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ABSTRACT 

Based on high-resolution weather and electrical load data, the transmission needs for a fully 
renewable pan-European electricity system are determined. The ideal cross-border transmission 
capacities turn out to be a factor 10 larger than those of today. A reduction of cross-border 
transmission capacities lead to a non-linear increase of balancing needs. A good compromise turns 
out to be a capacity layout, which is a factor 5 larger than today’s one. On average each country will 
only be able to import / export 40% of its residual demand / renewable excess generation.  
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1 INTRODUCTION 

Today’s overall energy system based on fossil resources will transform into a future system 
dominantly based on fluctuating renewable resources. At the moment it is not really clear what is 
the best transitional pathway between the current and the future energy system. In this respect it 
makes sense to think backwards, which means to first get a good functional understanding of fully 
renewable energy systems and only then bridge from there to today’s energy system. Based on 
state-of-the-art high-resolution meteorological and electrical load data, fundamental properties of a 
fully renewable pan-European power system have been determined. Amongst such characteristics 
are the optimal mix of wind and solar power generation [1-3], the optimal combination of storage 
and balancing [4], as well as the optimal ramp down of fossil and nuclear power generation during 
the transitional phase [5].  

This contribution focuses on the benefit of an extended transmission network. Section 2 
identifies the balancing needs for European countries. Section 3 determines the ideal cross-border 
transmission capacities. Section 4 deals with the impact of constrained capacities on balancing. 
Conclusions and outlook are presented in Section 5. 

2 BALANCING NEEDS FOR INDIVIDUAL FULLY RENEWABLE COUNTRIES 

For each European country n, wind and solar power generation time series Gn
W (t)  and Gn

S (t)  
are determined from high-resolution weather data with hourly resolution over a length of 8 years. 
Their average values Gn

S (t) = Gn
W (t) = Ln (t) are normalized to the average of the respective load 

time series. The mismatch is defined as  

! 

" n (t) = #n
WGn

W (t) + (1$#n
W )Gn

S (t) $ Ln (t) ,                 (1) 

where !n
W is the fraction of the renewable generation provided by wind power. On average, the 

mismatch is zero. In case of no storage, the negative mismatches have to be balanced by other 
power generation 

! 

Rn (t) = "# n (t) ; for positive mismatches the residual load is 

! 

Rn (t) = 0 . Reduction 
of Rn (t)  is of paramount interest. An ideal mix 

! 

"n
W # 0.73 is found to minimize the average residual 

load. Its variation over the different European countries is small. The resulting average residual load 
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! 

Rn (t) = 0.25 Ln (t)  turns out to be 25% of the average load. This means that, although each country 
has a 100% renewables penetration, a quarter of all generation has to be discarded due to excess 
production. 

So far we have treated the countries separately from each other. With other words, no 
transmission network between the countries has been assumed. The opposite extreme would be a 
European copper plate, where in a first step all countries with a positive mismatch provide their 
excess power to countries with a negative mismatch via an infinitely strong transmission network. 
In a second step balancing will take care of the reduced overall residual load. On average this 
European-wide residual load turns out to be 15% of the average European load, smaller than the 
25% resulting from the weighted sum over independent countries. This is the maximum benefit that 
can be obtained from a pan-European transmission network. 

In view of these results, several questions are raised: What is the state of the transmission 
network in today’s Europe, and how does it compare to an ideal copper plate scenario? What 
fraction of the benefit can be reached with non-ideal, limited cross-border transmission capacities? 

3 IDEAL POWER TRANSMISSION 

We consider a simplified European electricity network with N=27 nodes (countries) and L=44 
links  (interconnectors). The network topology is taken as the same as of today [6], and is described 
by the N × L incidence matrix 

! 

Knl . To calculate the balancing needs and occurring flows, we first 
take a look at the situation with no global mismatch 

! 

" n (t) = 0
n

# . For a network with unconstrained 

link capacities (copper plate), the power flows 

! 

Fl  on the links fulfil 

! 

KnlFl (t) = " n (t)n
#  and 

minimise 

! 

Fl
2

l
" . In case of a non-zero global mismatch, the total balancing can be expressed as 

! 

Btot = " n # (K $ F)n( )
n

%
#

= Bnn
% ,                  (2) 

where we have used the definition 

! 

x( )" =max{"x,0}. The balancing need 

! 

Bn  is what is potentially 
left of a negative mismatch 

! 

" n  after it has been reduced by the net imports 

! 

" K # F( )n . We use the 
flows to minimize 

! 

Btot . With other words, we make the system use as much of the renewable 
generation as possible. This is our top priority. In a second step, the flows are minimized 

! 

min Fl
2

l
" ,                     (3) 

with the constraint of keeping the total balancing at its minimal value found in the first step. This 
ensures that we arrive at the minimal flows that make optimal sharing of renewables possible.  

 
Figure 1 – Histogram over 8 years for the unconstrained power flow along the French-Spanish interconnector, with 

positive values indicating flow from France to Spain. Vertical lines indicate quantile values. 
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A histogram of the resulting unconstrained power flow along a selected link is shown in 
figure 1. The min and max values define the copper plate capacities of the interconnectors. We use 
the 1% and the 99% quantiles of such histograms to define a second capacity layout. It leads to 
roughly half of the transmission investment as compared to the full copper plate transmission.  

4 CONSTRAINED POWER TRANSMISSION 

Today’s transmission system lies below the optimal copper plate capacities, as it has been 
economical and security of supply concerns that have motivated its construction, and not the desire 
for a more efficient sharing of renewables. In bridging today’s transmission system with a future 
renewable Europe’s grid, a constrained power flow analysis is required. The two steps (2) and (3) of 
the optimisation problem must therefore be further constrained by 

h! " F " h+                      (4) 

to ensure that the flow along a link does not exceed the limits in each direction h!  and h+ . A 
question now arises on how to make the bridge between today’s capacities and a future system. This 
is approached in two manners: by ramping up today’s capacities in a linear fashion, and by reducing 
the 99% quantile capacities linearly, as shown in figure 2. Current installed capacities already 
provide roughly a third of the potential benefit of a large enough transmission grid. Doubling the 
total installed capacity over Europe could further reduce the balancing required by a similar 
amount.  

 

 
Figure 2 – Reduction in balancing energy required as a function of transmission capacity. The vertical dashed line 

indicates current installed capacity. 

 
Implicit in a lower bound for required balancing is an upper bound on the amount of surplus 

that a country can export and the amount of imports that any country can use to cover its deficits. In 
figure 3, four different scenarios are explored, and the fraction of exports that a country can 
complete is shown for all nodes. In the case when all countries have ramped up the penetration of 
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renewables to 100%, global excess due to synchrony of production patterns means that a country 
could not find a buyer for its excess generation 

The weighted average value for all countries matches the expectation that, on average, 
countries can only export up to 40% of their surplus, but shows that some countries benefit more 
immediately from increases in transmission capacities. This benefit arises not only from a 
strengthening of the links with its immediate neighbours, but also from a strengthening of the grid 
in general. Inclusion of new links might improve export capabilities of one country, but always at 
the expenses of others, as the copper plate average for all of Europe sets an upper bound on export 
capacity. The competition for export capabilities can therefore be seen as a zero sum game. 

 

 
Figure 3 – Export capability for 27 European countries. Bars show what percentage of their excess are countries able to 

export under different installed capacities. 

5 CONCLUSION 

We have determined the transmission needs for a fully renewable pan-European electricity 
system. Though the ideal transmission grid is much larger than Europe’s actual grid, the non-
linearity in the relationship between export capabilities and transmission size points towards an 
intermediate compromise. However, the capacities of interconnectors are not the only constraint on 
a country’s ability to export renewable energy, as production synchrony over Europe puts an upper 
limit on the demand for electricity. This implies that, on average, countries could only be able to 
export 40% of their excess for a lack of buyers. 
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