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Abstract

Increasing renewable energy integration in power systems is an important
way of decarbonising carbon emissions. Recently, the ever-increasing deploy-
ment of distributed generation (DG) is considered effective in reducing
carbon emissions and power loss, such as wind, photovoltaic (PV), and
combined heat and power generation (CHP) on the demand side. Thus,
the evaluation of carbon emission flow (CEF) will be a crucial factor for
distribution network planning with the integration of DGs, which may act
as a supplemented indicator in addition to traditional power flow study. In the
planning stage, it is paramount to ensure that decarbonisation process of the
power distribution system is in line with environmental and technical targets.
Thus, the paper proposes a modelling strategy to combine the power flow
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and carbon emission flow. It aims to analyse and calculate the CEF based
on the power-flow study. The novel model satisfies the power flow and CEF
balance and can be directly used to evaluate the decarbonization of power
system. The results of this study can help relevant energy decision-makers
to do appropriate renewable energy generation planning and guide the power
system to achieve carbon neutrality.

Keywords: Distributed generation, power flow, carbon emission flow,
decarbonization, carbon neutrailty.

1 Introduction

Since distributed power generation is characterised by instability and high
volatility, carbon emissions of power system will also change with the fluc-
tuation of distributed power generation. Therefore, statistics and analysis of
carbon emissions are particularly important in verifying the carbon sources
and carbon flows. Carbon emission in power system refers to carbon dioxide
emissions mainly caused by conventional power production from coal-fired
and gas-fired power plants. However, distributed renewable energy, such as
wind power, Photovoltaic (PV), can effectively reduce the dependence on
fossil energy and corresponding carbon dioxide emissions [1]. In addition,
hybrid energy systems containing a variety of distributed renewable energy
sources have also been vigorously developed, and hybrid energy systems
can reduce CO4 emissions more effectively than traditional energy systems
[2, 3]. Existing methods for measuring carbon emission can be classified into
statistical methods [4], input-output analysis (I-O) methods [5], and life cycle
analysis (LCA) methods [6].

The energy and environmental performance of thermal power plants has
been assessed widely using statistical methods and input-output analysis
(I-O) methods. However, the focus in most of the statistical methods is
based on continuous emission monitoring system that is used to measure
COg3, SOz and NOx emissions as per kWh electricity generated [1, 7].
The study [8] and [9] adopted macro energy statistics frequently suffer from
mission and inconsistency flow. Generally, the statistical data only provide
the numerical records of related fossil energy. It may be used to evaluate
the carbon emission of a specific power plants, but can not be further
developed to a universal model to evaluate carbon emission in a systematic
prospective.
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The life cycle assessment (LCA) on carbon emission footprint includes all
environmental impacts associated with the product’s entire life. The LCA was
often used to evaluate carbon emission of renewable generation in which no
direct carbon emission is produced during its operation. Most of the existing
research conducted carbon emission evaluation that only aims at generators
in coal-fired and gas-fired power plants, while ignoring the carbon emissions
from demand side. Although, the distributed generation, such as solar power,
at demand side, does not directly emit carbon dioxide in its operation, but its
manufacturing process does produce certain carbon emission.

The study [10, 11] developed a comprehensive bottom-up life cycle
assessment model to evaluate the carbon emission of solar power [10].
It indicated that life cycle GHG emissions range from 98.3 to 149.3 gCOs/
kWh, with a mean value of 123.8 gCO2/kWh. The life cycle emission model
of solar power provide an insight to evaluate the carbon footprint among
power system, so as to reflect the environmental impacts of utility-scale solar
project in an more objective way.

Since the electrical carbon emission is determined by the operation
state of distribution networks, a detailed analysis of carbon emissions can be
carried out based on the operation and manufacturing stages. Further, the
electrical carbon emission of the demand side can be clarified. In order to
be able to track carbon footprint and accurate carbon emission data, carbon
emission flow theory is used to describe dynamic carbon emission data
distributed in the power system.

The name was first proposed in the trading system for measuring the
transfer of carbon between two trading parties [12]. Similar to an energy
flow generated by energy generation, transfer and consumption in the power
system, carbon emission can also be described as a flow. Therefore, a car-
bon tracking model has been established to describe the change of carbon
emission with energy consumption in the power system [13]. Due to the
different carbon reduction intensity of each distributed power supply, the
decarbonisation process of distribution network is also different. For distri-
bution network with high volatility of distributed power supply, the carbon
emission flow can better describe their decarbonisation process. Based on
the power system model with nodes and loads of distributed power supply,
precise carbon emission flow is calculated in the form of network topology.

Thus, considering the impacts of DGs on carbon emission reduction, this
paper proposes an improved CEF method. It can further clarify the CEF
distribution in the distribution network of complex operation states.
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Three contributions are as follows:

* Analyze DGs’ impacts on the CEF from three aspects of the direct car-
bon emission source: the network power flow, network carbon intensity
and network carbon flow;

* Propose an improved CEF model considering DGs’ impacts to mea-
sure the carbon emissions and carbon intensity of each node within
distribution networks;

* Quantify the complex CI of distribution network with multiple DGs, by
innovatively combining the CI and historical CEF information;

The remainder of this paper is organized as follows. Section 2 presents the
detail of the improved CEF method. In Section 3, the case study is conducted
to verify the feasibility of the proposed method. Finally, conclusions are
presented in Section 4.

This paper presents a modelling technique to analyse the decarbonisa-
tion process of distribution network combined with carbon emission flow.
By comparing the carbon emissions of distributed power sources added
with different carbon emission intensities with those provided by the main
network, the carbon reduction advantages of distributed power sources are
highlighted. First, the Newton-Rafson AC model was established to calculate
the power flow of the distribution network continuously, and the continuous
power flow distribution was obtained. Secondly, the parameters of PV power
generation system and cogeneration is analysed and obtained. Then, accord-
ing to the CEF calculation formula, the continuous CEF data of distribution
network are obtained and compared.

2 Methodology

2.1 Power Flow Calculation Model

In the distribution network, since the carbon emission flow is dependent on
the energy flow, the distribution of energy flow in the distribution network
should be calculated in advance before calculating the carbon emission flow
value table. On the basis of the known energy flow distribution, each carbon
emission flow index is calculated. In the proposed CEF model, Newton-
Raphson algorithm is integrated into matpower toolbox [14] to calculate the
power flow. If there are N nodes in the distribution network, the voltage
amplitude V; and angle of each node can be calculated by the active and
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reactive power balance Equations (1) and (2) of the nodes [15].

N

PGi — PLi = Ui Z UJ(GIJ COS 51J + BIJ sin (51J) (1)
j=1
N

Qci — Qui = Ui Y Uj(Gyj sin 6 — Byj cos &) 2)
=1

In the above formula, Pg; and Qg; respectively represent the active and
reactive power input by the generator at node i of the power system network,
Pr; and Qr; respectively represent the active and reactive power of the load
at node i of the power system network, Gj; and B;; respectively represent
the conductance and susceptance of branch i-j of the distribution network.
U; and Uj represent the voltage amplitudes of nodes i and j at both ends
of branch i-j of the distribution network. is the difference of voltage angle
between nodes i and j at both ends of branch i-j of distribution network, which
can be expressed as d;; = d; — 0j.

Pi_j = ViVj (Gij Ccos 5ij + Bij sin 5ij) 3)
Plossi—j = 2Uin Gij COS 5ij (4)

In the above formula, P;_; is the active power of branch i-j in the
distribution network, and the direction is i-j. Pogsi—; is the active power lost
in branch i-j in the distribution network, and its direction is also i-j.

2.2 Carbon Emission Flow Model

2.2.1 Definition of main indicators of CEF

The carbon emission flow (CEF) is generated and transferred to the load side
in the same way as the energy flow in the distribution network. It is defined
as the carbon dioxide equivalent emission corresponding to the energy flow
flowing through the network, and the unit of CEF is tCOs.

Carbon emissions, like energy flows are continuous. Therefore, the defini-
tion of carbon emission flow rate (CEFR) describes the instantaneous carbon
emission rate flowing through a network node or branch. It represents the
carbon emission corresponding to the energy flow flowing through a branch
or node in the power network within a unit time. The units are tCOq/h.
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In order to connect carbon emission flow with energy flow, carbon emis-
sion intensity (CI) is defined as the carbon emission generated by power
generation side caused by node consumption of unit electricity within unit
time [13]. The unit is tCO2/MWh or gCO2/kWh.

2.2.2 The original CEF model

According to the carbon emission flow model of the power system proposed
in literature [16], the CEF index of the power system can be obtained
by understanding the carbon emission degree of each generating unit and
the energy flow distribution in the power distribution network, and then
calculating the carbon emission degree of nodes.

The CEF model is established in the distribution network. Suppose there
are N nodes, L branches and K generators in the network. The most important
indicators of CEF are generator injection CI, generator injection CEFR,
branch CEFR, load CEFR and node CI(NCI). Branch CEFR consists of the
CEFR flowing through the branch and the loss CEFR of the branch.

Among them, the solving process of CEF model in [13] shows that NCI
is the core calculation index.

Ret =PaiEct (5)
Ri—j¢ = Pi—jtdiag(Encrt) + Plossi—j tdiag(Encr,t) (6)
Rrt = PritEncrt (7
Encrt = Pﬁ}tPG,tEG,t = (Pny — Pi—j,t)ilRG,t (8)

Py, = diag (ones(l7 K+N)-

E“D ©)
Pat

The carbon emissions generated by the Equation (7) node load can be
calculated as follows:

T
CLe =Y RpAt (10)
t=1

Where Rg ¢ is the CEFR injected by the generator in time t; R;_; 1 is the
CEFR of branch i-j in time period t; Ry, ¢ is the CEFR generated by the load
in time period t; Rg ¢, Ri—j¢ and Ry, ¢ both have units of tCOo/h; Pg ¢ is
the generating power of the generator in time period t; P;_; ¢ is the power on



Effects of Distributed Generation on Carbon Emission Reduction 63

branch i-j in time period t; Pjogsi—j ¢ is the loss power on branch i-j in time
period t; Py, ¢ is the power of the load in time period t; Eq ¢ is the generator
injection CI, the unit is gCO2/kWh; Cp, ¢ is the total carbon emission, the
unit is tCO2; Ra ¢, Encrs and Cr, ¢ are both N-dimensional column vectors;
Pq,¢ is a K x N level matrix; Pq ¢ is a K dimensional column vecto; R;_; ¢,
Pi_jt» Plossi—j,t and Pn ¢ are both N level square matrices; Ry, ¢ and Pr,¢
are both N-1-dimensional column vectors; The*“diag()”’denotes the diagonal
matrix operator; The “ones(1,K+N)” means to set up a 1 by K plus N level
matrix with all 1’s.

2.2.3 Improved carbon emission flow model considering DGs’
Impacts
DGs provides power directly to customers, which changes tidal energy and
CEF in the distribution network. DGs most directly affects the four variables
P, Eat, Pizjts Plossi—j,c and Py ¢ in CEF model. Accordingly, the new
generator injection CEFR, load CEFR, Branch CEFR and NCI need to be
recalculated according to Equations (5)—(9). As NCI is the core index of
CEF, the influence of DGs on it is deduced in detail by Equations (11)—(14).
Suppose m DGs generate power at time t.
The Pg 1 change to P’G7t and E¢ ¢ change to E’G7t expressed as:

Pa o Ec. an
) Gt —
Ppas,t Epas,t

/
PGm -

Where Ppg ¢ is am X N level matrix and Epg ¢ is m dimensional column
vectors; Pi_j¢ and Pjogi—j ¢ recalculate the power flow to get P{_Lt and
! The new Ry, ., Py, and E ¢, can be represented as:

lossi—j,t;
ar = PaEay (12)
Pl
Py, = diag <ones(1,K +N)- 1_J’ ]) (13)
Pay
{\TCI,t = Pi}tP,Gm /G,t = ( {\I,t - Pg—j,t)_lRlG,t (14)

This study mainly analyzes the influence of DGs on carbon emissions
in distribution network. It can be seen from the above formula that the size
of carbon emissions has a direct relationship with NCI. This relationship is
a positive correlation, that is, carbon emissions increase as NCI increases
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or carbon emissions decrease as NCI decreases. To measure the impact of
DG on the carbon emission of distribution network is to measure the impact
of DG on the NCI of distribution network. NCI is the core index to be
calculated first, and all CEF index calculations need to be completed with the
participation of NCI. But, the calculation of NCI is complicated and requires
many parameters, among which generator injection CI is the most important
one. This is because the distribution network itself does not produce carbon
emissions, and all carbon emissions are injected by generators and flow to
each node along with the power flow. The CI of DG’s analysis is detailed in
the next section.

2.3 CI Calculation of DGs

DG is a power generation device fueled by clean energy. It can be installed
directly on the demand side to provide clean energy directly to the user, which
can reduce the highly polluting energy in the distribution network.

PV mainly converts solar energy into electricity, which does not involve
the emission of fossil fuels. Carbon emissions generated by PV are mainly
concentrated in the production link (Npy ), transportation link (T) and scrap
link (W) [17]. CHP generates electricity through the combustion of natural
gas, which is a relatively low-carbon fossil energy. When electricity generated
by traditional renewable energy sources such as PV and wind is scarce,
CHP plays an important role as a stable power source [18]. CHP generates
electricity through the combustion of natural gas, which is a relatively low-
carbon fossil energy. The carbon emissions generated by CHP are obtained
from the combustion of natural gas.

The carbon emission formula of PV and CHP is as follows:

Cpy = NpyCp + T+ W (15)
Ccup = Vnlc (16)

Where Cpy and Ccpp respectively represent total carbon emissions of
PV and CHPjthe unit is tCO9; Npy is the carbon emissions generated per
unit of power in the production of PV; Cp is the total power used in the
production of PV; Vy is the volume of natural gas consumed,the unit is m3;
Ic is the carbon emission factor of natural gas,the unit is MJ/m3.

PV power generation system is basically exposed to the external environ-
ment, and its components are affected by the adverse external environment,
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and the power generation efficiency will decline year by year in the whole
power generation life cycle. In a CHP power generation system, natural gas
is burned to produce high-temperature and high-pressure steam or gas, which
is used to generate electricity through thermal energy conversion equipment.
PV power generation model and CHP power generation model are as follows:

25

Epy toal = eHPpy » (1 - By) (17)
f=1

Ecup,toal = VNQNTt (18)

Where Epy a1 and Echp toal respectively represent total power gen-
eration of PV and CHP, the unit is kWh; e is the efficiency of PV power
generation system; H is the annual effective illumination time of the region;
f is the service life of PV power generation system,the maximum service
life is 25 years; Ppy is the power of PV power generation system; By is
the efficiency decay rate of the volt generation system in the f year; Qy is
natural gas of higher heating value,the unit is MJ/m?; n; is the efficiency of
thermoelectric conversion equipment.

To sum up, the CI of the ith DGs(E; pgs) can be calculated by the
following formula:

Ci,DGs

(19)
Eipas

Eipas =

The calculation parameters required to solve the CI of DGs show different
values due to the economic impact of different countries and regions. Table 1
shows the CI reference values and some fixed parameters of PV and CHP.
Other parameters should be calculated according to the characteristics of the
local area. The specific CI value and other parameters should be calculated
according to the actual local conditions.

Table 1 CI parameters of DGs

DG CI parameters
PV CI:123.8gCO2/kWh, €:80%, B¢:2%
CHP CI:525gCO2/kWh,

Ic:55-65g/m3
Qn:35-45 MI/m?, 1,:15-20%
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2.4 Solve the CEF Distribution in Continuous Time

Carbon emissions are produced all the time, so it is necessary to calculate
carbon emissions at a given time. In this paper, the online continuous power
flow scheduling policy is used to solve the problem of online energy flow
distribution in the distribution network. This problem can be used to calculate
the energy flow distribution under the condition of adding DG into the
distribution network within a given time range, which provides a basis for
solving the CEF of the distribution network including DG. As shown in
Table 2, in time t, the online scheduling policy is calculated for a relatively
short future time range Ht. At subsequent points t + 1,t + 2,...,€ T, the
power flow calculation is performed repeatedly, and the result calculated in
the first step is used as the basis for CEF calculation each time. Figure 1
shows the flow chart of calculating CEF indicators by the online continuous
power flow scheduling policy, as specified in the following steps:

1. Initaly, a period of T (24 h) is divided into 96 of equal-size time intervals
t € T. Also, the three sets of knowledge.

2. Next, model the network and set up the generator and load data in the
network, as well as the impedance of the network.

3. Calculate the CI of DGs. Then, run the power flow in order to get the
branch power distribution in the distribution network.

4. NCI is calculated by combining branch power,generator injection CI
and other indexes.then other CEF indexes were calculated by combining
CEF formula.

5. Finally, move to the next time slot and repeat executing branch power
and NCI until reaching the end of time scale.

Table 2 Computation flowchart CEF data in continuous time

Calculate the CEF data policy in continuous time

Basic data for continuous power flow in distribution network
{Pais, Qait, Prist, Quis, Gi—jt, Bi—j,t }

Procedure

Sett =+ 0

Iterate

P;_; ¢ is calculated based on power flow

Calculate the CEF data based on P;_j ¢

Sett -t +1

Output:CEF data of distribution network in a certain period of time
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Previous Work

Establishment of distribution network model

Initialization Step
Defined the initial state of the network system

(Poxr P Pogseand Egy).

Execute Stepl ,
Execute the power flow calculation Update P_; ¢ [«

Plossi—it in Ht

Execute Step 2
Execute Eqs(11)-(14) Update Eyc,, in Ht
Execute Step3

Execute Eqs(5)-(7) to generate CEF indexs
based on Ey¢y, in Ht

Save Step
Save the values of the CEF indexs for

the rolling horizon.

Iter<96 Yes:

Figure 1 CEF indexs calculation flowchart.

3 Case study

3.1 IEEE 13-node System

The IEEE 13-node system is modified and simulated to verify the CEF
method with the added DGs. Figure 2 gives the modified system. The system
has 1 primary generator, 2 DGs and 12 branches. A total of 12 nodes
carry load. The electricity-carbon model has been built up in Matlab 2019b.
MATPOWER toolbox is adopted in the system to execute optimal power flow
calculation at a fast convergent speed [14]. Other basic data can be obtained
from MATPOWER.
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Figure 2 The modified IEEE 13-node system with DGs.
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Figure 3 Typical daily power profiles of load, PV and CHP power output at node-10.

The electric carbon model has three generators generating carbon emis-
sions, one in the main grid of node 1, and the other two are DGs (PV and
CHP) set at node 10. The CI of DGs is given in Table 1, and the CI of the
main power grid is 875gCO2/kWh.

The typical daily profile of load and daily output profiles of PV and
CHP at the node 10 are shown in Figure 3. The maximum and minimum
power values of the load during the day are approximately 3500 kW and
1000 kW. The PV power output starts at 6:00 and ends at 17:00, the maxi-
mum output power is 3500 kW. The CHP can maintain uninterrupted power
output throughout the day, the maximum and minimum power values are
approximately 1600 kW and 400 kW.

The following four scenarios are simulated to analyse the uncertainty of
PV power output and different generation mixes on the calculated CEF indexs
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results. The case is studied within an entire day with 15 min as the interval of
a time step.

* Case Study 1: Deterministic case with base loads;

* Case Study 2: Deterministic case with base loads + PV;

* Case Study 3: Deterministic case with base loads + CHP;

* Case Study 4: Deterministic case with base loads + PV + CHP;

3.2 Results and Analysis Figures

3.2.1 Simulation results of Cl

To provide a clear picture of the renewable generation’s impact in terms of
carbon emission profile in distribution network, along the entire day, the NCI
for the first three cases is compiled and presented in Figure 4. It can be found
that the system NCI of Case 1 remains in 875gCO2/kWh in a whole day,
because CEF of all nodes within the system is provided by the main power
grid through the node 1. With the integrating PV in Case 2, renewable power
injected to the load at node 10 results in a substantial NCI reduction, which
drops NCI from 875gCO2/kWh to roughly 150gCO2/kWh at 12:00 a.m. when
PV reaches its max power generation. In Case study 3, the deployment of
CHP slightly lower NCI index and keep it fluctuating all day long as the
power generated from CHP is consistent and will not be curtailed for the
weather reason. As these three case studies indicate that the carbon emissions

P Case Study | 1000
2 1000
= |
"~ 500 L
8 0las
13 "."*k—-\_,‘ _74—**"—_7>7{7—7
0 eI s nanan R N
node time(h)
s Case Study 2 1000
Z 1000
= . 500 Sy
L S S 500
8 0= =
BN 6 o= = 72 84 9
0 7 531 L2436 BOT 84 3¢
e time(h)
= Case Study 3 1000
Z 1000
X \

G 5('01 500
8" al.
Bl 8 77— =1
=) LR T LReagn 84 96 0
node time(h)

Figure 4 NCI profile of modified IEEE 13-node system with three case studies.
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——with base loads + CHP
with base loads

900

/kWh

e 600 |

¢CO

300

0 3 6 9 12 5 18 21 24
time(h)

Figure 5 NCI profile at node 10 with three case studies.

of the system is directly related to amount of power injected from DGs, and
the reduction extent is related to the CI and output power of DGs.

In order to assess the impact of CI brought by DGs, node 10 in Figure 2
is chosen for the analysis of three case studies. The typical daily power loads
and daily DGs’ ower generation are depicted in Figure 3 above. The 24-hour
NCI of noe 10 is shown in Figure 5. In the case 1 with base loads only,
power flow is transferred from the main power grid to power load at node
10, therefore, carbon emission also flows in the same path along with power
flow. Therefore, the 24-hour CI of noe 10 is consistent with the that of the
main power grid. Once PV is installed at node 10 in case study 2, loads are
partially supplied by PV and main power grid respectively. Meanwhile, in
the contrast to high CI of the main power grid, the low CI power generated
from PV contribute to lower NCI of at node 10. Similarly, as shown in
Figure 5, the deployment of CHP at node 10 also makes NCI reduced by
injecting power, ever though the CI of CHP 525gCO9/kWh is higher than
that of PV 123.8gCO9/kWh, but still lower than that of the main power grid
875gC0O9/kWh. The results demonstrate that the one of the most effect way
to decrease NCI at particular node of the system is to deploy DGs and the
reduction extent of NCI was also related to the CI of DG and its installed
capacity.
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3.2.2 Simulation results of CEFR

It can be concluded from the above section that the CI at node 10 has been
reshaped by the integration of DGs. From the system point of view, the
CI(gCO2/kWh) shall be multiplied by power flow to illustrate the flowing
mass of carbon emissions. Thus, the NCI at node 10 and the CEFR of branch
9-10 is taken as example to investigated carbon emission flows with the
consideration of power flows.

As for branch 9-10, the direction from noe 9 to node 10 is deemed to
positive. Figure 6 shows the daily CEFR of branch 9-10. The blue, green, and
black curves are dedicated three cases studies respectively.

In case study 1 (black lines in Figure 6), the power flowing within branch
9-10 is all coming from main grid. Thus, branch 9-10 has the same CI as
the main power grid, branch CEFR only follows the change of power flow.
While in case study 2 (green lines in Figure 6), in the period of 0 a.m.to 6 a.m.,
the PV at node 10 is in the off state. The CEFR of branch 9-10 is kept the same
as that of case study 1. However, from 6 a.m., PV gradually generates power
into node 10, then, the power coming from the main grid through branch 9-10
begins to decrease. From this time on, the branch CEFR that comes from the
main grid gradually begins to decrease. In the period between 12:00 a.m.
to 14:00, the PV power output exceeds the power consumption of the loads
at node 10. PV power begins to be transferred in reverse direction, which

with base loads + CHP
— with base loads

T T
- -with base loads + PV
= = zero scale line

251

0 3 6 9 12 15 18 21 24

time(h)
Figure 6 Change of daily branch CEFR of branch 9-10.
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make power flows from node 10 to node 9. Thus, the branch CEFR becomes
negative during this period. This indicates that the CEFR of branch 9-10 in
this period is provided by PV, and this period is also the lowest branch CEFR
in the whole day. From 14:00 to 18:00, the output power of PV begins to
decrease. During this period, the branch CEFR increases gradually as the
power at node 10 is provided by main grid again. From 18:00 to 24:00, PV
do not produce any power at all. During this period, the branch CEFR of
branch 9-10 is completely provided by the main power grid. In case study 3,
the blue curves in figure shows that the CEFR of branch 9-10 is lower than
that of the branch CEFR in case study 1, and the direction is from node 9 to
node 10. This indicates that the branch CEFR of branch 9-10 is maintained
by the main power grid and CHP, but the power generated from CHP dilute
the high CI of the main power grid, resulting in branch CEFR fluctuated from
1-1.5tCOx/h.

3.2.3 The change in NCI of node 9

From the analysis of case study 2 above, it can be seen from Figure 6 that
from 12:00 to 14:00, the PV output power exceeds the power consumption of
the load, and the excess PV power is feeding back to the grid through node
10 to node 9. As shown in Figure 7, near 12:00, excess renewable PV power
is injected into grid along branch 9-10, leading to —1700 kW power flow in

900 T T T T T T T 3000

2000

600
1000

kW

gCO,kWh

300
-1000

NCI of node 9
----- power flow of branch 9-10

L L L L + o -2000
0 3 6 9 12 15 18 21 24

time(h)

Figure 7 Change of NCI of node 9 and power flow of branch 9-10.
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branch 9-10. The large amount of low-carbon power rapidly reduces the NCI
to roughly 123.8gCO2/kWh at node 9. From 12:00 to 13:00, the load power
of node 9 is completely provided by PV, so that the NCI of this time period
is the same as that of PV, and the carbon emissions of this time period is also
the lowest in the whole day. In the following period, with the decrease of
PV output power, NCI of node 9 began to rise, and recovered to the original
value when PV power completely disappeared. The results show that when
the power of DGs is large enough, its low carbon power can be transferred to
the nearby load and reduce the carbon emission of the surrounding nodes.

3.2.4 Comparison of carbon emissions

From the above analysis of CEF index data, it can be seen that by deploying
DGs, the carbon emissions cumulated every three hours can be reduced
significantly. As can be clearly seen from Figure 8, PV in case 2 does not
generate electricity at night, so the cumulated carbon emissions are keep the
same as the case 1 with base load only. However, the CHP in case 3 injects the
clean power node 10. At 9:00 and 12:00 in the day, the PV output power of
case 2 is much larger than the load power of node 10, so the carbon emissions
of case 2 at these two time points is the lowest. The results demonstrates that
PV plays an important role in reducing carbon emission during the day only,

I vith base loads
I with base loads + PV
[ with base loads + CHP

0:00 300 600 9:00  12:00 1500 1800  21:00
time(h)

Figure 8 Cumulated carbon emissions of node 10.
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Figure 9 Modified IEEE 13-node system with CHP and PV.

while, CHP as a flexible renewable source, could provide carbon emission
through a whole day.

Furthermore, case study 4: Deterministic case with base loads + PV +
CHP and the three cases mentioned above are compared to show the number
of DGs’ impacts on carbon emissions and the more effective in reducing
carbon emissions. Since the above three cases consider that a single DG can
only reduce the carbon emissions of a particular node or region, ignoring
other nodes or regions, there are multiple DGs are deployed in the system.

The carbon emissions of four cases is analyzed based on the same basic
data. The carbon emissions in case 2 is set as the benchmark. The comparison
results show that coordinated deployment of multiple DGs can reduce carbon
emissions more effectively.

Specifically, as shown in Figure 9, adding CHP and PV to node 6 and
node 10 respectively, PV affects the region near node 10, and CHP affects
the region near node 6. When the power of DGs remains the same, two DGs
output power at the same time. The system-wide carbon emissions is shown
in Figure 10. In case 4, on one hand, although PV does not generate power
at night, but CHP still provides low-carbon power for the system, so the
cumulated system-wide carbon emissions are keep the same as the case 3.
On the other hand, PV and CHP simultaneously provide low carbon power
for the surrounding loads during the day, making the cumulated system-wide
carbon emissions reach a minimum during the day, and the cumulated carbon
emissions at 9:00, 12:00 and 15:00 are 0.2 t, 0.14 t and 0.6 t lower than those
in case 2, respectively.

The cumulated system-wide carbon emissions correspond to the average
CI, it can be seen from Figure 11 that with two DGs are deployed, the system-
wide average CI in the daytime is cut down considerably. At time of 9:00,
the lowest systematic average CI of case 4 is 174gCOo/kWh lower than that
of case 1, demonstrating a dramatic potential on carbon emission reduction
impact brought by DGs.
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Figure 10 System-wide carbon emissions at different times.
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Figure 11 System-wide average CI at different times.

2CO,/kWh

As can be seen from Table 3, total carbon emissions from 12:00 to 13:00
are roughly 9.35t in case 4, which is the lowest among four cases because of
the integration of PV and CHP. As per kW power injected by PV, it reduces
carbon emissions by 751.2gCQOs. In terms of CHP, it can reduce carbon
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Table 3 The systematic average CI by comparing the four cases at 12:00
Injected Power at 12:00 (kW)

Main Average Carbon
Case Power CI Emission  Decarbonization
Study Grid PV CHP (gCO2/kWh) (tCO2) (gCO2/kW)
Case 1 13334 0 0 875 11.67 /
Case2 10434 2900 0 712 9.49 751.2
Case3 12934 0 400 864 11.53 350
Case4 10034 2900 400 701 9.35 702.6

emissions by 702.6gCOs/ kW of power generated. It can be seen that the
carbon reduction effect per kW of pure PV is superior to the integration of PV
and CHP, with difference of 48.6gCO2/kW. However, the power production
of CHP is more than that of single PV, which leads to the best carbon
reduction effect in case 4, with lowest 9.35 t carbon emission only. Thus,
it can be seen from the results that deployment of multiple DGs with low CI
(such as PV, wind power generation and hydropower) can more effectively
reduce carbon emissions, and CHP with relatively high CI can be seen as
an reliable energy supplement just in case of power uncertainties brought by
renewable power sources.

4 Conclusions

A comprehensive methodology of CEF calculation and analysis in power
consuming side is proposed and described in this paper. This method takes
into account the CI of DGs and adds the CI of DGs into the calculation of
CEF, which can more accurately reflect the carbon emission of the power
consuming side, and further highlights the significance of DGs in achieving
low-carbon operation. The calculation result show that: (1) The carbon emis-
sion trajectory on the power side varies with the power of the DGs. When
the electricity provided by the DGs to the neighboring load is far greater than
the demand of the load, the excess clean electricity will be transmitted to the
nearby area along the distribution network, forming a low-carbon area around
the DGs. It provides a factual basis for load environment and technical index
in the process of distribution system decarbonization. (2) In the integration
of DGs, the carbon emission of the system has been significantly reduced.
The simulation also shows that the carbon reduction effect of PV is slightly
better than that of CHP. However, due to the characteristics of PV, the
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gap between PV and CHP is very small. When PV and CHP are deployed
simultaneously in the distribution network, the carbon reduction effect is
better than that of single DG. (3) CI and capacity of DG are directly related
to carbon emissions. In this paper, the carbon reduction per kW PV is better
than the integration of DGs per kW, but limited by the capacity of PV, the final
carbon reduction effect of is obvious with the integration of DGs. Deploying
multiple high-capacity and low-CI DGs is an option to decarbonize the
power sector. This research can further clarify the carbon emission flow in
the distribution network in terms of operational level, providing theoretical
support for making appropriate renewable energy generation planning and
guiding the power system to achieve carbon neutrality.
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