l as active power flow
passes through it, denoted as El, measured in gCO2.

2) Branch Carbon Flow Rate (BCFR): It is the carbon flow rate via branch l per unit time under
active current, expressed as Rl in gCO2/h, as shown in Eq. (1).

Rl = dEl

dt
(1)

3) Branch Carbon Flow Density (BCFD): It refers to the ratio of carbon flow rate via a branch
to the active tidal current of that branch, expressed as IL,l and measured in gCO2/(kW·h), as shown in
Eq. (2).

IL,l = Rl

Pl

(2)

4) Node Carbon Emission Intensity (NCEI): It is used to describe the magnitude of the node’s
carbon emission intensity, denoted by IN,i and measured in gCO2/(kW·h), as shown in Eq. (3).

IN,i =
∑

l∈Ωi+
PlIL,l

∑
l∈Ωi+

Pl

=
∑

l∈Ωi+
Rl

∑
l∈Ωi+

Pl

(3)

The carbon flow density of tributary currents emanating from a node equals the node’s carbon
emission intensity, as shown in Eq. (4).

IL,l = IN,i l ∈ Ωi− (4)

2.3 The Ideas and Steps for Calculating Carbon Emission Flows from Power Systems
After the basic current calculation for the whole system, the data of nodes and branches of the

whole network can be derived. The fundamental steps for calculating the carbon emission flow within
a power system are as follows:

1) Determine the system tidal current distribution by basic tidal current calculation.

2) Determine the type of unit, and also determine the carbon emission factor data of each unit.

3) Based on the unit’s power generation, the carbon flow rate of the connected branches and the
nodal carbon potential are extrapolated.

4) Derive the system carbon flow distribution after projecting to the load side.

3 Improved Carbon Flow Calculation Method for Flexible Distribution Networks
3.1 Characterisation of Carbon Flows in Flexible Distribution Networks

The DN has obvious radial characteristics. When DGs and the SOP are not connected and
network loss is ignored, the inflow current of each node in the DN is only provided by its upstream
node and the carbon emission intensity of all nodes is equal to that of the nodes of the transmission
network (TN) connected to the DN. After the DGs and the SOP are connected to the DN, both of
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them change the distribution of currents in the FDN, which influences the carbon emission intensity
of the nodes involved, ultimately impacting the CEF distribution across the entire FDN.

3.2 CEF Models Considering Intelligent Soft Open Point
Taking fully controllable power electronic devices as a basis, the SOP can replace the contact

switch in DNs, enabling the regulation of active power and the compensation of reactive power across
feeders, so as to regulate the current distribution of the whole DN. The location of the SOP access is
shown in Fig. 2.
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Figure 2: SOP access location map

The two ends of the SOP are respectively connected to nodes i and j of the DN, and the related
operational constraints are presented as Eqs. (5)–(7) [23].

PSOP,i,t + PSOP,j,t + PLoss
SOP,i,t + PLoss

SOP,j,t = 0 (5)
⎧⎨
⎩

PLoss
SOP,i,t = ηSOP

√(
PSOP,i,t

)2 + (
QSOP,i,t

)2

PLoss
SOP,j,t = ηSOP

√(
PSOP,j,t

)2 + (
QSOP,j,t

)2
(6)

⎧⎨
⎩

√(
PSOP,i,t

)2 + (
QSOP,i,t

)2 ≤ SSOP
ij√(

PSOP,j,t

)2 + (
QSOP,j,t

)2 ≤ SSOP
ij

(7)

The power flows from one node of the SOP to the other and the CEF is dependent on the power
flow in the DN. Therefore, the SOP can be regarded as a “branch circuit” that allows active power
to pass through and can emit reactive power. When the SOP regulates active power in the DN, it can
also regulate the distribution of carbon emissions within the DN. The CEF model considering a SOP
is shown in Fig. 3.
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Figure 3: Schematic diagram of the carbon emission flow model considering a SOP
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Based on the relevant characteristics of the SOP and the relationship between NCEI and BCFD,
the formula for calculating the rate of carbon flow through the SOP is obtained as shown in
Eqs. (8)–(11).

In the carbon flow model considering the SOP, the power loss of the converter at nodes i and j
is ignored, as well as the loss of carbon emission. Eq. (8) is the active power balance equation of the
SOP when converter losses are neglected, Eq. (9) represents the power magnitude relationship between
nodes i and j of the SOP injection, Eq. (10) is the formula for the carbon flow density of the SOP, and
Eq. (11) is the formula for the magnitude of the rate of carbon flow through the SOP.

PSOP,i + PSOP,j = 0 (8)

∣∣PSOP,i

∣∣ = ∣∣PSOP,j

∣∣ = ∣∣PSOP,ij

∣∣ (9)

ISOP,ij = IN,i =

∑
l∈Ωi+

PlIL,l

∑
l∈Ωi+

Pl

=

∑
l∈Ωi+

Rl

∑
l∈Ωi+

Pl

(10)

RSOP,ij = ISOP,ijPSOP,ij (11)

where PSOP,ij represents the actual active power flowing from node i to node j in the SOP; ISOP,ij represents
the carbon flow density in the SOP; RSOP,ij represents the carbon flow rate flowing through the SOP.

3.3 Carbon Flow Calculations for Flexible Distribution Networks
The calculation of CEFs is based on the key matrices and vectors defined in Table 1 [18].

Table 1: Key matrices and vectors

Matrix name Notation Connotation

Branch current distribution matrix PB Describe the distribution of active currents
in the FDN

DG injection distribution matrix PG Describe the FDN, DG connection
relationship

Load distribution matrix PL Describe the FDN, load connection
relationships

Matrix of active power flux at nodes PN Describe the contribution of DG to nodes
and that of nodes to the carbon emission
intensity of nodes in the FDN

DG-load carbon flow correlation
matrix

RU Describe the contribution of DG to load
carbon flow rate

The carbon intensity vector EG of the statistical power generation unit is used to calculate the
carbon intensity vector EN of each node in the FDN, as shown in Eq. (12).

EN = (
PN − PT

B

)−1
PT

GEG (12)
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1) Power-side CEF calculations

To determine the amount of carbon emissions from power generation, the carbon intensity of the
DG is multiplied by the active power injected by the DG into the FDN.

2) Network-side CEF calculations

The BCFR distribution matrix RB is obtained from the branch current distribution matrix PB, as
shown in Eq. (13).

RB = diag (EN) PB (13)

3) Load-side CEF calculations

The vector RL representing the carbon flow rates of the load is derived from the load distribution
matrix PL, as indicated in Eq. (14).

RL = PLEN (14)

4 Low-Carbon Optimal Operation Model for Flexible Distribution Networks

This section constructs an optimal operational model for the FDN that focuses on low-carbon
emissions on the basis of carbon flow.

4.1 Objective Functions
The objective functions include minimizing the generation cost, TN power purchase cost, network

loss cost, and carbon emission cost, as shown in Eqs. (15)–(18).

1) The generation cost f 1 is minimized as:

f1 =
T∑

t=1

Nb∑
i=1

(
cMTPMT,i,t + cWTPWT,i,t + cPVPPV,i,t

)
(15)

where cMT, cWT and cPV represent the cost of electricity generation per unit issued by the respective DGs,
which includes micro-turbine (MT), wind turbine (WT), and photovoltaic (PV).

2) The TN power purchase cost f 2 is minimized as:

f2 =
T∑

t=1

Nb∑
i=1

(
λi,tPTN,i,t

)
(16)

where λi,t represents the unit cost of power purchased from the TN by FDN

3) The network loss cost f 3 is minimized as:

f3 =
T∑

t=1

ΩL∑
l=1

(
cLossPLoss,l,t

)
(17)

where cLoss represents the unit cost of FDN network losses.

4) The carbon emission cost f 4 is minimized as:

f4 =
T∑

t=1

Nb∑
i=1

(
IMT,i,tPMT,i,t + ITN,i,tPTN,i,t

) × πc (18)

where π c represents the price of carbon emissions per unit.
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The total cost f is shown in Eq. (19).

min f = f1 + f2 + f3 + f4 (19)

4.2 Constraints
Constraints encompass AC distribution power flow limitations derived from the DistFlow model

[24], constraints related to SOPs, and constraints in the carbon flow model.

1) Constraints on nodal power balance:

Constraint (20) denotes the AC power balance of node i.⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

∑
k∈ψ ,i∈Φ

Pki,t − Iki,trki − ∑
i∈ψ ,j∈Φ

Pij,t − PD,i,t+
PMT,i,t + PWT,i,t + PPV,i,t + PTN,i,t + PSOP,i,t = 0
∑

k∈ψ ,i∈Φ

Qki,t − Iki,txki − ∑
i∈ψ ,j∈Φ

Qij,t − QD,i,t+
QMT,i,t + QWT,i,t + QPV,i,t + QSOP,i,t = 0

(20)

where rki represents the resistance of branch ki, and xki represents the reactance of branch ki.

2) Voltage balance constraints:

ui,t − uj,t − 2
(
rijPij,t + xijQij,t

) + Iij,t

(
r2

ij + x2
ij

) = 0 (21)

ui,min ≤ ui,t ≤ ui,max (22)

3) Branch circuit current constraints:

To streamline the model, we apply second-order cone (SOC) relaxation [25,26] to the line power
flow constraints, as shown in Eq. (23).∥∥∥[

2Pij,t2Qij,t Iij,t − ui,t

]T
∥∥∥

2
≤ Iij,t + ui,t (23)

4) Branch circuit capacity constraints:

Sl,t ≤ Sl,max (24)

5) DG operational constraints:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

PMT,min ≤ PMT,i,t ≤ PMT,max

QMT,min ≤ QMT,i,t ≤ QMT,max

PWT,min ≤ PWT,i,t ≤ PWT,max

QWT,min ≤ QWT,i,t ≤ QWT,max

PPV,min ≤ PPV,i,t ≤ PPV,max

QWT,min ≤ QWT,i,t ≤ QWT,max

(25)

6) SOP operational constraints:

Due to the nonconvexity and nonlinearity of Eqs. (6) and (7) in the original model, the opti-
mization model constructed is non-convex. Thus, the above model is convexified in this subsection.
Since Eqs. (6) and (7) are quadratic nonlinear constraints, Eqs. (6) and (7) are reformulated as SOC
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constraints, as shown in constraints (26) and (27).
⎧⎪⎪⎨
⎪⎪⎩

∥∥[PSOP,i,t QSOP,i,t]
T
∥∥

2
≤ PLoss

SOP,i,t

ηSOP∥∥∥[
PSOP,j,t QSOP,j,t

]T
∥∥∥

2
≤ PLoss

SOP,j,t

ηSOP

(26)

⎧⎨
⎩

∥∥[PSOP,i,t QSOP,i,t]
T
∥∥

2
≤ SSOP

ij∥∥∥[
PSOP,j,t QSOP,j,t

]T
∥∥∥

2
≤ SSOP

ij

(27)

7) Load node carbon emission equation constraints:

Constraint (28) formulates the real-time calculation of carbon emissions at the load node, which
establishes a foundational basis for the subsequent analysis of carbon emission outcomes within the
FDN.

Ei,t = PD,i,tIN,i,t (28)

8) Tributary carbon flow density constraints:

Constraint (29) describes the relationship between the density of tributary carbon flows out of a
node and the intensity of carbon emissions at that node, which two are equal in magnitude.

IL,l,t = IN,i,t (l ∈ Ωi−) (29)

9) Nodal carbon emission intensity equation constraints:

Constraint (30) represents the carbon emission intensity formula for node i in the FDN, where
node i receives not only the power transmitted from the branch but also the power transmitted from
the SOP.

IN,i,t = PMT,i,tIMT,i,t + PSOP,i,tISOP,ji,t+
PMT,i,t,s + PSOP,i,t,s+ →

←
PTN,i,tITN,i,t + ∑

l∈Ωi+
Pl,tIL,l,t

PTN,i,t + ∑
l∈Ωi+

Pl,t

(30)

5 Case Studies

The system has 33 nodes and 32 branch circuits, with a base voltage of 12.66 kV, and a maximum
electrical load of 3715 kW. The model is solved using the GUROBI solver within the MATLAB
software environment.

5.1 Model Base Data
In this paper, the arithmetic example implements a modified IEEE 33-node DN and considers the

installation of SOPs at the contact switches between feeders, as shown in Fig. 4.
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Figure 4: Improved IEEE 33-node distribution network

Table 2 displays the pertinent parameters of DG.

Table 2: DG-related parameters

DG Output
power (kW)

Carbon emission factor (gCO2/(kW·h)) Generation costs ($/(kW·h))

Max Min

MT-3 300 0 700 0.058
MT-15 400 0 800 0.058
MT-31 500 0 900 0.058
WT-6 300 0 0 0
WT-11 300 0 0 0
WT-28 300 0 0 0
PV-18 300 0 0 0
PV-22 200 0 0 0
PV-25 300 0 0 0

Fig. 5 illustrates the carbon emission intensity of the TN for each time period.
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The unit cost of purchasing power from the TN by the DN for each time period is shown in
Table 3.

Table 3: Tariffs for electricity purchased from the TN

Timing (h) Cost ($/(kW·h))

Peak period 10∼12 0.080
17∼20

Weekday period 6∼9 0.058
13∼16
21∼24

Valley period 1∼5 0.044

5.2 Results Analysis
Three cases are established for comparative analysis:

Case 1: failure to consider low-carbon elements in the operation of the DN.

Case 2: consider low-carbon elements in the DN operation process and optimize the carbon
emission costs embedded in the objective function.

Case 3: based on Case 2, SOPs are installed at distribution branch circuits 18–33 and 25–29 to
investigate the impact of the coordinated operation of DGs and SOPs on the low-carbon operation
of FDNs.

1) Cost comparisons: The costs of the above cases were obtained as shown in Table 4.

Table 4: A cost analysis comparison

Case 1 Case 2 Case 3

Generation cost/×103$ 1.179 0.704 0.700
Transmission network power purchase cost/×103$ 1.669 2.155 2.159
Network loss cost/$ 21.400 30.849 28.891
Carbon emission cost/×103$ 0.619 0.557 0.556
Total cost/×103$ 3.488 3.447 3.444

DGs in the DN are distributed in a decentralised manner, and in Case 1 without considering the
low-carbon element, the MT output is almost full in order to reduce the network loss of the DN,
whereas after embedding the carbon cost in the objective function, the MT will adjust its own output
during the day. The output of MT in each period under Case 2 is shown in Fig. 6. In the low-carbon
period, the power transmitted from the TN to the DN contains more low-carbon power, MT does
not generate power at this time. In the high-carbon period, the carbon emission intensity of the TN
is always maintained at a high level, and to reduce the carbon emissions of the DN, MT will start to
generate electricity and gradually increase its own output.
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Figure 6: Real-time contribution of MT under Case 2

Combined with Table 4, Case 2 reduces the cost of electricity generation by 40.29 percent and the
cost of carbon emissions by 10.02 percent compared to Case 1, demonstrating the need to consider
low-carbon elements in the operation of the DN. Case 3 installs SOPs at DN branches 18–33 and 25–
29 on the basis of Case 2. The generation cost, network loss cost and carbon emission cost are reduced
under Case 3. This is due to the fact that the SOP can continuously control the power in the DN, which
improves the ability of the DN to consume DG, especially the new energy units in close proximity to
the network, and reduces carbon emissions while reducing network losses in the DN.

The active power transmitted on the SOPs under Case 3 is shown in Fig. 7. The TN is in a low
carbon period in the early morning or evening moments, when the carbon potential of the TN is lower
than that of the MT. The SOP close to the TN transmits low carbon power at that moment under the
premise of ensuring reliable power supply. The low carbon power from the TN flows into the DN and
transmits to node 25 and then transmits to node 29 through the SOP, which effectively balances the
feeder loads and reduces the network losses while meeting the low-carbon demand of the DN loads.
The SOPs installed at branches 18–33 are far away from the TN, so there is almost no active power
transmission from these SOPs during the low carbon period of the TN. In addition, combined with
the improved topology diagram of the IEEE 33-node distribution network, it can be seen that the
SOPs installed at branches 18–33 and 25–29 are connected to a PV at one end. The PV is close to full
generation when there is sufficient light, at which time the SOPs can transmit zero-carbon electricity
in a timely manner.
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Figure 7: Active power transmitted on the SOP under Case 3
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2) Analysis of carbon emission results: The individual cases were analyzed to obtain a one-day
graph of variation in the NCEI , as shown in Fig. 8.
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Figure 8: NCEI comparison chart
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As shown in Fig. 8, different nodes in the DN exhibit large differences in nodal carbon emission
intensity due to the different types of DG accessed and the influence of nearby nodes. There are more
high coal-consuming units or those close to the TN installed near the high carbon emission intensity
nodes in the DN, while more new energy units or those far away from the TN are installed near the
low-carbon emission intensity nodes. When low-carbon elements are considered in Case 2, MTs do
not input power into the DN during low-carbon periods, whereas during high-carbon periods, the
MTs with low carbon intensity generate as much power as possible at full capacity, and the MTs with
higher carbon intensity will regulate the level of output relative to their own carbon intensity and the
carbon emission intensity of the TN, in order to minimize the use of high-carbon intensity thermal
power from the TN.

Compared to Case 1, each node within the region of nodes 1–5 under Case 2 receives more low-
carbon electricity from the TN during low-carbon periods, which results in a significant decrease in the
carbon emission intensity of nodes within this region. In addition, nodes in the region of nodes 29–33
are connected to MT-31, and since MT-31 has a higher carbon intensity, it reduces its own output as
much as possible during high-carbon periods, while the nodes in this region also receive low-carbon
electricity from the TN. CEF is dependent on active power, and after the DN is configured with SOPs,
nodes 29 and 33 and their neighbouring nodes receive zero-carbon electricity from PVs at the same time
as when they receive active power transmitted by SOPs at the moment of sufficient light. Compared
to Case 2, the carbon emission intensity of nodes in the region near the SOP under Case 3 is further
reduced, and the number of nodes in the FDN with NCEI of 0 is further increased.

To analyze the contribution of the TN as well as the DG to the carbon flow rate at the load node,
the moment t = 14 h is selected for different cases, as shown in Fig. 9.
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Figure 9: (Continued)
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Figure 9: Load carbon flow rate distribution map

Node 1 in the DN is not connected to any load, thus it bears no carbon emission responsibility;
the TN and MT do not contribute to the carbon flow of node 1. Furthermore, the load power of some
nodes is supplied by renewable energy units, hence no carbon emissions are generated. Compared to
Case 1, due to the reduced output of MT-31 in Case 2, there is a shift in the source of carbon flow
rates for loads in the node 29–33 area. Thus, the carbon flow rate distribution in the DN becomes more
balanced. With the addition of SOP, the traditional DN transitions from a “closed-loop design, open-
loop operation” state to flexible closed-loop operation based on the SOP’s flexible interconnection
technology, further enhancing the network’s decarbonization effectiveness.

6 Conclusions

This paper explores a low-carbon optimal operation approach for FDN on the basis of CEF.
Taking into account the operational traits of SOP and DG, an improved model is constructed to
optimize the FDN by strategically managing areas with significant carbon emissions. The key findings
are as follows:
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1) An improved low-carbon optimal operation method of FDN is proposed, which provides a
reliable theoretical basis for the study of low-carbon optimal operation of FDN. When the SOP is
connected to the DN, based on the traditional CEF model, it is regarded as a “branch circuit” that
allows active power to pass through and can generate reactive power.

2) The low-carbon optimal operation model of FDN is established by the comprehensive con-
sideration of the characteristics of DG and SOP. By analyzing the NCEI and load carbon flow rate
distribution of the whole network, the areas with larger carbon flow rate in the DN are reasonably
optimized, which effectively improves the economy of DN operation.

3) A comparative analysis of the cases reveals that when DG and SOP are operated in a
coordinated manner in the FDN, the costs of power generation, network losses and carbon emissions
are reduced, with the cost of carbon emissions being reduced by 10.18 percent. The results show
that the coordinated operation of DG and SOP can achieve economic and low-carbon operation of
the FDN.

This paper subsequently considers the introduction of artificial intelligence technologies, such
as machine learning and deep learning, to intelligently dispatch and optimize the power network
to achieve efficient energy allocation and low carbon emissions. At the same time, the cooperative
operation strategy of distributed energy and smart grid is studied to improve the utilization rate of
renewable energy and the stability of the network.
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