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Electric Energy & Power Network

 Electric energy is critical for our 
technological civilization

 Purpose of electric power grid: 
generate/transmit/distribute

 Challenges: multiple scales, nonlinear, 
& complex system, growing number of 
renewables & deregulation

Largest man made machines
Synchronization for a whole
Continent is required



  

Some recent large-scale blackouts in the 
world and their consequences

Renewable energy adds more instability 
due to the large fluctuations of the power 
sources

Anvari et al  2018
Complexity and Synergetics.



  

Scale-free blackout size distributions 

B. Carreras et al, Proceedings of Hawaii 
International Conference on System 
Sciences, Jan. 4-7, 2000, Maui, 
Hawaii.  2000 IEEE

Extreme events occur more frequently 
than by Gaussian model prediction

Self-Organized Criticality (SOC)  
describes this:
Competition of supply and demand
Universality  (in grid characteristics) ? 

Dobson et al Chaos 17 (2007) 026103



  

Outage durations with PL tails
Universality ?

Electrical outages  Blackout cascades, still they show PL duration tails:

Following power-spectral analysis we proposed SOC and HOT models to understand
See our recent paper : PRX Energy 2 (2023).033007  



  

The EU 2016 HV network
SciGRID project based on ENTSO-E & OpenStreetMap data

Modular HV network, with graph dimension d = 2.6(1)

Adjacency Matrix

Graph dimension:



  

The EU 2022 HV network
SciGRID project based on ENTSO-E & OpenStreetMap data

Modular HV network,  with graph dimension: d = 1.8(2)

Adjacency  Matrix



  

The US 2016 HV network
SciGRID project based on ENTSO-E & OpenStreetMap data

Modular HV network, with  with graph dimension d = 2.4(1)

Adjacency Matrix



  

Summary of community results

Louvain algorithm used with resolution
Parameter 

Similar size distrinutions



  

Summary of network invariants
N nodes, E edgesGraph:

Average degree

Cumulative degree distribution 

Shortest path-length

Clustering coefficient

Small world coefficient Modularity

Similar invariants, small world networks  <->  d < 3



  

Load and generator power distributions

~ 0.25  Universal ?



  

Admittances (interaction weights), calculated 
from cable lengths and specific resistances

PL exponents ~ 2, Universal  ?



  

Conclusions
Empirical power-grid networks are heterogeneous, still for N →  

i.e. on continent level, show ~ universal graph, electric measures

Short (~1m) HV cable lengths → fat tailed, power-law admittances 
as graph edge weights  

Self Organized Criticality ?  

Cascade failures exhibit 

Universal PL duration statistics  position

Thank you for the attention!
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