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Harmonics brought about by a large number of impulsive and non-linear loads connected to the grid has led to new challenges in regional carbon emission management. The existence of harmonics increases the consumption of power equipment, and the transformation of signal forms makes the accuracy of carbon measurement questioning, which damages fairness and is not conducive to a carbon trading market construction and the purpose of precise carbon verification. This paper proposes that the harmonic level of each node is monitored during carbon metering of the distribution network; carbon metering results are corrected based on the correction amount of harmonic carbon. Harmonic separation and electric carbon conversion of the current-containing harmonic source are conducted on the IEEE-33 node. The results show that harmonic carbon does exist. Carbon metering results are affected when the power quality is seriously distorted, which is not conducive to establishing a carbon metering trading market.
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1 INTRODUCTION
Global warming is one of the challenges human society is facing today. The role of CO2 in the global warming effect caused by greenhouse gases is as high as 77% (Kweku et al., 2018). Therefore, reducing CO2 emissions is an urgent issue. Over the past decades, various countries have been making efforts to reduce carbon emissions, and China has released an action plan to reach the peak of CO2 emissions by 2030 (Fang et al. 2019). Specifically, the power industry accounts for a huge share of carbon emissions, and therefore, accurate carbon emission metering is crucial.
Generally, the existing carbon emission calculation methods (Zhang et al. 2021a) are based on the statistics of energy consumption. Specifically, carbon emission data are obtained by multiplying power generation and carbon emission factors. It has the advantages of simple calculation and practical methods. However, this approach cannot reflect the low carbon characteristics of the power system. The power system carbon emission flow (PSCEF) (Kang et al., 2012; Sun K et al., 2023; Kang et al., 2015; Sun et al., 2017) is defined as a virtual network flow that is dependent on the power flow (PF), and it is used to characterize the carbon emissions that maintain the power flow in either branch. Specifically, the PSCEF is equivalent to labeling the current on each branch with carbon emissions. In the power system, the carbon emission flow starts from the power plant, enters the power system from the power plant’s feeder, follows the power in the system, and finally, flows to the customerterminal on the customer side.
The PSCEF effectively maps the relationship between electricity and carbon conversion. Based on this, scholars have conducted research and improvements. Wang et al. (2022) proposed a demand response (DR)-based low-carbon optimal-scheduling model for carbon intensity control. Meanwhile, a data-driven approach based on deep learning (Qin et al. 2022) is utilized for carbon emission flow (CEF) modeling to cope with the shortcomings of conventional emission calculations. Cheng et al. (2018) proposed a carbon emission stream analysis model for multi-energy management systems to quantify the carbon emissions associated with energy transport and conversion processes. An optimal scheduling model of an integrated energy system is proposed to verify the impact of carbon emissions on system scheduling and LMP (Jiang et al., 2018). However, the aforementioned theories and their improvement methods are only on how to make mapping more realistic. In real applications, the construction of carbon markets (Zhou and Li, 2019) involving user transactions cannot be separated from accurate carbon measurement methods. Although the accuracy of carbon flow calculations has been improving all the time, this does not guarantee the accuracy of carbon measurement results. With a low-carbon goal, a large amount of new energy generation and power electronics are connected to the grid, making the power quality unreliable. Correlated regional loads and unpredictable renewable energies in the power system make regional carbon emission management (RCEM) increasingly challenging and necessary (Wang et al., 2015). The degraded power data will inevitably lead to errors in carbon measurement results (Suo et al., 2022). Furthermore, carbon measurement results affected by harmonics will be questioned by many parties when it comes to low-carbon responsibility delineation and metering transactions.
Currently, harmonic PF calculations in distribution networks (Sun H et al., 2023) are emerging. Lundquist and Bollen (2000) were the first to show the principle that harmonic active power in radial low- and medium-voltage distribution systems varies due to the interaction between the load and the power system. Zhang and Wang (2014) proposed a forward/backward sweeping distribution system harmonic power flow algorithm based on the output impedance model considering the interaction between the DG and the grid. Some scholars also proposed a harmonic power flow calculation method for distribution networks based on a general model of harmonic sources based on the network topology (Zhang et al., 2021b). In summary, the harmonic source is regarded as a single-port unknown network, and the voltage–current relationship in the time domain is converted into an expression in the frequency domain. Using the superposition theorem and triangular relations, matrix relations of the general model of the harmonic source are established. The harmonic derivative equation and the harmonic source model equation of the system are also solved to obtain the harmonic power flow of the system.
In order to investigate the effect of harmonics on carbon metering in distribution networks, this paper proposes a correction method for carbon flow calculations combined with harmonic PF calculations. Specifically, first, the carbon emission factor at the beginning of distribution network nodes is obtained by the main network carbon flow calculation. Then, the harmonic currents of the distribution network are calculated using the decoupling method (Ulinuha et al. 2007; Canesin et al. 2014) to obtain the harmonic distortion rate of each node. Finally, the correction measurement of harmonic carbon is carried out for nodes whose distortion crosses the limit.
2 HARMONIC POWER FLOW
In the case where the distribution network contains non-linear loads or non-linear substation equipment, the power flow in the system consists of the fundamental power flow and harmonic power flow. Unlike the fundamental power flow, the harmonic power flow is derived from non-linear loads and substation equipment.
In order to analyze the effect of harmonics on the carbon flow in power systems, it is necessary to analyze the carbon flow corresponding to harmonics. To analyze the harmonic carbon flow, first, the harmonic source should be reasonably simplified and modeled and the parameters of the harmonic source should be determined through an analysis; after that, the distribution of the harmonic power flow in the system is required, and the harmonic carbon flow analysis is carried out on the basis of the distribution of the harmonic power flow.
In the actual system, the presence of harmonics derives metering results from the ideal power flow default for carbon flow calculations, resulting in inaccurate node carbon measurements. The formula for the power signal without the DC component is shown in Eq. 1. Assuming that the fundamental wave is the first harmonic, the power signal consists of the fundamental and each high-frequency harmonic and Gaussian white noise.
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where Ah, fh, and φh are the magnitude, frequency, and phase of the harmonic signal, respectively.
2.1 Harmonic source model
To characterize the harmonic current generated by a harmonic source, the harmonic source needs to be modeled. The harmonic currents generated can be expressed as a function of the node voltage and load control parameters.484 (IEEE, 1996)
[image: image]
where k = 1, 3, 5, …, n, and n is the number of harmonics; Ik is the kth-harmonic current generated by the non-linear load; U1, U2, …, Un are the fundamental and harmonic component of the node voltage of the non-linear load; C1, C2, …, Cn are the load control parameters. They are the circuit structure and control parameters of the device for the first category of harmonic sources and the parameters characterizing the voltammetric characteristics for the second category of harmonic sources. Theoretically, Eq. 2 is an accurate model of harmonic sources, but the model is too complicated for calculation, which limits its application in harmonic analysis and calculation.
In this study, the Norton model is used to characterize the current characteristics of the harmonic source. The basic idea of the Norton harmonic source model is to consider the non-linear load as a harmonic current source, which can be described as a current source in series with an equivalent impedance. In this model, the harmonic current source is considered to exist independently in the power system and is not influenced by voltage variations. The equivalent impedance of the harmonic current source is determined by the non-linear load and system impedance in parallel with it.
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Ik0 is determined by the fundamental voltage at the node where the harmonic source is located. Uk and Zk are the kth-harmonic voltage and kth-harmonic impedance, respectively. Zk and Ik0 are calculated by Eqs. 4, 5, respectively, and i and j represent the measurement results of different operating conditions of the system.
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2.2 Harmonic power flow calculation
Due to the coupling relationship between the fundamental power flow and harmonic power flow, the influence of the fundamental power flow on the harmonic power flow is large. However, the influence of the harmonic power flow on the fundamental power flow is small. Therefore, the analysis of the fundamental power flow is the main aspect. The fundamental power flow is calculated first, and the harmonic current is solved later. The effect of the harmonic power flow is not considered in the calculation of the fundamental power flow, and its effect on the harmonic power flow is known after the calculation of the fundamental power flow. In this way, the decoupling of the fundamental and harmonic power flow is achieved.
Because the decoupling algorithm ignores the effect of each harmonic voltage on the fundamental current of the harmonic source, fundamental and harmonic currents of the harmonic source can be expressed, respectively, as follows:
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When the decoupling algorithm calculates the fundamental power flow, for the linear load bus, its fundamental injection power is dependent on the bus where it is located. For the harmonic source bus, the amplitude and phase of its fundamental current can be derived using Eq. 6, and then, its fundamental active and reactive power can be calculated. Since the fundamental voltage is continuously updated during the iteration of the fundamental current, the fundamental current should be recalculated using Eq. 6 for all iterations of the fundamental current to update the fundamental active and reactive power absorbed by the harmonic source.
After the calculation of the fundamental power flow is completed, the fundamental voltage U1 is known. In Eq. 7, if each harmonic voltage is zero, then the initial value of each harmonic current injected into the grid by the harmonic power flow can be found. According to the bus voltage equation,
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From the aforementioned equation, the harmonic voltage of each bus of the system can be obtained, and then, the harmonic voltage is substituted into Eq. 7 to obtain the correction value of each harmonic current of the harmonic source. The new harmonic voltages are obtained by substituting the corrected values of harmonic currents into Eq. 8. This iteration is repeated until a given convergence accuracy is satisfied.
3 CARBON FLOW THEORY AND THE HARMONIC CARBON FLOW
The carbon flow theory is proposed to quantify the state of carbon emissions in a power system based on the distribution of the power flow. The power system carbon flow is a kind of virtual network flow that depends on the power flow and is used to characterize the carbon emission distribution in the power system. The power system carbon flow is equivalent to labeling each PF with carbon emissions. The carbon flow in the power system originates in the power plant and eventually enters load nodes via the power grid. Similar to electricity, the carbon flow is generated by generators. It is consumed by electricity consumers through the carbon flow. Correspondingly, the harmonic carbon flow is a measure of carbon emissions based on harmonics in the power system to correct the emissions of each load in each branch of the system.
3.1 Concepts to describe carbon emissions
The calculation of the carbon flow is used to measure the production, consumption, and transmission of carbon in the power system. Some basic concepts of the carbon flow are introduced as follows, including the carbon flow, carbon flow rate, and carbon flow density (CFD). The CFD is defined to describe the relationship between the carbon flow and active power in power systems. Furthermore, the CFD is divided into two categories according to the branch and node, namely, the branch carbon flow density and the node carbon potential, respectively.
3.1.1 Carbon flow and the carbon flow rate
The carbon flow is a basic concept in the carbon flow theory. The carbon flow characterizes the magnitude of the carbon flow in a branch or load, which is represented by F. The carbon flow is defined as the cumulative amount of carbon emissions in a given branch or load. The international unit of carbon emissions is generally expressed in tCO2 or kgCO2.
The carbon flow rate is defined as the carbon flow that passes the branch or flows into the load per unit time, represented by R, at a value equal to the derivative of the carbon flow rate with respect to time as shown in the following equation:
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3.1.2 Branch carbon flow density
Given that the carbon emission flow of the power system is dependent on the PF, it is necessary to combine the carbon emission flow with the PF. Furthermore, the carbon emission in the power system is mainly related to active power. To characterize the combination of them both, the ratio of the carbon flow rate of any branch to active power is defined as the branch carbon flow density (BCFD).
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where ρ represents the ratio of the CFR of any branch to the active PF in the power system.
The unit of the carbon flow density is gCO2/(kWh). In generator nodes, the BCFD is equal to the carbon emission intensity of the generator. In the load, the BCFD is equal to the carbon emission value of the generation side caused by the consumption of unit power transmitted by the branch line.
3.1.3 Node carbon potential
The carbon flow theory defines the physical quantity that describes the carbon emission intensity of nodes by the carbon emission flow, named the node carbon potential (NCP). en is used to describe the NCP of node n.
[image: image]
where the unit of the NCP is gCO2/(kWh), the same as that of the BCFD. The NCP equals the weighted average of BCFD ρit of all branches flowing into node n concerning active power Pit.
The physical meaning of the NCP is the value of carbon emissions caused by the consumption of a unit of electricity on that bus. For a power plant bus, its nodal carbon potential is equal to the real-time generation carbon emission intensity of a power plant.
3.2 Node carbon potential vector
The primary goal of carbon emission flow calculations in a power system is to calculate the carbon potential of all nodes. To calculate the fundamental node carbon potential vector (FNCPV), three matrices should be constructed first. Specifically, these matrices are the fundamental node active flux matrix (PNF), fundamental branch power flow distribution matrix (PBF), and generator injection distribution matrix (PG). Furthermore, they are constructed from power flow calculation results. To calculate the harmonic carbon potential vector (HNCPV), three matrices should be constructed as well; they are the harmonic node active flux matrix (PNH), harmonic branch power flow distribution matrix (PBH), and harmonic source injection distribution matrix (PHS). The FNCP and HNCP of the power system can be calculated based on the aforementioned results.
•PNF and PNH are N-order diagonal matrices that describe the contribution of the generator set and other nodes to the NCP of a node in the system; the subscripts here and later F and H denote the terms fundamental and harmonic, respectively.
•PBF and PBH are used to describe the active power flow distribution of the power system. This matrix contains the topology structure information of the power network and the steady-state active power flow distribution information.
•PG is K times the N matrix. It is defined to describe the connection between all generating sets and the power system. In addition, it represents the active power injected into the system by the unit.
•EG and EHS are vectors representing the carbon potential of all generators and harmonic sources in a power system, respectively.
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3.3 Total harmonic distortion of carbon
Once the amount of the harmonic carbon flow is calculated, it can be used to correct the fundamental carbon flow to obtain accurate carbon measurement results. RBC is the corrected branch carbon flow rate, and it is calculated as follows:
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where N represents the number of harmonics.
In the previous carbon metering methods, only the fundamental carbon flow was considered and the problems caused by harmonics and their generated carbon flows were not considered. By calculating the harmonic carbon flow and summing it with the fundamental carbon flow, all the carbon flow that actually flows in each branch is calculated accurately. THDCF is a parameter used to measure the effect of the harmonic carbon flow on the fundamental carbon flow, indicating the ratio of the harmonic carbon flow to the harmonic carbon flow. THDCF and THDI are calculated by Eqs. 15, 16, respectively, where N stands for the number of harmonics. THDI is the total harmonic distortion of the current.
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4 CALCULATION FRAMEWORK OF THE HARMONIC CARBON FLOW
This section proposes a calculation model to analyze the effect of harmonics on the carbon flow in a power system containing harmonics. The framework of this paper is shown in Figure 1, where the original nodal power signal is considered as a combination of fundamental and harmonic signals. First, the calculation computes the carbon potential of each node by carbon flow calculations. At the same time, harmonic distortion rate monitoring is executed to determine the harmonic level of the signal. If the threshold value is exceeded, the harmonic power flow is executed to calculate the harmonic energy. The harmonic energy is multiplied with the node carbon potential to obtain the harmonic carbon correction amount. Finally, the accurate carbon measurement value is obtained by summing fundamental carbon and harmonic carbon. EG and EHS are boundary conditions for the model; the carbon intensity of the generators, EG, should be initialized; EHS is the boundary condition for the harmonic carbon flow calculation determined after the fundamental harmonic carbon flow. Before the calculation, the carbon intensity of the generators should be initialized. Then, the following steps should be performed to calculate the harmonic carbon flow:
1. The first step is the decomposition of power system signals into fundamental and harmonics
2. The system fundamental power flow is calculated, and based on the active power distribution, we establish PNF, PBF, and PG
3. If PNF–PBF is invertible, we go to step 5; otherwise, which means that the power system is not connected or there are siloed nodes, we go to step 4
4. Unconnected and siloed nodes are eliminated, and we go to step 1
5. We calculate ENF for all nodes, RBF for all branches, and ENF of nodes where harmonic sources are located, which is the carbon emission intensity of harmonic sources
6. The harmonic power flow is calculated, and based on the active power distribution, we establish PNH, PBH, and PHS
7. We calculate ENH for all nodes and RBH,N for all branches
8. We correct the branch carbon flow rate (RBC) to get accurate carbon measurement results
[image: Figure 1]FIGURE 1 | Framework of precise carbon metering considering harmonics.
5 RESULTS AND DISCUSSION
To demonstrate the proposed method and model, a case study based on the IEEE-33 bus system is presented without considering the network loss and assuming that the system has no power exchange with the main grid. This system has two generators, one burns fossil fuels located on bus 1 and another is a new energy generator located on bus 18, which is also a harmonic source. A total of 32 buses carry a load, and there is only one voltage level for the whole system.
As shown in Figure 2, the harmonic source is located in node 5, node 13, node 23, and node 31. Harmonic sources generate the third, fifth, seventh, ninth, eleventh, and thirteenth harmonics. The magnitude of harmonics decreases as the number of harmonics increases. Given that G1 is a thermal power generator, its carbon potential is at a high level, while the new energy generator has a low carbon potential. We initialize the carbon potential of the thermal generator and new energy generator as 845 gCO2/kWh and 0 gCO2/kWh, respectively, which means [image: image]. The carbon potential of harmonic sources depends on the carbon potential of the bus where they are located, so EHS needs to be determined after the calculation of the fundamental carbon flow.
[image: Figure 2]FIGURE 2 | IEEE-33 standard system.
According to the calculation framework, the fundamental power flow and fundamental carbon flow are calculated first. The total harmonic distortion of voltage (THDU) at each node is shown in Figure 3. The harmonic distortion of the 30th to 33rd nodes is the most serious, with a total distortion rate of more than 12%, and the distortion of all nodes is less than 15%.
[image: Figure 3]FIGURE 3 | THDU for all nodes.
Table 1 shows branch connections and fundamental carbon flow RBF. The bus-to-bus flow is used to describe the branch connection and specify the direction of the branch, such as the carbon flow and power flow. If the carbon flow and power flow are the same as the direction, then the carbon flow or power flow values are positive; otherwise, they are negative. According to fundamental harmonic carbon flow calculation results, initial conditions for the calculation of the harmonic carbon flow, the harmonic source carbon potential (EHS) is determined, [image: image]. This is because the power emitted by the generator is much greater than that of the distributed power source, so ENF of the nodes far from the distributed power source is closer to EG of the generator.
TABLE 1 | Branch connection and the fundamental carbon flow (KgCO2/s).
[image: Table 1]Along with the flow of each harmonic through branches of the system, the carbon flow in the branch will also consist of the corresponding carbon flow of each harmonic. Table 2 shows the harmonic carbon flow rate for all branches in the system. Since the power injected by harmonic sources decreases as the number of harmonics increases, the corresponding harmonic carbon flow also decreases as the number of harmonics increases. Since harmonic sources are located in a different location than the generators, the harmonic carbon flow does not flow in the same direction as the fundamental carbon flow in branches.
TABLE 2 | RBH of all branches (gCO2/s).
[image: Table 2]As shown in Table 3, [image: image] is the total carbon flow generated by the harmonic carbon flow. RBC is the corrected carbon flow of all branches. In the 17th branch, [image: image] and RBC are in the same order of magnitude. Harmonics have a significant impact on the carbon flow in this branch.
TABLE 3 | Correction of the branch carbon flow rate (KgCO2/s).
[image: Table 3]Figure 4 shows the total harmonic distortion of current (THDI) and the total harmonic distortion of carbon flow (THDCF). Although the calculation of the carbon flow is closely related to the active power of the branches, this system has only one voltage level; so this relationship can be seen as a relationship with the current. The distribution of the harmonic carbon flow distortion and harmonic current distortion in branches is not the same; the current distortion rate is very large, while the carbon flow distortion rate may still be very small. Therefore, the analysis of the branch harmonic carbon flow distortion cannot simply be considered as the branch current harmonic distortion, where the distortion of the current is not severe, but carbon flow distortions can be very serious, which can have a significant impact on the establishment of carbon markets and the fairness of carbon trading.
[image: Figure 4]FIGURE 4 | Total harmonic distortion of the current and the carbon flow for all branches.
6 CONCLUSION
This paper provides a novel analytical model for the carbon emission flow in the power system that contains harmonics. The model can improve the accuracy of power system carbon emission measurement and clarify the effect of harmonics on the carbon flow. The carbon flow exists as a virtual network flow dependent on the power flow, generated in the generator and transmitted in the transmission network. Due to the large number of new energy sources connected to the grid and the increase of non-linear power electronic equipment loads, the harmonic problem of the power system has become more and more evident. The issue of the accuracy of carbon measurement and the fairness of carbon trading has also arisen. The harmonic carbon flow calculation model calculates the distribution of the harmonic carbon flow for power systems containing harmonics and is able to make corrections to the carbon flow of the power system. The model is verified by the IEEE-33 bus system.
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