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Under the coordinated operation of the transmission and distribution networks, the issue of downstream grid flow returning to the upstream grid is becoming increasingly prominent. This article proposes a process for joint planning of energy storage site selection and line capacity expansion in distribution networks considering the volatility of new energy. This technology uses CHk-means clustering calculations based on actual large-scale operation data of new energy sources to generate typical operating curves. Then, it finely constructs an objective function considering power transmission in the transmission-distribution network, abandonment of new energy, line limits, and energy storage construction. By introducing indicative constraints to the energy storage construction-related constraints, the optimization model achieves a non-iterative direct solution. The results of the constructed new energy high-penetration distribution network example IEEE Case33 show that the output solution of this model can effectively reduce the energy sent back from the distribution network to the main grid. Compared to optimization models that do not consider the integration of new energy sources, the output solution of this model can reduce the abandonment of new energy by at least 50%. It also avoids the numerical problems that may arise from iterative algorithms and logical transformation, demonstrating engineering application value.
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1 INTRODUCTION
In the context of the dual carbon targets of “peak carbon and carbon neutrality” advocated by the Chinese government (Huang et al., 2022), the installed capacity of new energy in various voltage-level grids has increased rapidly. The integration of distributed new energy units on the low-voltage side and centralized new energy stations on the medium- and high-voltage sides has increased the penetration rate of new energy in the grid, leading to overloading of transmission and distribution lines and the phenomenon of reverse power flow (RPF) between grids of different voltage levels (Cai et al., 2023; Unahalekhaka and Sripakarach, 2020). Furthermore, the uncertainty in time and space characteristics of the integrated new energy has caused operational issues in the grid, such as voltage drop at nodes (Iioka et al., 2019), posing greater challenges to the early-stage grid planning business (Cai et al., 2023). Therefore, it is urgently necessary to focus on the objectives and constraints of new grid planning under the coordination of clean energy and secure and stable grid operation in the distribution network planning business stage (Cai et al., 2023; Liu et al., 2021).
Existing literature on grid planning involving the issue of RPF (De Carne et al., 2018) has mostly focused on considering the coordinated planning of transmission and distribution networks. The heterogeneous decomposition (HGD) algorithm (Li et al., 2016; Zhao et al., 2019) has been applied to consider the coordinated operation of transmission and distribution networks in the planning of transmission networks (Liu et al., 2021) and distribution networks (Cai et al., 2023). These works mainly focus on the global optimization of the topology and connectivity of transmission and distribution networks, with a single planning object being transmission/distribution lines, without considering energy storage planning and its important role in the secure and stable operation of the grid. Although RPF issues arise in the grid operation simulation process, further restrictions and research on the above issues have not been explored.
There are related works on different aspects of the issue of RPF. From the perspective of generating units, energy storage can be synchronously configured for photovoltaic/wind power systems (Dratsas et al., 2021; Stecca et al., 2020; Unahalekhaka and Sripakarach, 2020) to improve the adequacy of the distribution system and indirectly alleviate the problem of RPF. From a control perspective (Guerrero et al., 2020), deep control of the grid can be achieved through electric vehicle charging and discharging (Tounsi Fokui et al., 2022), home energy management (Dinh et al., 2020; Zafar et al., 2020), peer-to-peer energy trading (Paudel et al., 2020; Zheng et al., 2022), and directing demand-side response control to indirectly manage RPF. From the perspective of power equipment, RPF issues lead to control and safety operation problems of protective devices (Holguin et al., 2020; Nair and Rajeev, 2022), transformers (Das et al., 2021), and other devices. There is scarce research on the issue of RPF in distribution network planning.
With the rapid development of new energy sources, the volatility and uncertainty issues faced by power systems have become increasingly prominent. Effectively planning the siting of energy storage systems and the expansion of line capacity has become a critical topic in power system planning. Integrating the reasonable layout of energy storage systems with line capacity expansion has emerged as an important solution to address the volatility of new energy sources (Wang et al., 2022). In the joint planning of energy storage siting and line capacity expansion, energy storage systems can not only mitigate the volatility of new energy generation but also provide reactive power support and peak-shaving services for the distribution network, thereby enhancing the reliability of the power grid (Lin et al., 2023). For instance, energy storage systems can store excess electricity when new energy generation is abundant and release it when generation is insufficient, thereby reducing the impact of new energy volatility on the voltage and frequency stability of the grid. Moreover, a well-planned layout of energy storage systems can optimize power flow, reduce line losses, delay the need for line capacity expansion, and lower the operating costs of the distribution network (Ma et al., 2024).
In addressing the issues associated with the output scenarios of new energy, the above works only set the output curves of the new energy unit systems at each node in a simple manner without conducting a detailed analysis of actual data to characterize the output scenarios of new energy units (Baringo and Conejo, 2013; Li et al., 2020).
Although the reported works show a certain level of effectiveness in RPF and dynamic network planning (DNP), they offer the following inadequacies:
(1) With regard to the issue of RPF, existing literature on distribution network planning primarily focuses on the coordinated operation planning between transmission and distribution networks, which may be involved in the grid operation simulation process, but does not prioritize RPF as one of the important planning objectives. More in-depth work related to RPF often involves unit regulation capacity configuration, control modes, and their impacts on operational safety and stability. In summary, there is currently no proposed distribution network planning method specifically targeting the issue of RPF.
(2) The coordinated power grid planning methods related to the issue of RPF mainly focus on single planning objects, often limited to power lines, without considering the beneficial regulatory and limiting effects that pure energy system planning and configuration could have on RPF. Additionally, these studies often rely on preset scenarios in the construction of new energy output scenarios without distilling typical scenarios from actual data, potentially leading to distorted planning results.
To bridge these research gaps, the main contributions of this paper are as follows:
(1) This paper proposes a heuristic k-means algorithm that combines the Careful Seeding method. The CHk-means algorithm overcomes the drawbacks of traditional heuristic algorithms, such as the random selection of initial points, arbitrary setting of parameter k, and susceptibility to outlier influences, by incorporating the Careful Seeding algorithm. The CHk-means algorithm is applied to large-scale wind power and photovoltaic power output data, addressing the high computational complexity of clustering in large datasets and improving the accuracy and stability of clustering results.
(2) This paper introduces a joint planning model for energy storage siting and line capacity expansion in distribution networks, taking into account the volatility of new energy sources. The model considers issues such as power backflow and insufficient accommodation in scenarios with high penetration of new energy sources and mathematically formulates these issues in the objective function. Additionally, the model adjusts the constraint on line transmission capacity to a penalty term in the objective function, allowing for line transmission power limit violations to identify the lines requiring capacity expansion.
(3) In the energy storage siting work of the joint planning model considering the volatility of new energy sources proposed in this paper, binary variables representing energy storage deployment and node power balance equations for candidate energy storage sites are linked using indicator constraints. This form of indicator constraint avoids complex logical representation and transformation work compared to methods like the Big M, providing accurate computational results while avoiding potential numerical computation issues associated with the Big M method and similar approaches.
(4) The effectiveness of the proposed model is validated on the high-penetration new energy IEEE Case33 typical example. The data demonstrate that the model can adapt well to distribution network cases with high proportions of new energy sources. The energy storage deployment and line expansion schemes output by the model effectively reduce potential power backflow between the main grid and distribution network, promoting the local accommodation of new energy sources.
2 AGGREGATION MODEL OF WIND TURBINE AND PHOTOVOLTAIC POWER OUTPUT BASED ON CHK-MEANS ALGORITHM
To construct a joint planning model for energy storage siting and line capacity expansion in typical new energy fluctuation scenarios in distribution networks, it is necessary to aggregate a massive amount of wind and photovoltaic power output data to obtain new energy output data under typical scenarios. In this paper, the CHk-means algorithm is employed to build a wind and photovoltaic power output aggregation model, aggregate the actual data of wind and photovoltaic power outputs on a large scale, reduce the complexity of heuristic algorithms in large datasets, and improve the stability of wind and photovoltaic power outputs in typical scenarios.
2.1 Improved heuristic K-means algorithm technique
The Careful Seeding algorithm randomly selects a point from the dataset as the initial cluster center, analyzes the remaining data, calculates the shortest distance [image: image] between each data point and the current existing cluster centers, computes the probability for each data point to be selected as the next cluster center, and then selects the next cluster center based on this probability. This process is repeated iteratively until [image: image] cluster centers are selected. The probability is calculated as Equation 1 (Žalik and Žalik, 2023):
[image: image]
From the formula, when [image: image] is larger, the denominator increases, and thus, the overall value of the formula is larger. This indicates that as the distance increases, the probability of being selected as the next cluster center also increases (Puri and Gupta, 2024).
The Elbow Method determines the optimal number of clusters by calculating the sum of squared errors (SSE) for different numbers of clusters. Once a potential number [image: image] of clusters is selected, the k-means clustering algorithm is applied to the dataset for each value of [image: image]; the distortion level of each clustering result is calculated, and a plot of distortion level versus the number of clusters is created. By observing the plot, the point where the rate of decrease in distortion level significantly slows corresponds to the optimal number of clusters.
Local Outlier Factor (LOF) is a density-based anomaly detection method used to identify data points with lower density as outliers in a dataset (Jia et al., 2023; Si et al., 2024). The calculation of the local outlier factor is defined by the following Equation 2:
[image: image]
2.2 The steps of the CHk-means algorithm
The CHk-means algorithm first uses the Elbow Method to calculate the value of [image: image] and determine the optimal number of clusters. It then takes the original data [image: image], the number of clusters [image: image], and the number of candidate cluster subsets [image: image] as input. The algorithm employs the Local Outlier Factor algorithm to detect outliers, uses the careful seeding algorithm to select initial cluster centers, computes the candidate cluster subset CCL, assigns each data point to the nearest cluster center, and then recalculates the new cluster centers.
After iterative calculations, the algorithm checks for convergence. If it has not converged, the previous steps are repeated to continue calculating new cluster centers and re-clustering until convergence is achieved. Once the algorithm converges, it outputs the clustering results, completing the clustering process. For specific steps, refer to the diagram in Figure 1.
[image: Figure 1]FIGURE 1 | Cluster algorithm flowchart.
3 JOINT PLANNING OF ENERGY STORAGE SITE SELECTION AND LINE CAPACITY EXPANSION IN DISTRIBUTION NETWORKS
3.1 Objective function
To establish a joint planning model of energy storage site selection and line capacity expansion in distribution networks considering the volatility of new energy, the construction of the objective function should fully consider the local absorption of new energy sources and strive to avoid the phenomenon of power backflow in distribution networks. The specific form of the objective function is as Equation 3:
[image: image]

1) The term associated with power transmission to the upper-level grid is [image: image] as Equation 4.
[image: image]

2) The terms associated with the curtailment of wind turbines and photovoltaics are [image: image], [image: image] (Klyve et al., 2024).
[image: image]
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Equations 5, 6 indicate the curtailed energy of the wind turbines and photovoltaic systems, respectively.
3) The term associated with line transmission power is [image: image] as Equation 7.
[image: image]
The term related to line transmission power correlation indicates the direction of line expansion planning.
4) The term associated with energy storage construction is [image: image] as Equation 8 (Wang et al., 2024).
[image: image]
3.2 Constraints
The constraint construction for the model is as follows.
1) Constraint on the output of new energy sources as Equations 9–12 (Chen et al., 2023).
[image: image]
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2) Constraint on energy storage charging and discharging as Equations 13–18 (Liu and Bao, 2023; Yao et al., 2022).
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3) Nodal power balance constraint as Equations 19–21.
[image: image]
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For the energy storage siting-related issue, the formulation of node power balance constraint is constructed as follows:
[image: image]
[image: image]
Equations 22, 23 indicate that when the binary variable [image: image] takes different values, the active power balance expression of the candidate nodes for energy storage will change. This form effectively represents the logical constraints of siting energy storage construction, avoiding complex logic transformations and parameter additions, thereby preventing the introduction of numerical issues during the solving process.
The distribution network power flow constraint, relaxed in the form of a second-order cone, is described as Equations 24–28:
[image: image]
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3.3 Solving procedure
The model proposed in this paper can be directly solved by advanced commercial solvers, and the solving process is shown in Figure 2. It is worth noting that the model outputs the selection of overloaded lines as the line capacity expansion plan. Whether the overloaded lines are to be supported through capacity expansion or the construction of new lines to ensure the safe and stable operation of the distribution network needs to be further analyzed based on the actual situation of distribution network construction in the planning business. The output results of the model serve as an auxiliary decision-making tool for distribution network planning.
[image: Figure 2]FIGURE 2 | Flowchart of model solving.
4 RESULTS AND DISCUSSION
4.1 Comparison of examples
The results of the CHk-means, heuristic k-means, and k-means algorithms on the error sum of squares (SSE), silhouette coefficient (SC), and algorithm runtime were compared against the publicly available datasets with 788 points and the xclara dataset on Kaggle. The results of the comparison are presented in Table 1 below.
TABLE 1 | Comparison of CHk-means, Hk-means, and k-means algorithm results.
[image: Table 1]The CHk-means error sum of squares (SSE) value decreased by 15.35% compared to k-means and decreased by 16% compared to Hk-means. SSE is used to measure the similarity of elements within each cluster in the clustering result. A smaller SSE indicates a better clustering effect.
The silhouette coefficient (SC) of CHk-means increased by 18.75% compared to k-means and decreased by 17.42% compared to Hk-means. SC is used to measure the compactness and separation of the clustering result, with the coefficient’s values ranging between −1 and 1. A larger value indicates a better clustering result.
The parameter results of using CHk-means for aggregating the model wind turbine output are shown in Table 2.
TABLE 2 | Table of wind turbine output aggregation results.
[image: Table 2]4.2 Case construction
A new energy high-penetration distribution network example, IEEE Case33, was constructed to validate the effectiveness of the proposed model and its solving process, combined with the wind turbine output and photovoltaic output aggregation models constructed above. The case is shown in Figure 3. The configuration information of the network is presented in Table 3, where both power and capacity are design values.
[image: Figure 3]FIGURE 3 | Schematic diagram of IEEE Case33 distribution network with high penetration of new energy.
TABLE 3 | Parameter configuration table for IEEE Case33 distribution network with high penetration of new energy.
[image: Table 3]In this case study, the voltage magnitude limits for each node in the distribution network are 1.1 p.u. and 0.9 p.u. Nodes 4, 6, 11, 13, 16, 19, 23, and 31 are all equipped with wind turbines and photovoltaic connections. These nodes are selected as candidate sites for energy storage to demonstrate on-site integration of new energy sources and reduction of line losses. The design coefficients for some photovoltaic and new energy sources are shown in Figure 4. The data for this case study are based on a granularity of 15 min per day with a total of 96 sampling points. All calculations are conducted using the Gurobi 11.0.0 API for Python on an Intel Core i7-11700F 2.5 GHz processor.
[image: Figure 4]FIGURE 4 | Renewable energy output coefficients. (A) Wind turbine output coefficients. (B) Photovoltaic output coefficients.
4.3 Case results and analysis
The case constructed in the “Case construction” section is modeled using the model proposed in the paper and then solved using a solver. The energy storage system siting is illustrated in Figure 5, showing that energy storage systems should be constructed and deployed at nodes 4, 6, 19, 23, and 31. Additionally, the lines requiring expansion are synchronously selected in the model, namely, lines (3,23), (4,5), (6,26), (10,11), (19,20), (23,24), and (30,31). The operational power of the energy storage systems at each node is depicted in Figure 6, while the curtailed power of the new energy sources is shown in Figure 7.
[image: Figure 5]FIGURE 5 | Energy storage construction and line expansion schematic diagram.
[image: Figure 6]FIGURE 6 | Energy storage charging and discharging power diagram. (A) Energy storage charging power diagram. (B) Energy storage discharging power diagram.
[image: Figure 7]FIGURE 7 | Diagram of curtailed power of new energy sources. (A) Wind power curtailment power diagram. (B) Photovoltaic power diagram.
In the objective function, the decision to relax the term [image: image] related to the power transmission between the main grid and the distribution network is crucial. The numerical values [image: image] of the power transmission between the distribution network and the main grid before and after the relaxation are shown by the red and dark gray lines in Figure 8. It can be observed that by taking [image: image] as one of the optimization objectives, the power backflow issue between the main grid and the distribution network at the main transformer interface monitoring point has been effectively alleviated.
[image: Figure 8]FIGURE 8 | Power exchange with the higher-level power grid.
The decision of whether to relax the terms [image: image] and [image: image] related to the curtailment of renewable energy is made in the objective function. Taking node 4 as an example, the curtailed wind and solar power from the new energy units connected to the node before and after relaxing the associated terms are shown in the figure. Analysis of Figure 9 reveals that before and after relaxation, the integration of new energy at node 4 has been significantly improved, with the curtailed wind and solar power decreasing to 48.68% and 11.67% of their original values, respectively.
[image: Figure 9]FIGURE 9 | Illustration of wind and solar power curtailment before and after optimization at node 4. (A) Comparison diagram of wind power curtailment at node 4. (B) Comparison diagram of solar power curtailment at node 4.
In a typical distribution network scenario with high penetration of new energy sources, the joint planning model for energy storage siting and line expansion in distribution networks proposed in this paper can effectively enhance the local integration of new energy sources in the distribution network and alleviate the power backflow issue between the main grid and the distribution network. Furthermore, the model constructed in this paper can be directly solved by advanced commercial solvers, avoiding complex mathematical transformations, greatly increasing the confidence in the planning solutions and the numerical stability of the intermediate calculation process.
Based on the original IEEE-33 case, a heavy load scenario is constructed to simulate the adaptability of the proposed mathematical model and algorithm under relatively unbalanced conditions. As shown in Figure 10, the power exchange at Bus 1 connected to the higher-level grid is similar to that in Figure 5. Under this scenario, the proposed planning method still effectively reduces the power exchange between the distribution network and the higher-level grid, thereby maximizing the utilization of local energy resources within the distribution network.
[image: Figure 10]FIGURE 10 | Power exchange with the higher-level power grid (heavy load).
5 CONCLUSION
A more refined distribution network planning approach is proposed to adapt to the scenario of high penetration of new energy into the distribution network, addressing the issues of reverse power flow and line overload between the main grid and the distribution network. By leveraging flexible resources with regulatory capabilities, this paper introduces a joint planning technology for energy storage site selection and line capacity expansion in distribution networks, considering the volatility of new energy. This method designs the objective function by incorporating terms for main and distribution network power transmission, renewable energy curtailment, line overload, and energy storage construction. It introduces indicative constraints in the energy storage construction-related constraints, effectively coordinating the planning of energy storage siting and line expansion. This model avoids complex mathematical transformations and can be directly solved by advanced commercial solvers.
The CHk-means algorithm proposed in this paper is shown to effectively address the high computational complexity of clustering in large-scale datasets, thereby improving the accuracy and stability of clustering results, as evidenced by the constructed wind turbine and photovoltaic output aggregation model. The results from the IEEE Case33 example of a distribution network with high penetration of new energy demonstrate that the proposed model can efficiently provide a joint planning solution for energy storage siting and line expansion selection. Compared to optimization models that do not consider the main and distribution network power transmission terms, the output solution of this model can effectively reduce the electricity reverse flow from the distribution network to the main grid. Additionally, compared to optimization models that do not consider renewable energy integration, the output solution of this model can reduce renewable energy curtailment by at least 50%. The direct solvability of the proposed method improves solution efficiency to some extent, avoiding numerical issues that may arise from algorithmic iterations and logical transformations, thus demonstrating practical engineering applicability.
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