[image: Frontiers Logo]Research on energy storage planning methods for distributed renewable energy integrated rural power distribution networks

BRIEF RESEARCH REPORT
published: 17 July 2025
doi: 10.3389/fenrg.2025.1640375
[image: image2]
Research on energy storage planning methods for distributed renewable energy integrated rural power distribution networks
Haoshuai Jia1*, Renqing Feng2, Hai Jiang1, Chao Gao2, Yue Zhao1, Rui Zhang2 and Ziyi Xuan3
1Hydroelectric Power and Water Resources Planning and Design Institute, Beijing, China, 2PowerChina Hebei Electric Power Survey & Design Institute Co., Ltd, Shijiazhuang, China, 3State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources, Baoding, China
Edited by:
Zhijian Hu, Laboratoire d’analyse et d’architecture Des Systèmes (LAAS), France
Reviewed by:
Zhaoyan Zhang, Hebei University, China
Hatem Seoudy, El Shorouk Academy, Egypt
Zhen Fan, Eversource Energy Boston, United States
*Correspondence:
 Haoshuai Jia, 1263759549@qq.com
Received: 03 June 2025
Accepted: 26 June 2025
Published: 17 July 2025
Citation:
Jia H, Feng R, Jiang H, Gao C, Zhao Y, Zhang R and Xuan Z (2025) Research on energy storage planning methods for distributed renewable energy integrated rural power distribution networks. Front. Energy Res. 13:1640375. doi: 10.3389/fenrg.2025.1640375
To accelerate the green transformation of power grids, enhance the accommodation of renewable energy, reduce the operational costs of rural distribution networks, and address voltage stability issues caused by supply-demand fluctuations, this study proposes an optimization method for distributed energy storage systems in rural distribution networks integrated with renewable energy. Initially, the K-means clustering method is employed to analyze 1 year of load and renewable generation data, generating four typical scenarios to represent varying conditions of electricity supply and demand. Based on this analysis, a collaborative optimization model for energy storage and renewable energy-integrated distribution networks is constructed, comprehensively considering operational costs of the rural grid as well as the investment and operational costs of energy storage systems, with the objective of minimizing total operational costs. The optimal locations and capacities of energy storage systems are determined using YALMIP toolbox and the beetle swarm optimization (BSO) algorithm, and the proposed method is validated on a modified IEEE 33-bus system. The results demonstrate that the optimized energy storage planning significantly reduces the operational costs of the rural distribution network, decreases electricity purchasing expenses and curtailment losses of wind and solar energy, and optimizes power flow distribution while enhancing nodal voltage stability. This approach not only improves the economic efficiency and operational performance of rural distribution networks but also provides robust theoretical and technical support for the efficient utilization of renewable energy resources.
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1 INTRODUCTION
As China continues to advance its green and sustainable development alongside the strategic “dual carbon” goals, a clean transformation and self-renewal of the power system characterized primarily by new energy sources such as wind and photovoltaic (PV) power are thriving (Liu et al., 2024; Jiang et al., 2025). The inherent nature of today’s grid is increasingly geared towards environmentally friendly power generation and efficient energy utilization. Distributed new energy sources are gradually being integrated into distribution networks. Unlike traditional centralized power systems, this approach involves directly connecting dispersedly arranged new energy sources to low-voltage distribution networks, offering advantages such as high flexibility, easy access, and relatively lower costs (Koushkbaghi et al., 2025). However, due to the volatility and significant time-sequence impact associated with wind and PV power generation, effectively addressing the mismatch between new energy consumption and grid regulation capabilities remains challenging. To tackle these issues, China places great emphasis on the development of energy storage technologies and has explicitly stated that it will consider the deployment of energy storage technology in the planning of new power systems (Zhao et al., 2025; Chu and Teng, 2023).
Energy storage systems have been widely applied in the planning and construction of modern power grids. They not only play a crucial role in “peak shaving and valley filling,” thereby reducing the impact of load fluctuations on grid voltage, but also effectively decrease curtailed energy, lower operational costs, and optimize grid performance. This leads to enhanced reliability and economic efficiency in power supply. Therefore, the rational planning of energy storage systems has become a key factor in ensuring the efficient and stable operation of distribution networks integrated with distributed new energy sources (Wang et al., 2025; Xiong et al., 2025; Zhang L. et al., 2025).
At present, most studies have focused on energy storage planning in distribution networks integrated with distributed generation. However, research on planning strategies specifically tailored for distribution networks incorporating renewable energy sources remains relatively limited (Ju et al., 2015). employed a deep reinforcement learning algorithm to propose a multi-time-scale energy storage planning strategy for distribution networks, which takes into account the characteristics of source-load power forecasting and the operational features of distributed generation (Ma et al., 2019). formulated a source-load-storage coordinated planning model for distribution networks aimed at minimizing operational costs, while considering different types of distributed generation and loads, thereby effectively reducing voltage violations in the distribution network (Zhang Z. et al., 2024). proposed a stochastic optimal battery energy storage planning method for dynamic distribution networks, determining the optimal capacity and location of energy storage. Since distributed generation typically does not exhibit the randomness and intermittency inherent in renewable energy generation, the aforementioned studies may face limitations in adaptability when applied to distribution networks integrated with distributed renewable energy sources.
Current research on energy storage planning remains insufficient in its analysis of economic costs, lacking a systematic consideration of multi-dimensional cost factors (Jia et al., 2018). conducted energy storage planning under reliability constraints and employed an algorithm to determine the installed capacity of energy storage devices. However, in their cost analysis, only operational costs of the distribution network were considered, without incorporating the corresponding life-cycle costs of the energy storage system (Ma et al., 2024). considered the temporal characteristics of photovoltaic (PV) output and its correlation with load demand in a distribution network integrated with distributed PV systems. They applied a simulated annealing algorithm to determine the optimal capacity of the energy storage system (Wu et al., 2018). proposed a centralized energy storage planning strategy suitable for a high-renewable-energy-dominated sending-end system. By employing a variational mode decomposition-based method, they optimized the siting and sizing of the energy storage system to ensure the safe and stable operation of the power system. With the widespread integration of distributed renewable energy into distribution networks, the impact of renewable energy curtailment costs should also be fully considered. Ignoring this factor may result in the investment and operational costs of the energy storage system exceeding the costs associated with renewable energy curtailment, thereby making it difficult to achieve optimal economic performance.
Compared to urban distribution networks, rural distribution networks typically exhibit characteristics such as low load density, long power supply radius, significant load fluctuations, and pronounced seasonality (Zhang J. et al., 2025). Currently, most research on energy storage planning has focused on urban distribution networks, while studies on the optimal configuration of energy storage systems in rural grid environments remain limited. It is therefore essential to conduct more targeted planning research based on the unique features of rural networks to enhance both their power supply reliability and operational economy.
In summary, although significant progress has been made in energy storage planning research in China, there is still a lack of in-depth exploration regarding the planning of energy storage systems in rural distribution networks (Zhang X. et al., 2024). At the same time, the analysis of the overall economic performance of distribution networks after renewable energy integration remains insufficiently comprehensive. This paper focuses on the optimal planning of energy storage systems within rural distribution networks integrated with distributed new energy sources, aiming to minimize the total operational cost of the distribution network. The proposed method enhances both the economic efficiency and voltage stability of the power system. Firstly, annual load and renewable generation data are clustered into four typical scenarios. Subsequently, a coordinated optimization model of the energy storage and new energy-integrated distribution network is established. The objective function is optimized using the YALMIP interface and Beetle Swarm Optimization (BSO) algorithm. Finally, the validity of the proposed energy storage planning approach is verified through simulations conducted in MATLAB, effectively balancing load response, economic performance, and environmental protection.
2 TEMPORAL OPERATION MODEL OF DISTRIBUTED NEW ENERGY SOURCES
At present, wind and photovoltaic (PV) power, as two major forms of distributed new energy sources, have been widely integrated into rural distribution networks in China. Due to the output characteristics of these energy sources being closely related to time sequences, significant variations in wind speed and solar irradiance across different time periods lead to considerable differences in power output from renewable generation units. Therefore, based on actual engineering data, this paper applies the K-means clustering algorithm to group the annual load, wind, and PV power data of the rural distribution network with distributed new energy sources into four typical temporal scenarios (Hao et al., 2024). The occurrence probability of each scenario is calculated, and the normalized data for each typical scenario are visualized, as shown in Figure 1.
[image: Four line graphs labeled as Typical Scenario 1, 2, 3, and 4, show data for load, wind, and sun over time. The x-axis represents time in hours, while the y-axis shows the relative values. All scenarios display similar patterns: load is highest and varies slightly, wind remains stable and moderate, and sun peaks around the middle, forming a bell curve shape.]FIGURE 1 | (a) Typical scenario1 (b) Typical scenario2 (c) Typical scenario3 (d) Typical scenario4. Power distribution map of typical scenarios.Each scenario illustrates the 24-h power variation patterns of load demand, wind power generation, and photovoltaic power generation. During certain operational periods, the total output from renewable energy units exceeds the power demand from the load side, resulting in curtailment of renewable energy. This not only leads to wastage of clean energy resources but also increases the operational cost of the distribution network. Hence, energy storage planning in such distribution networks serves a dual purpose: on one hand, it enables the storage of surplus electricity, thereby reducing grid operational costs; on the other hand, it facilitates large-scale integration of renewable energy sources, accelerating the green transition of the power grid.
3 COLLABORATIVE OPTIMIZATION MODEL OF ENERGY STORAGE AND NEW ENERGY-INTEGRATED DISTRIBUTION NETWORKS
3.1 Construction of the collaborative optimization model
The purpose of energy storage system planning is to store the surplus electricity generated during the process of new energy generation, thereby reducing the costs associated with curtailed wind and solar power, enhancing the economic efficiency of power system operation, and ultimately lowering the overall cost of distribution networks. Additionally, energy storage systems can perform peak shaving and valley filling, significantly decreasing voltage fluctuations in distribution networks during peak electricity usage periods, ensuring that the voltage at each node remains within a preset range, thus enhancing the stability of the power system.
Meanwhile, it is essential to consider the coordinated optimization between energy storage devices and the distribution network to achieve the minimization of total costs. Without such coordination, the operational costs of energy storage systems could exceed the costs associated with renewable energy curtailment, failing to improve the economic efficiency of the power system and potentially resulting in a counterproductive outcome. The objective function for this optimization can be formulated as follows:
min⁡J=C1+∑k=1nC2Ek(1)
In the formula, C1 represents the operational cost of the distribution network, C2 denotes the operation and maintenance cost of the introduced distributed energy storage devices, and Ek is the capacity of the energy storage device installed at the kth node in the distribution network. (If no energy storage device is installed at that node, then the corresponding Ek=0).
The expression for the operational cost of the distribution network is as follows:
C1=365∑i4pifsub+floss+fDSR+fRDG+fDG(2)
In the formula, pi represents the probability of occurrence for the ith typical scenario, where the calculation methods for each cost are as follows:
	(1) cost of purchasing electricity from the higher-level grid fsub

fsub=CsubPsen(3)
Where Csub is the cost per unit of electricity purchased from the higher-level grid, Psen is the active power input from the higher-level grid.
	(2) electricity network loss cost floss

floss=Closs∑i=1n∑j=1nIij2·Zij(4)
Where Closs represents the cost per unit of electricity network loss, Iij is the current flowing between nodes i and j, Zij is the impedance between nodes i and j.
	(3) interruptible load compensation cost fDSR

fDSR=CDSR∑i=1nPDSRi(5)
Where CDSR represents the compensation price for interruptible load, PDSRi is the size of the ith interruptible load participating in demand-side response.
	(4) curtailment penalties of wind and solar power fRDG

fRDG=CRDG∑i=1nPRDGmaxi−PRDGi(6)
Where CRDG represents the penalty cost per unit of curtailed wind and solar power, PRDGmaxi is the total active power generated by the ith RDG connected to the distribution network, PRDGi is the active power consumed by the distribution network from this RDG.
	(5) renewable energy operation and maintenance cost fDG

fDG=CDG∑i=1nPRDGmaxi(7)
Where CDG represents the operation and maintenance cost per unit of energy produced by renewable sources.
The operational and maintenance cost expression for distributed energy storage systems is given by:
C2=fESS+fop(8)
the calculation methods for each cost are as follows:
	(6) annual fixed investment cost of the energy storage system fESS

fESS=b1+byESS1+byESS−1xESScESS(9)
Where b represents the annual discount rate of the energy storage system, yESS is the service life cycle of the energy storage system, xESS represents number of energy storage units installed, cESS represents installation cost per energy storage unit.
	(7) annual fixed investment cost of the energy storage system fop

fop=365∑i=14fipi(10)
Where fi represents the operating cost of the distributed energy storage system in the ith scenario, pi is the probability of occurrence of the ith typical scenario.
For the established objective function, the corresponding constraints are formulated as follows:
Constraint1: After configuring energy storage system in the renewable energy integrated distribution network, the system must satisfy the power flow balance constraint under steady-state conditions.
Pi=Vi∑j=1nVjGij⁡cos⁡θij+Bij⁡sin⁡θijQi=Vi∑j=1nVjGij⁡sin⁡θij−Bij⁡cos⁡θiji=1,2,⋯,n(11)
Where Vi and Vj are the voltages at nodes i and j, Gij is the real part of the admittance matrix at position i,j, Bij is the imaginary part of the admittance matrix at position i,j, θij is the phase angle difference between nodes i and j, n is the total number of nodes in the network, Pi and Qi represent the active power and reactive power injected at the node, respectively.
Constraint2: The distribution network must satisfy the output constraints. Specifically, the active and reactive power input from the main grid to the distribution network must remain within their respective upper and lower bounds. Additionally, the active power delivered by distributed renewable energy sources to the grid, as well as the power of interruptible loads on the demand side, must also adhere to their corresponding upper and lower limits.
0≤Pgen≤Pgenmax−Qgenmax≤Qgen≤QgenmaxPRDGmin≤PRDG≤PRDGmaxPDSRmin≤PDSR≤PDSRmax(12)
In the formula, Pgen and Qgen represent the active power and reactive power input from the main grid to the distribution network, respectively. PRDG denotes the active power delivered by distributed renewable energy sources to the grid, with PDSR represents the power of interruptible loads on the demand side.
Constraint3: the power flow constraints of the distribution network must be satisfied.
Umin≤Ui≤UmaxImin≤Ii≤ImaxUi2+Ii2≥Pi2+Qi2(13)
Where Ui and Ii are the voltage and current at node i, Pi and Qi are the total active power and reactive power injected at node i respectively.
Constraint4: the constraints related to the energy storage devices must be satisfied, meaning that the charging and discharging power of each energy storage device is limited by its maximum power capacity and its own energy capacity. Additionally, the stored energy at any given time must remain within a reasonable range.
0≤PESS−d≤PESSmax0≤PESS−c≤PESSmaxWESS=PESS−ctESS−c−PESS−dtESS−d0.2SiC≤WESS≤0.9SiC(14)
Where PESSmax represents the maximum power of the energy storage device, PESS−d is the discharging power, PESS−c is the charging power, tESS−d is the discharging time, tESS−c is the charging time, WESS is the remaining energy in the energy storage device, SiC is the energy storage capacity installed for the ith synchronous condenser.
3.2 Solving the collaborative optimization model
For the objective function constructed in Section 3.1, the model is a complex dynamic differential-algebraic equation, representing a nonlinear parameter optimization problem considering the power grid. It involves the optimization of multiple node-mounted synchronous condenser capacities, which is difficult to solve using classical mathematical programming methods. Considering computational speed and accuracy, and to ensure global search capability, the Beetle Swarm Optimization (BSO) algorithm is employed in this paper to solve the objective function.
The Beetle Swarm Optimization (BSO) algorithm is a novel optimization method that combines the advantages of both the Beetle Antennae Search (BAS) algorithm and the Particle Swarm Optimization (PSO) algorithm. It leverages their complementary strengths, offering high optimization efficiency and global search capability (Wu et al., 2024; Xuan and Li, 2024). In this algorithm, the initial beetle particles are generated through Monte Carlo random sampling. By incorporating an adaptive inertia weight adjustment strategy into the optimization iteration process, the population-based optimization process with a population size of Np is improved. In this population, the capacity of the synchronous condenser corresponds to the position of the beetles. In the k+1th iteration, the velocity Vi,jk+1 and position Xi,jk+1 of the jth element of the ith beetle are given by:
Vi,jk+1=ωkVi,jk+c1kr1pi,jk−Xi,jk+c2kr2gjk−Xi,jk(15)
Xi,jk+1=Xi,jk+λVi,jk+1+1−λξi,jk(16)
ξi,jk+1=δkVi,jksignfXr,i,jk−fXl,i,jk(17)
Where pi,jk represents the jth element of the best position in the history of the ith beetle at the kth iteration, gjk represents the jth element of the global best position at the kth iteration, r1 and r2 are random numbers within the range 0,1, ωk is the inertia weight, λ is a positive constant, ξi,jk is the position increment factor.
ωk+1=ωmax−k+1kmaxωmax−ωmin(18)
c1k+1=2⁡sin2πkmax−k+12kmax(19)
c2k+1=2⁡sin2πk+12kmax(20)
Where ωmax is the maximum inertia weight, ωmin is the minimum inertia weight, c1k+1 is the self-learning factor, c2k+1 is the swarm learning factor, kmax is the maximum allowed number of iterations.
δk=ηδδk−1(21)
Xr,i,jk=Xi,jk−1+d2×Vi,jk−1(22)
Xl,i,jk=Xi,jk−1−d2×Vi,jk−1(23)
Where δk is the search step size at the kth iteration, sign* is the sign function, Xl,i,jk is the position of the fXr,i,jk left antenna of the beetle, Xr,i,jk is the position of the right antenna of the beetle, fXl,i,jk is the fitness value of the left antenna of the beetle,is the fitness value of the right antenna of the beetle, ηδ is the variable step size factor, d is the distance between the left and right antennae of the beetle. The flowchart of the Beetle Swarm Optimization (BSO) algorithm is shown in Figure 2.
[image: Flowchart illustrating an optimization process using a beetle algorithm. It begins with initializing parameters and setting beetle positions, then iteratively updates positions and step sizes based on fitness comparisons. It checks if the current best solution is greater than the global best. If yes, updates the global best. The process repeats until a maximum iteration is reached, at which point it outputs the optimal solution.]FIGURE 2 | Beetle swarm optimization algorithm flowchart.First, the optimization problem is defined in YALMIP. Then, the beetle swarm is initialized, and the iteration count along with parameters is set. During each iteration, the position and velocity of each individual beetle are updated. The corresponding objective function value for each beetle is calculated using YALMIP, and the individual and global best solutions are updated accordingly. After multiple iterations, an approximate optimal solution is found, effectively solving the original problem. This approach combines the global search capability of the beetle swarm optimization (BSO) algorithm with the precise modeling and solving capabilities of YALMIP.
4 RURAL DISTRIBUTION NETWORK CASE DESCRIPTION
Based on the characteristics of the rural power grid system and referencing the IEEE 33-bus distribution network topology, wind and solar generation units are integrated at buses 1, 5, 12, 18, 22, 23, and 30. An example model of a distribution network with renewable energy sources is thereby constructed, as shown in Figure 3. The renewable energy power station includes both photovoltaic and wind power generation, which not only ensures diversity in renewable energy types but also effectively mitigates the intermittency issues associated with single-source generation through their complementary operation.
[image: Schematic diagram showing a series of interconnected lines resembling an electrical circuit or network. Numbers 1 to 33 are marked along the branches, with red lines intersecting certain points, suggesting connection points or nodes.]FIGURE 3 | Schematic diagram of the new energy distribution network.Referring to the current power market data in China, the unit cost of purchasing electricity from the grid Csub=0.48/kWh, the unit cost of energy loss Closs=0.5/kWh, the unit compensation price for interruptible loads CDSR=0.4/kWh, the unit cost of curtailed wind and solar power CRDG=0.5/kWh, and the operational and maintenance cost per unit of renewable energy generation CDG=0.45/kWh (National bureau of statistics, 2023).
In practical engineering applications, it is often challenging to precisely match the ideal capacity values obtained through algorithmic optimization with the actual selected energy storage device capacities. Therefore, in real-world power system deployments, standardized capacity specifications are typically chosen for widely adopted energy storage devices, and their installation numbers are adjusted to ensure that the total installed capacity at each node aligns with theoretical calculations. This approach not only ensures the feasibility of implementation but also meets the precise requirements for energy storage capacity in system design (Li et al., 2024).
Thus, considering an annual depreciation rate b=6%, for energy storage units, each unit has a capacity of 2.4 MW and an installation cost of 12,000 RMB, with a service life yESS=20, Each synchronous condenser has a capacity of 30 MVar and an installation cost of 16,000 RMB (National bureau of statistics, 2023). Assuming the operating costs of energy storage units under four typical time sequence scenarios are: 0.5/kWh, 0.65/kWh, 0.5/kWh, 0.85/kWh, respectively, the objective function is optimized using YALMIP and the beetle swarm optimization (BSO) algorithm. The final optimal solution for the installation nodes and corresponding capacities of distributed energy storage devices is obtained. The specific optimal planning scheme is shown in Table 1.
TABLE 1 | The optimal planning scheme for distributed energy storage-based phase shifting transformers.	Installation node	Number of installations	Total energy storage capacity (MW)
	5	6	14.4
	12	1	2.4
	18	6	14.4
	30	2	4.8


5 RURAL DISTRIBUTION NETWORK CASE SIMULATION
5.1 Economic analysis of rural distribution networks before and after energy storage planning
Based on the optimal planning scheme of distributed energy storage systems obtained in the previous section, the economic costs of each component of the rural distribution network before and after energy storage planning are presented in Table 2. By comparing the economic costs under both scenarios, the improvement in the economic performance of the rural distribution network with renewable energy integration after energy storage planning is analyzed.
TABLE 2 | Economic cost of distribution network before and after the planning of energy storage phase-shifting devices.	Cost of synchronous condenser planning before energy storage integration	Expense/yuan	Cost of synchronous condenser planning after energy storage integration	Expense/yuan
	fsub	492,320	fsub	421,520
	floss	67,950	floss	47,930
	fDSR	35,990	fDSR	33,050
	fRDG	5,997	fRDG	887
	fDG	5,824	fDG	5,650
	—	—	fESS	18,960
	—	—	fop	6,440
	Total Operating Cost	608,081	Total Operating Cost	534,417


From Table 2, it can be observed that after implementing the distributed energy storage planning, the rural distribution network integrated with renewable energy demonstrates significant advantages in terms of economic performance, renewable energy accommodation capability, and operational efficiency. Most notably, the total operating cost of the distribution network is reduced by 681,400 RMB, approximately 11.4%, thereby enhancing overall economic benefits and highlighting the financial return capacity of energy storage-based compensators.
The energy storage system effectively reduces electricity procurement costs from the upper grid by storing surplus power during periods of excessive renewable generation and discharging during peak load times. This results in a cost reduction of 608,800 RMB, or about 12.6%. Furthermore, the system mitigates the variability of wind and solar power outputs, significantly reducing the waste of renewable energy and the associated economic losses caused by curtailed wind and solar generation. Specifically, after the implementation of energy storage planning, the penalty cost due to renewable curtailment decreases by as much as 85.4%, indicating that the energy storage system substantially improves the utilization rate of renewable energy generation and reduces resource wastage. At the same time, the integration of energy storage improves the power flow distribution within the grid, minimizes transmission losses, and reduces network loss costs to 26.5% of their original level, further enhancing the operational efficiency of the distribution network.
Therefore, implementing distributed energy storage planning for rural distribution networks incorporating renewable energy sources represents a crucial approach to achieving a balance between technical and economic considerations, as well as promoting environmental and social sustainability. In the short term, the integration of energy storage leads to significant reductions in electricity procurement costs, network losses, and renewable curtailment costs, thereby improving economic returns while markedly enhancing renewable energy utilization and grid operational efficiency. In the long run, energy storage planning not only enhances the grid’s capacity to integrate renewable energy but also reduces dependence on traditional fossil fuels, providing critical support for building a secure, economical, green, and reliable new power system. It also serves as an essential foundation for achieving national energy transition objectives.
5.2 Stability analysis of rural distribution networks before and after energy storage planning
By combining the node voltage data of the distribution network across different time periods before and after the implementation of distributed energy storage planning, this paper analyzes the improvement in voltage stability of the rural distribution network integrated with renewable energy. Under four typical scenarios, the voltage stability at each node is effectively enhanced, with generally similar results. Therefore, this study only presents the voltage profile comparisons before and after planning for two representative scenarios, while the others are omitted for brevity. The voltage curves of the distribution network before and after distributed energy storage planning under Scenario one and Scenario 2 are illustrated in Figures 4, 5, respectively.
[image: Two 3D plots comparing voltage curves. The left plot shows the voltage curve before planning Energy Storage-Integrated Synchronous Condensers, with variations in voltage depicted over time and nodes. The right plot illustrates the voltage curve after planning, showing changes and improvements in voltage stability. Both plots use a color gradient from blue to yellow to represent voltage levels.]FIGURE 4 | (a) Voltage curve before planning of energy storage-integrated synchronous condensers. (b) Voltage curve after planning of energy storage-integrated synchronous condensers. Comparison of voltage curves in typical scenario 1.[image: Two 3D surface plots compare voltage curves over time and nodes. The left plot shows voltage before energy storage planning, peaking around 1.05. The right plot shows voltage after planning, peaking around 1.02, with smoother transitions. Both axes include time and node labels.]FIGURE 5 | (a) Voltage curve before planning of energy storage-integrated synchronous condensers. (b) Voltage curve after planning of energy storage-integrated synchronous condensers. Comparison of voltage curves in typical scenario 2.In the three-dimensional voltage profile graphs, deeper colors indicate a greater deviation from the baseline voltage values. Prior to the implementation of distributed energy storage planning, node voltages across the distribution network exhibited significant fluctuations during various time periods, especially during midday and evening peak hours when power demand was high, leading to noticeable voltage drops or rises at some nodes. During off-peak hours, voltage levels notably decreased, with some nodes even falling below the lower voltage limit of 0.95, thus increasing voltage variability within the grid and posing challenges to the stable operation of the distribution network.
After the introduction of distributed energy storage, the overall voltage profiles became smoother, with significantly reduced voltage differences between nodes and substantially diminished voltage fluctuations. By discharging during peak load times and absorbing excess power during off-peak times, the energy storage systems effectively balanced system power, mitigating voltage imbalances caused by load fluctuations. Moreover, the amplitude of voltage fluctuations over time was markedly reduced, bringing node voltage values closer to the nominal voltage (1.0) without any significant voltage dips, thereby enhancing the voltage stability of the system. The introduction of such composite devices not only avoids the issue of unstable voltage fluctuations that can occur with energy storage systems alone but also precludes the need for additional reactive power compensation equipment to address this deficiency. This demonstrates that these devices optimize both the economy and operational efficiency of the distribution network.
6 CONCLUSION
This paper proposes a coordinated optimization planning method for energy storage systems and distribution networks in rural power grids with distributed renewable energy. A collaborative optimization model was established to minimize the total operating cost of the distribution network, achieving economic optimality by comprehensively considering various cost factors. The optimal energy storage configuration scheme was solved using the YALMIP toolbox and the Beetle Swarm Optimization (BSO) algorithm. Simulation results demonstrate that the proposed method exhibits significant advantages in terms of economic efficiency, renewable energy accommodation, and voltage stability, as detailed below:
	1) Economic performance improvement: After energy storage planning, the total operation cost of the rural distribution network decreased from 5.9665 million CNY to 5.2851 million CNY, representing an 11.4% reduction. Specifically, the electricity purchase cost decreased from 4.8293 million CNY to 4.2205 million CNY, the wind/solar curtailment penalty cost dropped from 0.0609 million CNY to 0.0089 million CNY, and the network loss cost was reduced from 0.6579 million CNY to 0.4833 million CNY.
	2) Enhanced renewable energy utilization: By flexibly dispatching redundant power through the energy storage system, the wind/solar curtailment penalty cost is reduced by 85.4%, indicating a substantial improvement in renewable energy utilization efficiency.
	3) Improved voltage stability: After energy storage planning, node voltage fluctuations were significantly reduced. Under typical scenario 1 and scenario 2, the voltage profiles at all nodes became smoother and closer to the rated value of 1.0 p.u., demonstrating enhanced voltage stability.
	4) Feasibility for engineering implementation: The use of standardized energy storage capacities, such as 14.4 MW and 4.8 MW, enables meeting theoretical requirements by adjusting the number of installations, thereby ensuring practical feasibility for engineering applications.

In conclusion, the proposed method demonstrates strong practical application value in improving distribution network efficiency, reducing renewable energy curtailment, and promoting the transition toward green and sustainable energy systems.
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