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Abstract: This contribution focuses on the identification and analysis of correlated energy grid 

structures. Firstly, a k-means algorithm is implemented to cluster the low-voltage and medium-

voltage electricity grids as well as gas grids. Secondly, the correlations of typical grids across 

voltage-levels as well as sectors are investigated. As a result, similar grid structures in the 

electricity and gas clusters can be predominantly detected in certain regions. Finally, the 

regionalization of heat pumps shows a high concentration in certain energy clusters. 

Additionally, the presence of electric heat pumps is analyzed on gas grid clusters. In 

conclusion, the structure of existing energy grids is recommended to be analyzed together to 

exploit synergy effects for both sectors. 

Keywords: clustering, heat pumps, low- and medium-pressure gas grids, low-voltage and 

medium-voltage electricity grids 

1 Introduction 

In order to further develop distribution grid infrastructure in a future-proof manner, urban energy 

grids in particular are faced with the challenge of increasing electrification of the mobility and 

heating sectors. Thus, an infrastructural change in the energy grids is expected. Due to the 

future coupling of the different energy sectors, it is important to ensure corresponding 

sustainability through cross-sectoral analyses and grid planning. Therefore, a combined 

consideration of electricity and gas distribution grids is essential in the upcoming years. 

1.1 Literature Review and Novelty 

Publications such as [1-5] already describe exemplary data sets, but only in the area of 

electricity grids. This contribution analyzes cross-sectoral distribution grid structures for 

electricity and gas grids of an urban distribution system operator (DSO). It extends the 

analyses and results from [6], in which urban electricity distribution grids are identified based 

on extensive data sets and contrasts them with the gas grid for one city area. A cross-sectoral 

clustering is conducted and superimposed on the cross-voltage level clustering carried out in 

[6]. The results then serve, among other things, to estimate the effect of progressive 

electrification on gas grids and cross-sectoral grid planning while considering commercial 

market and geodata according to [7]. 



17. Symposium Energieinnovation, 16.-18.02.2022, Graz/Austria  

   

Seite 2 von 10 

1.2 Structure and Objective 

Section 2 describes the data on which the evaluations are performed. Section 3 then briefly 

explains the clustering procedure and used parameters. Section 4 presents the respective 

results based on the performed out clustering. Firstly, the clustering for the low-voltage (LV) 

level and the medium-voltage (MV) level are presented for the electricity grids. Then the 

correlation of these two voltage levels is analyzed. Subsequently, the method for clustering the 

low- and medium-pressure grids is explained and the corresponding results are presented. 

Afterwards, the correlation between the electricity and gas grids is analyzed. As a 

supplementary evaluation, the influence of a regionalization of electric heat pumps (HPs) on 

the analysis and future grid planning of the electricity and gas grids is presented. Section 5 

then ends with a conclusion and recommendations as a summary of the results. 

2 Dataset 

Firstly, the complete dataset from [6] is used for the electricity grids. The data derives from six 

large DSOs in Germany (see Figure 1). They cover a large range of urban distribution grids 

(feeding from 100,000 up to 3.5 million residents) and thus can be classified as representative 

for other urban DSOs. The clustered dataset consists of 4,207 LV grids and 126 MV grids. In 

addition, all low- and medium-pressure gas grids are available for one DSO (operating in the 

city of Cologne), which are used as basis for the following analysis. 

 

Figure 1 German-wide community structure and six distribution system operators (white 

circles) whose electricity grids are available for the analysis [6] 

Commercial market and geodata from [7] are used to supplement the analysis and evaluations 

with further data. An exemplary evaluation for Cologne can be found in Figure 2, which shows 

how the detached and semi-detached houses as well as multi-family houses are distributed 

across the city. 

Metropolitan city region

Metropolis

Large city

Medium-sized city

Urban area

Small town

village area

Urban-rural region

Central city

Medium-sized city

Urban area

Small town

village area

Regiopolitan city region

Regiopolitan

Medium-sized city

Urban area

Small town

village area

Peripheral-rural region

Central city

Medium-sized city

Urban area

Small town

village area



17. Symposium Energieinnovation, 16.-18.02.2022, Graz/Austria  

   

Seite 3 von 10 

 

Figure 2 Visualization of detached, semi-detached and 7-19 multi-family houses [7] 

3 Clustering 

Due to their early development and stability, partitioning algorithms such as k-means [8] are 

widely used for dataset analysis and are therefore used for the clustering in this contribution. 

Other algorithms such as hierarchical algorithms, e. g. Single Linkage [9] or density-based 

algorithms, e. g. DBSCAN [10] would have been equally applicable. [6] 

The k-means algorithm follows a simple three-step procedure to perform data partitioning. 

Firstly, the algorithm randomly distributed n cluster centers (CCs) on the input data. By 

calculating the least distance between each data point and the CCs, each data point is 

assigned to one of the CCs. Secondly, a correction of the values of the CCs is done so that 

they now represent the center of their assigned data points. Thirdly, the data points are data 

validated to ensure they are correctly mapped to the closest data center. Otherwise, the data 

point(s) get reassigned to a different CC. The second and third step are iteratively repeated 

until no further CC need to be corrected and no data point needs to be reassigned. [6,11] 

With the k-means algorithm, it is important to note that the number of clusters must be specified 

before the algorithm is applied to the dataset. Furthermore, the results are not fully re-

traceable, as they depend on the initial random distribution. Repeating k-means clustering with 

the same parameters applied to the same dataset can lead to different clustering results which 

are very similar to each other, but still different, especially in the fringes. [6] 

The two aforementioned restrictions of the k-means algorithm are overcome in this 

contribution. To overcome the first restriction, the k-means algorithm is repeated for different 

number of clusters and the resulting clusters are analyzed. The analysis determines the 

appropriate number of clusters so that the clusters are distinct from each other and the data 

points are consistent within the cluster. The second restriction is fulfilled by repeatedly applying 

the k-means algorithm for the determined number of clusters and recording the results. The 

clustering with the optimal results is then selected. 
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4 Results 

In the following sections, the results for both the separate clustering of the energy grids as well 

as the correlations between them are presented. 

4.1 Low-voltage clustering 

Based on the existing data, the connection-density as number of building connections (BCs) 

per line length (LL), and the load-density as metering points (MPs) per BC, are set to be the 

clustering parameters for the LV electricity grids. 

Figure 3 shows the clustering results of all 4,207 LV grids on the left side and the resulting 

mean values of the dataset per cluster on the right side. This shows that the LV clusters are 

very different from each other in terms of LL, number of BCs and number of MPs per LV grid. 

Figure 4 then shows on the left side an excerpt of the clustering for the city of Cologne, which 

represents the focus of the present analysis. On the right side of Figure 4, the geographical 

visualization of the LV grid clusters is presented. Here it can be seen that certain clusters are 

located in certain areas. Especially in combination with Figure 2, it can be seen that the 

clusters LV-C05, LV-C06 and LV-C10 predominate in the suburban areas. 

 

Figure 3 Clustering of low-voltage (LV) grids (left) and mean values per cluster (right) [6] 

 

Figure 4 Excerpt of clusters for Cologne (left) and visualization for the supply area (right) 
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4.2 Medium-voltage clustering 

Using the above-mentioned dataset, the connection-density as number of distribution 

transformers (DTs) per LL, and the load-density as MPs per DTs, are determined as clustering 

parameters for the MV electricity grids. 

Similar to section 4.1, Figure 5 shows the results of the clustering of all 126 MV grids (left) and 

the corresponding mean values of the clusters (right). As in the previous section, Figure 6 

shows the excerpt of the clustering for Cologne on the left side and the geographical 

visualization on the right side. This also shows that MV grid clusters such as MV-C03 and MV-

C04 are more likely to be found in the inner-city than in the surrounding suburban area. 

 

Figure 5 Clustering of medium-voltage (MV) grids (left) and mean values per cluster (right) [6] 

 

Figure 6 Excerpt of clusters for Cologne (left) and visualization for the supply area (right) 

4.3 Correlations of typical grids across voltage levels 

The separate clustering per voltage level in section 4.1 and 4.2 are now combined with each 

other to identify possible correlations. Figure 7 shows an evaluation in which the LV grids from 

six DSOs (including Cologne) as well as the LV grids separately for Cologne are shown per 

cluster. Regardless of whether the results are consolidated (left column in each case) or 

separately for the city of Cologne, it can be seen that the MV clusters are made up of specific 

LV clusters. In Figure 8, this finding can also be confirmed geographically. 
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Figure 7 Correlation between MV and LV clusters for all six DSOs and Cologne 

 

Figure 8 Visualization of the correlation between low- and medium-voltage clusters 

4.4 Low- and medium pressure gas clustering 

This section aims to identify whether there are correlations between clustering in the gas grid 

and clustering in the electricity grid. It also attempts to determine whether typical energy grids 

can be derived from this correlation, or whether there are certain areas where certain grid 

structures can be found across electricity and gas grids. 

4.4.1 Data preparation 

In principle, the same clustering procedure as described in section 3 is used. However, for gas 

grids, especially in Cologne, the difficulty lies in separating the grid itself. Unlike electricity 

grids, gas grids are in most cases operated in a meshed manner across an entire supply area, 

hence no individual gas grids can be identified. Therefore, the supply areas are determined 

approximately by means of a geographic area analysis with Voronoi cells [12] in order to 

approximately assign a gas grid to each of the gas pressure regulating and metering stations. 
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4.4.2 Application 

Similar to section 4.1 and section 4.2, Figure 9 shows the results of the clustering of all 238 

low- and medium pressure gas grids on the left side and the geographical visualization on the 

right side. As already evident for the electricity grids, city areas can also be identified for the 

gas grid in which certain clusters are primarily located. In the inner city, for example, the 

clusters G-C03 and G-C04 are mainly present. 

 

Figure 9 Resulting clustering of low- and medium pressure gas grids (left) for Cologne and 

visualization for the supply area (right) 

4.5 Correlations of typical grids across sectors 

As a result of the clustering (see Figure 9), Figure 10 shows how the LV grids colored by 

clusters (points) are distributed in the gas grids also colored by clusters (polygons). The LV 

clusters LV-C06 and LV-C10 are mainly located in the gas clusters G-C01, G-C06 and G-C07. 

 

Figure 10 Correlation between low-voltage and gas clusters (left) and visualization for the 

supply area (right) (points: local distribution substations, polygons: approximated supply area 

of the gas pressure regulating and metering stations) 
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The correlation between gas and electricity grids increases in importance over the upcoming 

years due to the increasing electrification trend of the heating sector mainly by HPs [13]. Since 

the integration of HPs happens predominantly in certain LV clusters, their presence on the 

correlated gas grid clusters needs to be investigated and analyzed. 

The prospective use of HPs in electricity grids can substitute the gas heating, which in turn can 

lead to oversized gas grids in some areas and can even result in a significant decline in gas 

sales and - in the worst case - may become uneconomical. By the regionalization of HPs, the 

penetration of HPs in electricity grids can be analyzed within each gas grid cluster. 

The regionalization method from [14] is used, in which the progressive scenario for HPs from 

[15] are first regionalized from country level down to street level. The focus of the distribution 

is primarily on detached and semi-detached houses because it can be assumed that the share 

of HPs for multi-family houses will be significantly lower in the future due to building restrictions. 

In the top of Figure 11, the results for the regionalization of HPs for the year 2050 are 

displayed. Each data point from [7] contains information about the residential buildings. The 

lower part of the figure shows the number and share of HPs in the respective gas cluster. A 

comparison with Figure 2 shows that the majority of HPs are found in the suburban grid areas. 

The largest share is found in the gas clusters G-C01 and G-C07, each representing one third 

of the total number of HPs in the city. Additionally, from the perspective of the LV clusters, the 

largest shares of HPs are 8 % for cluster LV-C05, 16 % for LV-C06 and 17 % for LV-C10. 

 

 

Figure 11 Visualization of the resulting number of heat pumps (top left) with detailed view (top 

center) and with gas clusters (top right) as well as the number of heat pumps in the respective 

gas clusters (bottom left) and low-voltage clusters (bottom right) 
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5 Conclusion and recommendations 

In summary, it can be stated that a clustering of the electricity and gas grids shows similar 

results in terms of grid structure (see Figure 12), with certain clusters being found 

predominantly in the inner-city or on the suburban areas. Consequently, the regionalization of 

HPs shows that they are concentrated in the respective suburban clusters. 

 

Figure 12 Visual comparison of the clustered grid structure data for gas grids (left) and low-

voltage grids (right) 

Based on the analyzes carried out, it is therefore recommended that existing energy network 

structures be considered together and across sectors as part of the electrification of the heating 

sector. Especially, the integration of HPs in suburban areas can lead to a considerable load 

increase in the LV grids and thus also affect the upstream voltage levels. The joint clustering 

of electricity and gas grids as well as regionalization of HPs for other DSOs can support 

strategic grid planning. In addition, it can support in conjunction with asset management the 

company's own renewal strategy and indicate where changes in the supply structure are to be 

expected in the long term. [16] has indicated that gas grids are not always economical for new 

development areas where the penetration of a partially electrified heat supply is expected. 

Based on the present contribution and [16], it can be preliminarily deduced that declining gas 

sales in existing areas can lead to an inefficient operation of the gas grids. However, this still 

needs to be confirmed in further work and analyses. 
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