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. Supplementary Tables 

Supplementary Table 1. Mean values of performance metrics for each functional station 

type. 

 

Clust

er ID 

Funct

ional 

Type 

No. of 

Stations 
𝐹1 𝐹2 𝑇1 𝑇2 𝑀1 𝑀2 𝐸1 𝐸2 Connectors 

Power 

(kW) 

0 5413 71.49% 0.2 0.13 0.84 0.48 4.45 2.66 3.58 2.09 26.72 46.01 

1 1236 16.32% 0.6 0.54 3.5 3.11 12.87 11.06 10.74 9.25 20.17 46.79 

2 91 1.20% 3.16 1.08 2.26 0.93 63.94 9.36 120.74 51.98 19.34 132.43 

3 832 10.99% 0.53 0.28 1.5 0.7 7.31 3.39 7.83 3.69 80.89 17.15 

 

Supplementary Table 2. Description of charging station construction and operational 

data. 

Field 
Data 

Type 
Description 

station_id Integer A unique identifier for each physical charging station. 

station_type Enum The category of the station (e.g., public, private, battery-swapping). 

num_connectors Integer The total number of charging connectors (outlets) at the station. 

num_piles Integer The total number of charging piles (physical units) at the station. 

address String The detailed street address of the station. 

site_context String The physical environment of the station (e.g., underground parking, roadside, 

shopping mall). 

electricity_fee Decimal The price per kilowatt-hour (kWh) of electricity. 

service_fee Decimal The service fee, charged either per session or per kWh. 

longitude Decimal The longitude of the station's location (WGS84). 

latitude Decimal The latitude of the station's location (WGS84). 

total_power Decimal The total rated power of all charging equipment at the station, in kilowatts (kW). 

Supplementary Table 3. Description of charging transaction data. 

Field Data Type Description 

station_id Integer A unique identifier for the charging station. 

equipment_id Integer A unique identifier for a specific piece of charging equipment within 

a station. 

connector_id Integer A unique identifier for a specific charging connector on a piece of 

equipment. 

order_id String A unique identifier for each charging session. 

start_time Datetime The start time of the charging session (to the second). 

end_time Datetime The end time of the charging session (to the second). 

energy_delivered Decimal (kWh) The total energy delivered during the session, in kilowatt-hours 

(kWh). 



total_fee Decimal The total fee for the session, including both electricity and service 

charges. 

electricity_fee Decimal The portion of the total fee corresponding to the electricity 

consumed. 

service_fee Decimal The portion of the total fee corresponding to the service charge. 

Supplementary Table 4. Description of network resilience metrics. 

Category Metric Definition 
Interpretation & Role in 

Analysis 

Structural 

Integrity 

Network size 
The total number of nodes in 

the network. 

Indicates the extent of node 

removal or failure. 

Number of connected 

components 

The number of maximal 

subgraphs in which any two 

nodes are connected to each 

other by paths. 

An increase signifies network 

fragmentation and reduced 

interconnectivity. 

Size of the largest 

connected component 

(LCC) 

The number of nodes in the 

network's largest connected 

component. 

A high value indicates the presence 

of a giant component maintaining 

overall function; a sharp decrease 

signals the collapse of the network 

backbone. 

Core 

Robustness 

Maximum 𝑘-core 

number 

The largest integer 𝑘 for which 

a 𝑘-core (a maximal subgraph 

where every node has a degree 

of at least 𝑘) exists. 

A high value indicates a densely 

interconnected core. A rapid drop to 

zero during an attack signifies the 

failure of this core skeleton. 

Accessibilit

y & 

Efficiency 

Average path length 

The average of the shortest path 

lengths over all pairs of 

reachable nodes. 

Reflects the average travel distance 

between nodes in a connected 

network. A sudden drop after 

fragmentation indicates that 

measurements are confined to 

small, local components. 

The average of the 

inverse of the shortest 

path lengths over all 

pairs of nodes 

(unreachable pairs 

contribute zero). 

Measures the efficiency of 

information or resource flow 

across the entire network. A 

high value indicates high 

accessibility and efficiency. 

May exhibit complex behaviour 

post-fragmentation. 

The average of the inverse of the 

shortest path lengths over all pairs 

of nodes (unreachable pairs 

contribute zero). 

 

 



Supplementary Algorithm  

Supplementary Algorithm 1 

 

基于主成分降维的充电站聚类评级算法详细步骤与公式： 

（1）符号定义与数据标准化   

设共有 n 个充电站、d 个评价特征，构建特征矩阵 X = [xi𝑗]
(n×d)

，其中 xi 为站点 i 的特

征向量。考虑不同指标量纲差异，采用 Z-score 标准化得到：   

zi𝑗 = (xi𝑗 − μj)/σj A1 

其中 μj、σj 分别为第 j 个特征的均值与标准差。标准化后的矩阵记为 Z，用于相关结构检

验与降维计算。 

（2）KMO 与 Bartlett 球形检验   

由于特征指标之间可能存在相关性，降维前需检验数据结构是否适合提取潜在变量。   

1）KMO 检验用于衡量变量间相关性是否适合做主成分/因子提取。令 rj𝑘 为相关系数，pj𝑘 

为偏相关系数，则   



KMO = [∑(j ≠ k) 𝑟𝑗𝑘
2] / [∑(j ≠ k)𝑟𝑗𝑘 + ∑(j ≠ k) 𝑝𝑗𝑘

2] A2 

 

2）Bartlett 球形检验用于检验相关矩阵 R 是否为单位阵。设样本量为 n、变量数为 d，则

统计量可写为   

χ2 = −(n − 1 − (2d + 5)/6)ln|R| A3 

其自由度为 d(d − 1)/2。当 p < 0.05 时拒绝“相关矩阵为单位阵”的原假设，认为变量间存

在足够相关性，适合进行降维处理。本研究中 KMO=0.63>0.5，巴特利特球形度检验 P<0.05，

结果表明此数据适合进行降维聚类处理。 

（3）降维：主成分提取与主成分得分计算   

在通过适用性检验后，基于标准化矩阵 Z 构造相关矩阵 R（或协方差矩阵），并进行特征

分解：   

Rwq = λqwq，q = 1, … , d A4 

其中 λq 为特征值，wq 为对应特征向量。综合采用碎石图（Scree Plot）与方差解释准则确

定主成分数量 Q。累计解释率定义为   

η(Q) = (∑(q = 1)Qλq) / (∑(q = 1)dλq) A5 

在满足累计解释率达到阈值且碎石图出现明显拐点的条件下确定 Q。随后计算站点在潜在

空间的低维表示（主成分得分）：   

yi = WTzi A6 

其中 W = [w1, … , wQ] 为由前 Q 个主成分载荷向量组成的投影矩阵，yi 为站点 i 的 Q 维

潜在表示。将所有站点的 yi 组成矩阵 Y，作为聚类输入数据。 

（4）最佳聚类数确定   

完成特征降维后，需要基于数据自身确定聚类数 k。对 K-means 等基于中心的聚类方法，

采用手肘法（Elbow Method）分析簇内平方和（Within-Cluster Sum of Squares, WCSS）随 k 

的变化关系：   

WCSS(k) = ∑(c = 1)k ∑(yi ∈ Cc)||yi − μc||
2

A7 

其中 Cc 表示第 c 个簇，μc 为其质心。通常 WCSS(k) 随 k 增大而下降，当曲线下降趋势

出现明显“拐点”时，对应的 k 可视为较合理的聚类数。   

（5）聚类模型构建   

在确定聚类参数后，本研究采用三种典型无监督聚类方法进行对比分析：   

1）K-means：适用于近似球状簇结构；   

2）Agglomerative Clustering（层次聚类）：自底向上逐步合并簇，能够揭示层级结构；   

3）DBSCAN（Density-Based Spatial Clustering of Applications with Noise）：基于密度可识别

任意形状簇，并对异常点/噪声点具有较强鲁棒性。 

（6）聚类效果评价   

采用轮廓系数（Silhouette Coefficient）评价聚类质量。对样本 yi，定义：a(i) 为 yi 与同簇

样本的平均距离；b(i) 为 yi 与最近其他簇样本的平均距离，则轮廓系数为   

s(i) = 𝑏(𝑖) − 𝑎(𝑖)/max[𝑎(𝑖), 𝑏(𝑖)] A8 

其取值范围为 [−1,1]。s(i) 越接近 1 表明簇内更紧密、簇间更分离；若 s(i) < 0 通常表示

样本更接近其他簇，聚类效果较差。 

本文聚类结果 K-Means 、DBSCAN、 Agglomerative Clustering 三种轮廓系数分别为 0.46，



-0.46，0.41。K-means 聚类算法表现最优。 
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