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SUMMARY 

Geomagnetically induced currents (GICs) are a space weather phenomenon resulting from 

natural geomagnetic disturbances and have the potential to cause the malfunction of grounded 

power systems. GICs are considered quasi-direct currents (DC) and can lead to half-cycle 

saturation in transformers. The impacts of these currents on the German power grid remain 

uncertain due to the lack of Germany-wide estimates or measurements. To address this gap, 

GICs were modelled in the German transmission grid for two geomagnetic storms: one in April 

2023 and another in May 2024. These storms provide valuable cases for analysing GIC 

behaviour under different space weather conditions. This study highlights that the spatial 

distribution of high GICs does not only depend on the geomagnetic fields but is also heavily 

influenced by the overall configuration and orientation of connected lines. Substations that 

exhibit maximum GIC amplitudes in the top 5% during both events were identified as high-risk 

stations. 
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1 Introduction 

Geomagnetically Induced Currents (GICs) are parasitic currents that arise in ground-based 

conductors as a result of rapid external geomagnetic field variations during geomagnetic storms 

[1]. These currents can flow through critical infrastructure, such as high-voltage (HV) power 

transmission networks, pipelines, and railways, potentially causing disruptions and damage 

with significant economic losses [2].  

The temporal variation of the magnetic field associated with geomagnetic storms induces an 

electric field in the electrically conductive subsurface (Faraday's Law of induction). When the 

electric field interacts with grounded power systems, an electromotive force is generated in the 

power lines and acts as an additional voltage source, initiating the flow of GICs [3]. 

GICs behave as quasi-direct currents (DC) relative to the power grid frequency (50 Hz in 

Germany), due to their low frequencies (≤ 1 Hz). When flowing through transformers, they 

may shift their operating point from the linear region of the magnetization curve to the 

saturation region, a process known as half-cycle saturation [4]. This shift leads to a sharp 

increase in the excitation currents and causes non-linear behaviour, resulting in a higher reactive 

power demand and generation of both even and odd harmonics. These effects can lead to 

transformer overheating, false operation of protective relays, and voltage instability [4].  

Several incidents have shown the vulnerability of power systems to strong geomagnetic storms. 

During the Halloween Storm in 2003, for instance, GIC-related impacts were observed at mid 

and even at low geomagnetic latitudes, including in South Africa [5]. 

In Germany, the presence of GICs has been confirmed through direct current (DC) 

measurements at transformer neutral points [6]. However, the behaviour of GICs across the 

German power grid remains poorly understood. To address this gap, we modelled GICs in the 

German power grid for two geomagnetic storms: one in April 2023 and another in May 2024 

with the aim to identify substations that are exposed to increased risk. 

2 GIC modelling 

The modelling of GICs can be divided into two main sections: the geophysical part and the 

power engineering part. In the former, the geoelectric field at the Earth's surface is estimated 

based on INTERMAGNET measurements of the magnetic field during the selected 

geomagnetic storms and a conductivity model of the Earth’s subsurface. The focus of this study 

is the engineering part, in which the geoelectric field is used to evaluate GICs at specific 

locations and components within the power grid. 

2.1 Geomagnetic storm events and induced electric field 

One-minute resolved measurements of the horizontal magnetic field, denoted 𝐵⃗ (t), whose 

components relate to the geodetic North (𝐵𝑥) and the geodetic East (𝐵𝑦), were obtained from 

up to 10 observatories located in and around Germany. The induced electric field is then 

computed by following the methodology outlined in [6]. Instead of the 1-D surface plane-wave 

scalar impedance, we now employ a full plane-wave impedance tensor computed for a 

dedicated 3-D conductivity model. The model consists of a 3-D top layer (15 km thick) over a 

homogeneous crust of 100 Ωm and a 1-D conductivity mantle profile underneath [7]. The top 
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layer combines ocean/sea water and marine sediments [8] with land sediments [9] and enables 

the calculation of a realistic impedance tensor near the coast. The plane-wave impedance tensor 

response of this model is then computed on a log-spaced set of frequencies over a dense surface 

grid (~0.025° spacing) by using the electromagnetic 3-D solver GoFEM [10]. 

The first geomagnetic storm to be analysed occurred in April 2023 (Event 1; analysis period: 

00:00 on 23 April to 00:00 on 26 April). The calculated GIC could be validated at a substation 

in northwest Germany, where DC measurements at the transformer neutral point were available 

for comparison [6]. The second event, also named the "Mother's Day Storm", happened in May 

2024 (Event 2; analysis period: 00:00 on 10 May to 00:00 on 13 May 2024) and is classified as 

an extreme geomagnetic storm, being reported as the most intense since the Halloween Storm 

of 2003 [11].  

Figure 1 depicts 24-hour periods of the Hp30 index, which describes the intensity of the global 

geomagnetic activity [12]. Also shown is the derivative of the horizontal magnetic field 𝑑𝐵⃗ 𝑑𝑡⁄ , 

given its close relation to GICs [13], and the induced electric field 𝐸⃗ , evaluated at the 

substations where the maximum 𝐸⃗  components are estimated: Streumen for Event 1 (𝐸𝑥 =

0.12 𝑉/𝑘𝑚) and Eula for Event 2 (𝐸𝑦 = 0.32 𝑉/𝑘𝑚), labelled J and K in Figure 4, 

respectively. 

2.2 German transmission network 

In order to calculate GICs in power grids, it is essential to have data on transmission lines, 

substations, transformers and the network topology. The geographic location of substations and 

line routes, along with the grounding points of the grid, must be known. As GICs are considered 

to behave as quasi-DC, only resistance values are needed for the calculations.  

In the present study, the extra-high voltage levels of 220 kV and 380 kV within the German 

transmission grid are considered. Data on line resistances, their connections, and on some of 

the substations are provided in the Static Grid Model (SGM) of the Joint Allocation Office [14], 

which is updated biannually.  

Figure 1 – From top to bottom: Hp30 index, magnetic field derivative and electric field at 

substations where 𝑬⃗⃗  peaks for (a) Event 1 in April 2023 and (b) Event 2 in May 2024.   

(a) (b) 
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The SGM does not provide all the necessary information. When data are lacking, the grounding 

resistance of the substation is assumed as 0.1 Ω, and the transformer winding resistances are 

derived from the values specified in [15]. Geographic coordinates of the substations are 

retrieved from the OpenStreetMap database and the routes of the transmission lines are 

simplified as straight lines. Transformers are assumed to be Y–Y connected if the substation 

has lines of both voltage levels connected to it. Additionally, one earthed transformer per 

substation is considered.  

The model includes a total of 771 lines for SGM 2023 and 779 lines for SGM 2024, as well as 

375 transformers in both versions. The reported number of lines accounts for all identified 

connections, including cases where multiple lines link the same substations. Including the 

connections with neighbouring countries in the network would require extending the current 𝐸⃗  

modelling scheme beyond Germany, which is planned for future work. 

2.3 GIC calculation 

The electromotive force (EMF) generated by the geoelectric field can be modelled as a DC 

voltage source in series with the transmission line, 

𝑉(t) = ∫𝐸⃗ 𝑙(𝑡) ⋅ 𝑑𝑙⃗⃗  ⃗
𝑅

≅ 𝐸𝑥(𝑡)𝐿𝑥 + 𝐸𝑦(𝑡)𝐿𝑦 , (1) 

where 𝐸⃗ 𝑙 refers to the electric field along the line, 𝑑𝑙⃗⃗  ⃗ the incremental line segment and R the 

geographical route of the line. While 𝐸⃗ 𝑙 is typically spatially non-uniform, calculations can be 

simplified assuming a uniform electric field within small segments (right-hand side), where 𝐸𝑥 

(𝐸𝑦) and 𝐿𝑥 (𝐿𝑦) correspond to the electric field component and distance between substations 

in the northward (eastward) direction. Once the induced voltages for all lines in the grid are 

determined and the nodal admittance matrix is built using the resistance values representing the 

grid, the GIC at each node can be calculated by applying Kirchhoff's current law (details in [3]). 

3 GIC modelling results 

GICs were modelled for both storms as described in Section 2. Initially, SGM 2023 was 

employed for Event 1, as it corresponds to the version closest in date to the event. However, it 

was observed that differences between SGM versions could influence the GIC results. 

Subsequently, SGM 2024 was also tested for comparison.  

Figure 2 shows snapshots of GICs calculated at the transformer neutral points for all substations 

at the time of maximum observed GIC amplitude. The 𝐸⃗  (red) and 𝐵⃗  (blue) vectors at the 

substations with the top 10% electric field amplitudes are also illustrated. The substations with 

the top 5% of GIC amplitudes are shown in salmon, while the substation with the maximum 

amplitude is highlighted in orange. The location and timing of the maximum GIC depend on 

the SGM version: for SGM 2023, the highest GIC amplitude is observed at substation 

Stendal/West, whereas SGM 2024 yields a maximum at substation Klixbüll/Süd.  

The percentage change in the maximum GIC amplitude is calculated for all substations within 

the storm time window. Only some substations show substantial deviations. One example is 

Hardegsen (substation F in Figure 4), which experiences a 230% increase in its maximum GIC 

amplitude. Such large changes are attributed to differences in network connectivity, e.g., in the 
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case of Hardegsen, we found that a connected line in SGM 2023 is absent in SGM 2024. 

Despite these differences, the overall mean, median, and standard deviation of the maximum 

GIC across all substations remain relatively stable with changes of 1.33%, 0.86% and 2.19%, 

respectively. This suggests that the primary effect of the changing grid configuration is on the 

spatial distribution of GIC amplitudes rather than the total current in the system. In other words, 

although the GIC amplitude at individual substations may increase or decrease, the overall 

energy input from the geomagnetic storm remains nearly constant. 

Following the same approach, GICs were modelled for Event 2 with SGM 2024, producing 

time series for all substations in the grid over the studied period. Figure 3 presents a snapshot 

of GIC amplitudes for Event 2, in the same format as in Figure 2. Here, the largest GIC 

amplitude was observed at the substation Ragow.  

Table 1 presents the maximum values of GIC, 𝑑𝐵⃗ 𝑑𝑡⁄  and  𝐸⃗  at the time of maximum GIC for 

both events. The two storms are compared based on GICs calculated using the SGM 2024. 

Since the maximum GIC amplitude observed at different points in the grid does not occur 

simultaneously for each event, the highest GIC value observed at each substation over the entire 

time series is considered, rather than a single snapshot. Figure 4 presents maps showing the 

maximum GIC amplitudes at all substations during the respective storm periods. Additionally, 

the top 10% of the 𝑑𝐵⃗ 𝑑𝑡⁄  and 𝐸⃗  are illustrated, corresponding to the times when the GIC 

maxima occur at each substation.  

Figure 2 – GIC distribution at the time of maximum amplitude for Event 1. (a) SGM 2023 (b) SGM 

2024. Circle diameters are proportional to |GIC|, while arrow lengths represent the magnitudes of 𝑩⃗⃗  

(blue) and 𝑬⃗⃗  (red). The displayed GICs correspond to three-phase currents 

(b) (a) 
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Table 1 – Maximum GIC, B and E values and occurrence time for Event 1 and 2 

SGM Max |GIC| time Substation 
𝒅𝑩/𝒅𝒕 [𝒏𝑻/𝒎𝒊𝒏] 𝐄 [𝑽 𝒌𝒎⁄ ] 

𝑿 𝒀 𝑿 𝒀 

2023 11.90 23.04.2023 19:37 Stendal/West 47.66 35.30 0.05 -0.01 

2024 10.69 23.04.2023 19:39 Klixbüll/Süd 37.39 19.34 0.06 -0.05 

2024 24.83 10.05.2024 22:36 Ragow -151.39 -3.77 0.04 0.14 

 

Table 2 summarises statistical parameters for all substations shown on the map, including 

maximum, median and 95th percentile GICs, along with magnitudes of 𝑑𝐵⃗ 𝑑𝑡⁄  and 𝐸⃗ . 

Comparing Event 1 to Event 2, both the maximum and median values of 𝑑𝐵⃗ 𝑑𝑡⁄  increase more 

than 300%, while 𝐸⃗  rises by about 120%. The maximum GIC increases by 132%, and the 

median by approximately 70%. As expected, 𝐸⃗  does not increase linearly with 𝑑𝐵⃗ 𝑑𝑡⁄  due to 

the complex conductivity structure of the Earth’s subsurface. Similarly, GIC amplitudes do not 

scale proportionally, as they are influenced by the topology of the power grid. 

Table 2 – Comparison of |GIC|, | 𝒅𝑩⃗⃗ 𝒅𝒕⁄ | and |𝑬⃗⃗ | between Events 1 and 2 

Event 
|GIC| | 𝒅𝑩⃗⃗ 𝒅𝒕⁄ | [𝒏𝑻/𝒎𝒊𝒏]  |𝑬⃗⃗ | [𝑽 𝒌𝒎⁄ ] 

Max Median 95th perc.  Max Median Max Median 

1: April 2023 10.69 1.95 5.60 71.23 36.73 0.11 0.06 

2: Mai 2024 24.83 3.36 12.51 392.49 147.24 0.25 0.12 

Increase (%) 132.27 71.77 123.43 451.00 300.89 120.68 121.42 

Figure 3 – GIC distribution at the time of maximum amplitude during Event 2. Circle diameters are 

proportional to |GIC|, while arrow lengths represent the magnitudes of  𝑩⃗⃗  (blue) and 𝑬⃗⃗  (red). The 

displayed GICs correspond to three-phase currents 
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4 Discussion and Conclusions  

This study presents the first GIC results for Germany as a whole, based on two geomagnetic 

storms. Event 2 (May 2024) exhibits a stronger intensity than Event 1 (April 2023), as 

summarized in Table 2. The 𝐵⃗  and 𝐸⃗  vectors presented in Figures 2-4 illustrate how the 

electromagnetic field varies in magnitude and direction not only throughout a single storm 

(Figures 2a, 2b) but also between the two events. For Event 1, the maximum |GIC| at each 

substation (see Figure 4) is correlated better with the northward component of 𝐸 ⃗⃗  ⃗ at the 

corresponding time and location than with the eastward component (Pearson correlation 

coefficient of 0.28 for 𝐸𝑥 vs. 0.03 for 𝐸𝑦). For Event 2, it is the other way around (0.09 for 𝐸𝑥 

vs. 0.38 for 𝐸𝑦). This is consistent with the different predominant orientations of 𝐸⃗  for the two 

selected events and confirms that vastly different alignment scenarios between the induced 

electric field and the power lines must be considered. 

Among the 19 top 5% substations with the largest maximum GIC, 9 are common to both events 

(indexed in Figure 4). Of these, 4 substations (for Event 1) and 2 stations (for Event 2) also 

experience 𝐸⃗  magnitudes within the top 10%. Table 3 presents a zoomed-in map view of the 9 

substations, additionally including substation J, showing the orientation of the connected lines, 

along with 𝐸⃗  vectors (purple for Event 1, red for Event 2).  

Figure 4 – Maximum |GIC| observed for (a) Event 1 and (b) Event 2. Circle diameters are 

proportional to |GIC|, while arrow lengths represent to the magnitudes of 𝑩⃗⃗  (blue) and 𝑬 ⃗⃗  ⃗(red). The 

displayed GICs correspond to three-phase currents. 

(b) (a) 
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Table 3 presents the maximum GIC and 𝐸⃗  magnitudes at those substations, along with 

substation parameters and maximum GICs evaluated in the lines connected to these substations 

at the time of the GIC peak. With exception of D, all of these substations are connected to 380 

kV lines, which likely contributes to the higher GICs there [16]. In most cases, at least one of 

the connected lines is oriented such that its angle with 𝐸⃗  is small (< 20°), as for substation D (≈ 

9°) and C (≈ 5°). Additionally, substations A, C, E and I have multiple line connections (see 

Table 3, column “n lines”). Substations B, F, G and H are located at the edge of their respective 

grid sections, increasing their susceptibility to elevated GICs [16]. 

Table 3 – Parameters of substations where max. |GIC| > 95th percentile for both events 

   Event 1 Event 2 

ID 
n 

lines 

total 
length 
[𝒌𝒎] 

max. 
|GIC| 

[A] 

|𝑬⃗⃗ | 
[𝑽 𝒌𝒎⁄ ] 

max. 
|GIC| 

lines [A] 

max. 
|GIC| 

[A] 

|𝑬⃗⃗ | 
[𝑽 𝒌𝒎⁄ ] 

max. 
|GIC| lines 

[A] 
A 10 817.26 5.70 0.057 3.94 24.83 0.149 11.80 

B 2 113.31 7.23 0.068 3.62 23.87 0.207 11.94 

C 5 326.17 6.48 0.060 11.69 13.07 0.109 9.75 

D 4 449.81 7.82 0.077 2.92 15.27 0.139 3.87 

E 4 394.02 6.22 0.060 3.24 19.05 0.185 11.32 

F 3 104.14 10.44 0.073 4.53 15.54 0.176 7.11 

G 1 35.79 9.08 0.062 9.08 17.59 0.122 17.59 

H 2 77.40 10.69 0.075 5.35 13.33 0.098 6.66 

I 16 360.00 6.30 0.075 8.61 14.24 0.172 12.74 

J 8 646.44 1.66 0.115 2.5 2.22 0.253 8.71 

 

For Event 2, high GIC amplitudes are particularly evident in eastern Germany, especially 

between the states of Saxony and Brandenburg near the Polish border, where numerous lines 

are oriented approximately west-east. The fact that substation B is connected to a line extending 

into Poland, which was not included in the modelling, could explain the high amplitudes. To 

investigate this, we modelled GICs assuming a constant electric field of 1 V/km in both east 

and north directions with and without the first connected substations in the neighbouring 

countries. The result shows that including the neighbouring substations reduces the GIC 

amplitude at substation B by approximately 15% for northward 𝐸⃗ , and by 50% for eastward 𝐸⃗ . 

Other nearby substations with high amplitudes were not significantly affected. This reinforces 

the importance of including all neighbouring connections to avoid overestimating GICs.  

Although the 𝐸⃗  magnitudes at a single point do not represent the entire 𝐸⃗  induced along the 

lines (which was considered in the GIC modelling), they provide a visual indicator of the 

observed 𝐸⃗  in that region. Examining the vectors in Figures 2-4, it is evident that the largest 

Figure 5 – Substations where max. |GIC| > 95th percentile for both events. 𝑬⃗⃗  

is illustrated for Event 1 (purple) and for Event 2 (red) 
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GICs do not necessarily occur where large 𝐸⃗  magnitudes are present. Moreover, the substations 

experiencing the highest 𝐸⃗  magnitudes (Figure 1) are not among those nine with the highest 

GICs in either event, supporting the conclusion that 𝐸⃗  alone is not sufficient to determine if 

high GICs will flow at specific substations or not. One such example is substation J (Eula), 

marked in Figure 4, where high GIC levels might be expected but are not observed. Despite 

being connected to eight lines (totalling 646.44 km) and exposed to 𝐸⃗  amplitudes within the top 

10% for both events – with directions closely aligned to one of the connected lines (Figure 5) 

– high GICs do not flow through this substation. While its lines experience GICs as high as 2.5 

A for Event 1 and 8.71 A for Event 2, values comparable to those reported in Table 3 (columns 

“max |GIC| lines”), the combined currents entering or leaving the substation result in a lower 

GIC at its transformer neutral point. Since substation J is directly connected to D, the higher 𝐸⃗  

magnitudes in the vicinity of J can be associated to the high GICs observed at D. This indicates 

that factors like long lines, numerous connections, or high GICs on individual lines do not 

necessarily imply elevated GIC risk at the substation. Rather, the overall configuration and 

orientation of the connected lines play a critical role.  

Our analyses suggest that nine substations (labelled in Figure 4) are at elevated risk from space 

weather activity and would represent suitable locations for further analysis and monitoring. 

However, changes in the grid configuration will influence the GIC outcome, as evidenced by 

the differing GIC results for SGM 2023 and 2024 (Figure 2), and must be considered. 

Finally, some grid parameters had to be assumed, introducing a potential source of modelling 

uncertainty. For example, raising all grounding resistances to 0.2 Ω leads to a reduction in the 

peak GIC by approximately 22% in both events. While higher resistances are generally 

expected to reduce GIC magnitudes, the actual values at each substation could either be higher 

or lower than assumed. It also remains unknown how grounding resistances vary between 

substations, or which transformers are grounded. Further analyses are needed to quantify the 

sensitivity of the results to variations in the grid parameters.  
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