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Abstract  

The future trends in renewable energy generation and electrification are reasonably well understood. 

What is much less clear is whether the electricity transmission system is fit for purpose in terms of 

accommodating Europe’s future energy needs or whether there is an imperative for a major revamp 

using superconducting technology.  

This paper addresses this issue through the use of a power flow model. Specifically, the 2050 electricity 

market outcomes in the EU plus Switzerland, Norway, and the United Kingdom are analysed using 

three future transmission scenarios.  The results indicate that the exclusive use of the existing 

transmission technologies will lead to excessive costs because of load shedding.  

Much of the focus on future trends in renewable energy has been on energy generation as well as 

growing electrification of demand. Far less attention has been paid to the transmission systems which 

will be required to facilitate ever-growing power flows as energy systems decarbonise. This paper 

addresses the concept of future power flows to assess whether Europe’s existing transmission system 
is fit for purpose to meet the needs of Europe’s future energy landscape to 2050 or whether we need 

to rethink transmission networks for renewable energy in the same way we have for generation.  

The issue is addressed in this paper using a Power Flow model which has been developed from 

scenario analyses of the EU including Switzerland, Norway and the United Kingdom. There are three 

future scenarios which have been investigated and their results are discussed in the paper.  

The scenarios are Business as Usual (BAU), Pan-European and Unconstrained. These scenarios were 

chosen to analyse what can be expected from a system which follows the same trajectory as previous 

grid development with BAU, compared to a more integrated European approach, including some 

constraints with the Pan-European model, Unconstrained scenario, which is an interconnected 

European grid with no transmission constraints and finally the Unconstrained-single storage scenario 

which assumes a centralised energy storage option. 

The results from the analysis detailed in this paper indicate that overloading the existing transmission 

grid to meet future demand will result in very high costs due to necessary load shedding. Also included 

in the analysis is the role which energy storage plays to alleviate imbalance between supply and 

demand. 

The analysis shows that facilitating larger power flows between countries will result in a more cost-

effective energy system. The Pan-EU scenario is approximately 32% cheaper than the BAU scenario, 

while the Unconstrained scenario is 48% cheaper than the BAU scenario. 
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1. Introduction 

It is well understood that the decarbonisation of Europe will require large investments in solar and 

wind energy.  It is also clear is that there will be a very large increase in electrification. What is much 

less clear is whether the electricity transmission system is fit for purpose in terms of accommodating 

Europe’s future energy needs or whether there is an imperative for a major revamping and expansion.  

This paper addresses this issue through the use of a power flow model.  

Specifically, the 2050 electricity market outcomes in the EU plus Switzerland, Norway, and the United 

Kingdom are analysed using four future scenarios. In the first scenario (Business as usual), the existing 

transmission system gradually increases transmission capacity over time using traditional technologies 

in line with expected interconnection targets. In the other two scenarios (Pan-EU and Unconstrained), 

the power flows between countries are not limited by technology, but rather facilitate growing power 

flows depending on the local renewable resource. Finally, the Central ESS storage scenario is 

investigated which assumes that only one central energy storage will exist in the system. The results 

indicate that exclusive use of the existing transmission technologies will lead to significant load 

shedding if other remedial action is not engaged. 

The paper is organized as follows. Section 2 reviews the assumptions in SuperNode’s 2050 energy 

demand scenario. Section 3 reviews the assumptions in SuperNode’s 2050 energy supply scenarios. 

Section 4 discusses the challenge posed by the large-scale integration of solar and wind resources. 

Specifically, it points out that imbalances between electricity supply and demand are likely to be large 

and sustained over time. Section 5 discusses what effects these imbalances will have on the energy 

system.  

Section 6 discusses a possible path forward based on transmission and energy storage. Section 7 

discusses the shortcomings of the current transmission system. Section 8 discusses the storage 

requirements that the system is likely to need in 2050. Section 9 discusses how the electrification of 

the industrial sector may affect the least cost transmission solution. Section 10 summarises the 

findings and the modelling outcomes. Section 11 concludes the work done and describes the scope 

for possible future work.  

2. Energy Scenario Electricity Demand Assumptions Review.  

In SuperNode’s energy scenario, it is assumed that there will be a very large increase in electrification 

(Figure 1). While the magnitude of this increase is significantly higher than that expected by other 

modelling groups, it aligns with the annual electricity demand stipulated in the EU Commissions’ 1.5-

degree scenarios.  

Electrification captures both direct electrification (Electric vehicles, heat pumps, etc) as well as indirect 

electrification (production of hydrogen through electrolysis, etc). Direct electrification is assumed to 

be the major driver in combating climate change primarily because of electric alternatives being 

available on the market today as well as offering significant energy efficiency advantages over other 

alternatives, such as comparing the energy demand between a hydrogen fuel cell vehicle and a battery 

electric vehicle.  
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FIGURE 1 SUPERNODE’S ELECTRICITY DEMAND SCENARIO 

The power flow modelling reported in section 9 required a representation of 2050 hourly electricity 

demand per country. This was done by projecting the 2019 actual load values by each of the countries 

in the EU plus Switzerland, Norway, and the United Kingdom (henceforth EUplus) to the 2050 

aggregate annual value in SuperNode’s energy scenario (Figure 2). The change in electricity demand 

corresponding to increased utilisation of electric vehicles (EVs) was calculated on a country-level using 

data on vehicle kilometres travelled to project each country’s incremental electricity demand increase 

associated with electric vehicles (EVs). For the remaining demand categories, the demand increases 

for each country were presumed to correspond to the 2019 levels of electrification. 

The SuperNode scenario sees a major increase in demand from space heating and cooling, which is a 

sector that could double demand if transitioned away from fossil fuels to electric alternatives today. 

SuperNode references a study performed by DG Ener C3 for the European Commission1 which found 

that the space heating load for the EU is 2,823 TWh, of which 1,702 TWh (60.3%) in the residential, 

677 TWh (24%) in the tertiary sector and 443 TWh (15.7%) in the industrial sector.  

The future trend in the total EU space heating load can be expected to be more or less stable. Improved 

insulation, optimised ventilation (with heat recovery), increased urbanisation (heat islands) and global 

warming will lead to a decrease of the load. Growth of population, dwelling size and comfort level will 

lead to an increase of the space heating load. A new phenomenon is the diminished contribution of 

internal heat gains from lighting and appliances due to efficiency improvement, which will contribute 

to an increase of the heating load for space heating systems. 

 

1 https://ec.europa.eu/energy/sites/ener/files/documents/2014_final_report_eu_building_heat_demand.pdf 
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FIGURE 2 HOURLY LEVEL OF ELECTRICITY LOAD IN THE EUPLUS CONSISTENT WITH SUPERNODE’S 2050 

ELECTRICITY DEMAND SCENARIO 

3. Energy Scenario Electricity Supply Assumptions Review.  

It is well understood that the decarbonisation of Europe will require large investments in solar and 

wind energy. SuperNode has formulated three energy supply scenarios to reflect the possible supply 

outcomes in terms of transmission: Business as Usual (BAU), Pan European, and Unconstrained.  

The differences among the scenarios largely reflect transmission conditions. The BAU scenario 

assumes that the existing transmission system gradually increases transmission capacity over time in 

line with current transmission development targets. In the Pan European scenario there are 

constraints on the scheduled transmission flows, but flows are largely unconstrained and encourage 

larger power flows between countries. In the unconstrained scenario, power flows are unconstrained 

and facilitate higher levels of power flows where renewable resources are higher.  

As expected, SuperNode’s 2050 energy supply scenarios entail significantly larger solar and wind 

energy generating capacities relative to 2019 (Tables 1, 2, and 3). Please note that the country-level 

capacities vary by scenario. The rationale for this is that fewer transmission constraints enhance the 

opportunity of locating the solar and wind energy facilities where meteorological conditions are most 

favourable.  

For example, Spain’s more favourable solar conditions mean it makes better economic sense to locate 

a solar farm in Spain instead of Germany with a transmission network which can facilitate exports of 

solar energy generation from Spain to Germany. Similarly, Ireland has a vast offshore wind resource 

which, due to its relatively low demand, cannot take advantage of. The opportunity exists to develop 

this wind resource and export it to continental Europe.  
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TABLE I SOLAR CAPACITIES IN 2019 AND 2050 (GW)2 

Country 
2019 

Capacity 

2050 Capacity in the 

Unconstrained Scenario 

2050 Capacity in Pan-

European Scenario 

2050 Capacity in the 

BAU Scenario 

Austria 1 15 25 40 

Belgium 3 15 25 40 

Bulgaria 1 30 30 30 

Croatia 0 20 30 30 

Czech 2 8 25 40 

Denmark 1 10 10 25 

Estonia 0 4 10 25 

Finland 0 5 10 25 

France 8 100 160 180 

Germany 45 80 130 165 

Greece 13 100 80 70 

Hungary 1 20 50 40 

Ireland NA 4 6 18 

Italy 5 80 100 100 

Latvia 0 5 10 20 

Lithuania 1 5 10 20 

Luxembourg 0 1 1 5 

Netherlands 4 15 30 50 

Norway NA 0 10 18 

Poland 0 40 75 90 

Portugal 0 110 60 50 

Romania 1 15 25 20 

Slovakia NA 15 20 15 

Slovenia 0 12 20 15 

Spain 7 272 160 100 

Sweden NA 0 10 20 

Switzerland NA 7 10 10 

UK 13 30 40 55 

Total 97 1,018 1,172 1,316 

 

 

 

 

2 Note: Malta and Cyprus are not reported because of data issues. The sum of the individual values in 2019 does 

not add up to the reported total for 2019 because of independent rounding. ENTSOE is the source for the 2019 

data. Given its TSO focus, this may understate total capacity in 2019. 
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TABLE II ONSHORE WIND ENERGIES CAPACITIES IN 2019 AND 2050 (GW)3 

Country 

2019 

Capacity 

(GW) 

2050 Capacity in the 

Unconstrained Scenario 

2050 Capacity in Pan-

European Scenario 

2050 Capacity in 

the BAU Scenario 

Austria 3 9 8 10 

Belgium 2 7 7 12 

Bulgaria 1 3 4 3 

Croatia 1 3 3 3 

Czech 0 2 2 2 

Denmark 4 14 12 12 

Estonia 0 3 5 3 

Finland 2 10 10 10 

France 14 50 50 60 

Germany 53 90 90 80 

Greece 2 12 12 10 

Hungary 0 2 3 3 

Ireland 3 15 12 12 

Italy 10 25 25 25 

Latvia 0 3 3 3 

Lithuania 0 3 5 3 

Luxembourg 0 1 1 1 

Netherlands 4 13 15 18 

Norway 1 9 9 9 

Poland 6 20 20 24 

Portugal 5 15 15 15 

Romania 3 8 8 10 

Slovakia 0 2 1 2 

Slovenia 0 2 1 2 

Spain 23 60 60 50 

Sweden 8 18 18 18 

Switzerland NA 0.4 0.5 0.5 

UK 13 50 50 50 

Total 158 449.4 449.5 450.5 

 

 

3 Note: Malta and Cyprus are not reported because of data issues. The sum of the individual values in 2019 does 

not add up to the reported total for 2019 because of independent rounding. ENTSOE is the source for the 2019 

data. Given its TSO focus, this may understate total capacity in 2019. 
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TABLE III OFFSHORE WIND ENERGIES CAPACITIES IN 2019 AND 2050 (GW)4 

Country 

2019 

Capacity 

(GW) 

2050 Capacity in the 

Unconstrained Scenario 

2050 Capacity in Pan-

European Scenario 

2050 Capacity in 

the BAU Scenario 

Austria 0 NA NA NA 

Belgium 2 10 15 15 

Bulgaria NA 5 3 8 

Croatia NA 8 5 10 

Czech NA NA NA NA 

Denmark 2 50 50 40 

Estonia 0 10 10 10 

Finland NA 20 20 20 

France NA 50 77 80 

Germany 6 70 90 95 

Greece NA 20 13 25 

Hungary NA NA NA NA 

Ireland NA 65 30 20 

Italy 0 25 22 25 

Latvia NA 10 10 10 

Lithuania NA 10 10 10 

Luxembourg 0 NA NA NA 

Netherlands 1 35 70 70 

Norway NA 40 40 40 

Poland NA 30 50 50 

Portugal 0 20 15 30 

Romania NA 7 6 7 

Slovakia NA NA NA NA 

Slovenia 0 NA NA NA 

Spain 0 45 35 62 

Sweden NA 60 60 50 

Switzerland NA NA NA NA 

UK 9 150 120 100 

Total 20 740 751 777 

Informed by published reports, 2019 hourly non-wind and non-solar generation data were projected 

upward to 2050 for the following generating categories: Biomass, Hydro, and Geothermal (Table 4).  

One advantage of this approach is that the seasonality of the generation levels is preserved. This 

feature is particularly important in the case of hydroelectricity, where supplies are significantly higher 

in the spring.  

 

4 Note: Malta and Cyprus are not reported because of data issues. The sum of the individual values in 2019 does 

not add up to the reported total for 2019 because of independent rounding. ENTSOE is the source for the 2019 

data. Given its TSO focus, this may understate total capacity in 2019. 
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Another advantage is that it recognises that these sources of electricity supply are likely to grow in 

absolute terms as the energy transition proceeds. To provide more modelling options, users of the 

power flow model can easily modify the incremental supplies from these energy sources.  

TABLE IV OTHER FUEL SOURCES IN 2050 

 

Technology 

Business as Usual Pan European Unconstrained 

Installed 

Capacity 

(GW) 

Generation 

(GWh) 

Installed 

Capacity 

(GW) 

Generation 

(GWh) 

Installed 

Capacity 

Generation 

(GWh) 

Nuclear 89 78 89 78 89 78 

Hydro 390 129 390 129 390 129 

Biomass 52 30 52 30 52 30 

Other Res 5 3 5 3 5 3 

 

The analysis in this paper also makes extensive use of simulated hourly solar and wind energy data 

from a Web site known as Renewables.ninja (https://www.renewables.ninja). Renewables.ninja 

recognises that both solar and wind energy generation have significant diurnal and seasonal variation. 

This is apparent when considering the variability in wind energy generation in Ireland over 1 Jan 2019 

through 31 Dec 2019 (Figure 3). Wind can be seen to have a higher output during the winter months 

and a decline during the summer months. 

This is also clear if one examines the variability in solar energy generation in the 50Hertz 

(https://www.50hertz.com) electricity control area in Germany over the same time interval (Figure 4). 

The developers of  Renewables.ninja have modelled the diurnal and seasonal variation of solar and 

wind energy using NASAs MERRA reanalysis and CM-SAF’s SARAH dataset. The modelling system 

allows other researchers to run simulations of the hourly power output from wind and solar farms 

located anywhere in the world. It also reports hourly simulated solar and wind energy capacity 

factors for 1980 through 2019 at the country level. The web service was developed by Stefan 

Pfenninger (ETH Zürich) and Iain Staffell (Imperial College). 

The complimentary seasonal relationship between wind and solar resource in Europe is clear. The 

wind speeds are best during the winter months when solar resource is at its lowest, and conversely, 

the solar resource is best during the summer months when the wind resource is lowest.  

https://www.renewables.ninja)./
https://www.50hertz.com/
http://gmao.gsfc.nasa.gov/merra/
https://dx.doi.org/10.5676/EUM_SAF_CM/SARAH/V001
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FIGURE 3 ALL IRELAND WIND ENERGY GENERATION, 1 JAN 2019 - 31 DEC 2019. 

 

FIGURE 4 SOLAR ENERGY GENERATION IN THE 50HERTZ CONTROL AREA IN GERMANY. 
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Considering the use of the modelled data from Renewables.ninja, the amorphism by the late Professor 

George Box is worth considering: “All models are wrong, but some models are useful “(Box et al., 

2005). In many cases, the usefulness of a model is difficult to assess. In this case, it is observed that a 

UCD researcher has successfully used the simulated data from Renewables.ninja as inputs into an 

econometric model to improve the accuracy of the quarter-hour wind energy predictions in the 

50Hertz electricity control area in Germany (Forbes, 2021). Specifically, using time-series methods and 

the data from Renewables.ninja, the weighted-mean-absolute-error (WMAPE) in the out-of-sample 

predictions of wind energy generation are much smaller than the prediction errors associated with the 

use of the current forecasts.  These findings suggest that the data from Renewables.ninja are useful.  

One limitation of Renewables.ninja data is that it does not fully represent the future trend in capacity 

factors. For example, it has not caught up to the recent reports of offshore wind energy capacity 

factors above 60%.  To resolve this modelling challenge, the hourly capacity factors reported by 

Renewables.ninja were revised upward to conform to average 2050 targets of 60% for offshore wind, 

40% for onshore wind, and 30% for solar.  

Such values are considered nearer to the upper end of the expected 2050 capacity factors however, it 

can be taken that offshore wind will operate at 60% capacity factor as the Haliade-X offshore wind 

turbine from GE is the most efficient offshore turbine yet, already reaching a stated capacity factor of 

60-64%5. The proviso is 100% utilization is the maximum. The upward revision of Renewables.ninja’s 

capacity factors was done by employing a rescaling factor such that the yearly average capacity factor 

for all countries equals the target level.  

4. The Challenge Posed by the Large-Scale Integration of Solar and Wind 

Resources. 

Analysis of the data indicates the electricity supply and demand in the Business-as-Usual (BAU) 

scenario are weakly correlated (Figure 5). Specifically, the correlation between generation and 

demand equals 0.427. Consistent with this value, there are large departures from the 45-degree line 

that represents the outcomes in which demand and generation are equal. In contrast, the correlation 

between demand and generation in Ireland in 2019 – 2020 was about 0.77. The correlation is about 

0.99 if electricity imports are factored into the calculation. These values imply that large imbalances 

between electricity generation and demand should be expected as Europe decarbonises.  

These large imbalances can be seen to occur in each European country and are an issue which will 

continue to grow as the levels of renewables increases. As described in the Irish example, imports of 

electricity are one of the methods for improving on these imbalances. 

 

 

5 https://www.ge.com/renewableenergy/wind-energy/offshore-wind/haliade-x-offshore-turbine 
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FIGURE 5 THE MODELLED RELATIONSHIP BETWEEN HOURLY ELECTRICITY 

In Figure 5, the imbalances between supply and demand are largely positive, but some significant 

negative values indicate that there are cases where supply falls short of meeting demand (Figure 6). 

Before proceeding, it is worth noting that the imbalances are not independent over time. To see this, 

recall the concept of autocorrelation, a somewhat arcane measure of the statistical relationship 

between the current and past outcomes. The value of an autocorrelation parameter generally ranges 

from -1 to 1. If the value equals zero, there is no statistical relationship between the current and past 

outcomes. If the parameter value exceeds zero, then large or small past values are statistically 

associated with large or small current values. For many time series variables, the magnitudes of the 

estimated autocorrelations decline gradually over time.  

With these observations about the nature of autocorrelation in mind, the estimated autocorrelations 

in the hourly times series of the imbalances were calculated. Observe that some of the 

autocorrelations are large. For example, the estimated autocorrelation parameter between the value 

of the imbalance at hour t and hour t-24 equals 0.9424. Observe also that the autocorrelations do not 

gradually decline over time (Figure 7). Instead, there is a 24-hour cycle in the autocorrelations that 

persists over time. This cycle occurs largely because of the diurnal nature of electricity consumption 

and solar energy generation. The associated persistence suggests that a negative imbalance at hour 

17 today suggests that tomorrow’s balance at hour 17 is likely to be negative. In short, the 

autocorrelations suggest that imbalances are likely to be sustained over time. 
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FIGURE 6 A TIMES-SERIES DEPICTION OF THE ENERGY IMBALANCES IN THE BAU SCENARIO 

 

FIGURE 7 THE AUTOCORRELATIONS IN THE ENERGY IMBALANCES IN THE BAU SCENARIO 

5. Why are the Imbalances Important? 

One of the most important features of power system operations is system frequency. To understand 

this concept, it is important to note that the modern power grid is primarily an alternating current 
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system with voltage and current oscillating up and down 50 times per second in most of the world (60 

times a second in North America and the western portion of Japan). The exact target of 50 Hz or 60 Hz 

is less important than keeping the deviations from the target level from destabilizing the system.  

System frequency falls when demand exceeds supply and rises when supply exceeds demand (Figure 

8). In short, the deviations in system frequency from its target level are determined by the differences 

between electricity supply and demand, that is, the energy imbalances. Drivers of the imbalances 

include errors in the electricity load forecasts. Suppliers’ failure to adhere to their generation and 
transmission schedules also contributes to the imbalances. 6 

 

FIGURE 8 A DIAGRAM THAT ILLUSTRATES HOW ELECTRICITY SUPPLY AND DEMAND IMBALANCES AFFECT 

SYSTEM FREQUENCY  

Depending on the electricity control area, system frequency deviations within the band 50± 0.20 Hz 

are considered normal. Unfortunately, in some control areas, violations of the operational limits are 

becoming more frequent (Figure 9) even though system operators routinely dispatch balancing power 

to offset the imbalances between electricity supply and demand.  

 

FIGURE 9 THE NUMBER OF VIOLATIONS OF THE SYSTEM FREQUENCY OPERATIONAL LIMITS IN THE UK, 2014 

TO 2019 

 

6 https://aemo.com.au/en/learn/energy-explained/energy-101/managing-frequency-in-the-power-

system 

https://aemo.com.au/en/learn/energy-explained/energy-101/managing-frequency-in-the-power-system
https://aemo.com.au/en/learn/energy-explained/energy-101/managing-frequency-in-the-power-system
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The decline in system inertia associated with the increase in non-synchronous penetration is a possible 

reason for this.7 In any event, system frequency deviations can pose a risk to equipment and the overall 

reliability of the electric power system. When a significant and sustained breach occurs, generators 

and other equipment connected to the transmission system may be automatically disconnected to 

prevent equipment damage, which in turn could have cascading effects, ultimately leading to a 

blackout.  

Concerning blackouts, the Value of Lost Load (VoLL) is an accepted measure to represent the relative 

costs associated with an interruption in electricity supply. It is indicative of the economic importance 

of resiliency. It is recognized as being many times larger than the wholesale price of electricity.  For 

example, the VoLL employed by EirGrid equals €10,000 per MWh (EirGrid, p. 77). On an international 

basis, the system operator in New Zealand assumes a value of NZD 20,000 per MWh (Transpower, 

2018)8. ERCOT, the system operator in the vast proportion of Texas, assumed a VoLL of USD 9,000 per 

MWh (Potomac Economics, 2021, p. vii)9. The €/MWh equivalent values of domestic VoLLs in the EU 

as of 2018 range from € 1,500 per MWh (Bulgaria) to €22,940 per MWh (Netherlands) with a median 
value of €6,040 per MWh (Cambridge Economic Policy Associates, p. 62).  

A review paper by Schröder and Kuckshinrichs (2015) indicates that macroeconomic approaches to 

the issue yield estimates of VoLL in the range of approximately €10,000 to €25,000/MWh, while 
survey-based methods yield VoLL estimates less than or equal to €10,000/MWh. The disparity in the 
estimates is consistent with the view that the overall economic damage to a blackout that only directly 

affects firm k may be larger than the direct damages to firm k.  This makes sense if firm k’s customers 
and suppliers are harmed by a blackout that only directly affects firm k. 

The findings by London Economics (2013) provide a detailed view on this issue.  These costs are 

obviously far greater than the market price of electricity. The rationale for this premium above the 

market price is that electricity is a critical input in modern economies, and its unavailability grinds 

economic activity to a halt. A positive premium is consistent with economic theory when individuals 

maximize utility subject to budget constraints (Henderson & Quandt, 1980, pp. 49–52). 

Because of possible cascading effects, system operators will sometimes employ “load shedding” to 
prevent a total blackout.  Given that the value of lost load is in the thousands of Euros per MWh, these 

events can have very high economic costs.  

In 2019, the situation in the UK reached a point in which the statutory limits (50 ± 0.5 Hz) were violated 

(Figure 10). Specifically, on 9 Aug 2019, the system was so problematic that a lightning strike led to 

a series of unfortunate events that culminated in system frequency plunging to about 48.8 Hz. To avoid 

total collapse, about one million customers were disconnected from the system. Hundreds of people 

were trapped on trains. Significant parts of London were affected. For example, one of the primary 

 

7 non-synchronous penetration is a  technical term for the amount of  energy that the system obtains from wind, 

solar, and interconnectors. For information on system inertia and the challenge it poses, please see 

https://eepublicdownloads.blob.core.windows.net/public-cdn-container/tyndp-

documents/TYNDP2020/Foropinion/TYNDP2020_Insight_Report_Inertia.pdf  

8 Equivalent to about €12,000 per MWh. 

9 Equivalent to about €8,800 per MWh 

https://eepublicdownloads.blob.core.windows.net/public-cdn-container/tyndp-documents/TYNDP2020/Foropinion/TYNDP2020_Insight_Report_Inertia.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/tyndp-documents/TYNDP2020/Foropinion/TYNDP2020_Insight_Report_Inertia.pdf
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lines in the London Underground was suspended for about 2 h. According to the Editorial Board of the 

Financial Times, this “incident raises loud alarms about the resilience of Britain’s energy system.” 
(Financial Times, 2019). 

 

FIGURE 10 SYSTEM FREQUENCY IN THE UK, 1 JAN 2019 TO 31 DEC 2019 

It should be recognized that these system frequency challenges are not limited to the UK. Indicative 

of this, there was a significant frequency issue in Continental Europe on 8 Jan 2021. Indicative of a 

major shortcoming in the operation of the transmission system, there was a separation in the system 

frequency between the North-West area and the South-East area (Figure 11). 

 

FIGURE 11 SEPARATION OF CONTINENTAL EUROPE SYNCHRONOUS AREA ON 8 JAN 2021  
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6. A Possible Path Forward Based on Transmission and Energy Storage 

A possible path forward to managing the imbalances begins by noting that the spatial correlations in 

the imbalances across countries are not equal to unity, i.e., the various data series are not perfectly 

correlated (Figure 12). For example, the correlation between the imbalances in Ireland and imbalances 

in Spain equals 0.03, a value very far from unity.   

 Germany Denmark Spain France UK  Ireland  Italy Netherland Norway Sweden 

Germany 1.00          

Denmark 0.55 1.00         

Spain 0.38 0.12 1.00        

France 0.55 0.08 0.77 1.00       

UK  0.43 0.27 0.02 0.19 1.00      

Ireland  0.08 0.07 0.03 0.03 0.50 1.00     

Italy 0.58 0.12 0.68 0.64 0.14 0.03 1.00    

Netherland 0.81 0.41 0.32 0.53 0.59 0.19 0.44 1.00   

Norway -0.31 0.07 0.10 -0.13 -0.07 0.02 -0.23 -0.24 1.00  

Sweden 0.15 0.70 0.07 0.01 0.06 -0.01 -0.08 0.06 0.07 1.00 

FIGURE 12 IMBALANCE CORRELATION BETWEEN NODES 

Observe that some of the correlations are negative, suggesting that a negative imbalance in one 

country could potentially be resolved by exploiting an excess supply outcome in the other country. 

Examples of this include NO/ DE, NO/ FR, NO/IT, NO/ GB, and NO/ IT. In other cases, the correlations are 

positive but quite small (e.g., IE/DE). In these cases, it is possible that the imbalances could be 

offsetting. 

The general result is that the imbalances at the national level are not perfectly correlated. As a result, 

it is difficult to overstate the benefits of managing the imbalances as a system instead of at the 

national level. This logic is especially appealing once it is fully recognized that an unresolved imbalance 

in, say, Croatia can have implications for the energy imbalance in Germany. Unfortunately, while logic 

supports the notion of system wide management, the strategy will only work if the transmission 

system can support this.  

7. The Shortcomings of the Current Transmission System 

The actual and scheduled electricity flows at a given interface would be equal in a perfect transmission 

system. Unscheduled flows, the difference between actual and scheduled, would be equal to zero. 

Unfortunately, unscheduled electricity flows in the real world are significant. They increasingly 

represent an area for increased focus as they can significantly impact resiliency. For example, 
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unscheduled flows can lead to balancing actions that reduce the available reserve power supply that 

could be otherwise employed to resolve an unexpected system disturbance such as a lightning strike 

or generation plant outage.  

Moreover, unscheduled electricity flows may take the form of unexpected deficiencies in electricity 

imports that result in load shedding, i.e., a selected blackout initiated by a system operator to restore 

the stability of the system. Unscheduled electricity flows are far from trivial on the interface between 

Germany and France. These results are illustrated in Figure 13, which depicts the relationship between 

the hourly real-time commercially scheduled, and actual electricity flows from 1 Jan 2018 through 31 

Dec 2020.  

  

FIGURE 13 SCHEDULED VS. ACTUAL ELECTRICITY FLOWS BETWEEN FRANCE AND GERMANY, 1 JAN 2018 – 31 

DEC 2020 (ENTSOE) 

In this case, the root-mean-squared error (RMSE), a measure of the errors in the flows, was about 

2,092 MWh. This works out to about 77% of the mean scheduled flow. This is much higher than the 

errors in the load and wind forecasts (Forbes et al., 2012).  Consistent with this value, observe that in 

quadrant IV, the actual and scheduled flows are in opposite directions. These scheduling errors occur 

because the actual electricity flows on an alternating current system follow the laws of physics instead 

of economics.  

Specifically, the actual flows on an AC system are determined by the paths of least resistance. As 

discussed above, the operational implications of these errors can be significant since balancing power 

may need to be dispatched as a consequence. Given the relationship between imbalances and system 

frequency illustrated in Figure 8, it is highly likely that system frequency is affected.   

Consistent with the view presented above, electricity flow/system frequency issues were important 

drivers of the 1965 blackout that affected about 25 million people in parts of nine North-eastern states 

in the United States and two Canadian provinces (Gansberg, 1965). In New York City, about 800,000 

rush-hour commuters were initially stranded in the subways. Thousands of people were stuck in 
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elevators for hours.  The theatres and movie houses were closed, and none of the nine TV stations in 

NYC could broadcast (Schewe, 2007, p 137-138). All the traffic lights were inoperative. Patients at 

Bellevue Hospital were treated by candlelight. Fortunately, the system was soon back in service.  

Unscheduled electricity flow issues were also an important driver of the geographic scope of the 

August 2003 blackout that affected an area with an estimated 50 million people and 61,800 megawatts 

(MW) of electric load in the states of Ohio, Michigan, Pennsylvania, New York, Vermont, 

Massachusetts, Connecticut, New Jersey in the United States and the Canadian province of Ontario.  

The blackout originated in Ohio but spread to other jurisdictions because the swings in the electricity 

flows led to voltage fluctuations, resulting in the automatic disconnection of generators from the 

grid10. This demonstrates that the power grid cannot be managed effectively at the local level.  

Regarding the situation here in Europe, the unscheduled electricity flow issue at the interface between 

Germany and France is not the exception. For example, the issue is relevant at the interface between 

France and Italy (Figure 14). Observe that the shortfall in France’s actual net exports to Italy tend to 
be larger, the larger the scheduled level of net exports. Consistent with this observation, CAISO, the 

system operator in California, has indicated that it cannot rely on wind energy or imports to meet 

“Duck Curve” induced ramps in generation11.  

 

FIGURE 14 SCHEDULED VS. ACTUAL ELECTRICITY FLOWS BETWEEN FRANCE AND ITALY, 1 JAN 2019 – 31 DEC 

2020 (ENTSOE) 

While AC technology is a key driver of this issue, systems that use existing HVDC technology do not 

appear to be fully immune (Figure 15). This suggests that even HVDC transmission is incapable of fully 

 

10 U.S.‐Canada Power System Outage Task Force, 2004, p. 86-87 

11 CAISO, 2018, p. 12 
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meeting the system security requirements of the future, however, incorporating HVDC can lead to 

significant improvements. 

 

FIGURE 15 SCHEDULED VS. ACTUAL ELECTRICITY FLOWS BETWEEN IRELAND AND THE UK, 1 JAN 2020 – 31 

DEC 2020 (ENTSOE) 

TSOs are typically quite reticent in discussing the transmission challenges that they face. One 

exception is the system operator in Ontario, Canada, who has made it clear that unscheduled 

electricity flows (also known as loop flows) are harmful. In its words, 

“… loop flow has posed challenges to system operations since the early days of interconnected 
system operations. This problem has only grown with the exponential growth in transaction 

volumes as a result of the introduction of electricity markets. Uncontrolled loop flows are 

difficult to predict – they arise through the dynamic interplay of load, generation dispatch, 

interchange between jurisdictions, and the topology of the involved transmission systems. 

They pose an inherent risk in that they make it difficult for system operators to make accurate 

predictions of future operating conditions – a key component in managing reliability.”12  

ENTSO-E also believes that unscheduled flows represent a significant challenge to operations. In their 

words, 

“The market is not able to efficiently convey the needs of the physical power system in the 
form of efficient price signals (incentives) to generators, consumers and grid owners. 

Sometimes there are not sufficient remedial measures available and system operation under 

proper security criteria cannot be restored. Failures could then result in blackouts.” 13  

 

12 Independent Electricity System Operator (IESO) of Ontario, 2011 

13 https://ec.europa.eu/energy/sites/ener/files/documents/201310_loop- flows_study.pdf 

https://ec.europa.eu/energy/sites/ener/files/documents/201310_loop-flows_study.pdf
https://ec.europa.eu/energy/sites/ener/files/documents/201310_loop-flows_study.pdf
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A report to the European Commission has indicated that unscheduled electricity flow issues are likely 

to get worse as the energy transition proceeds. In its words, 

“The transition to a low carbon energy system implies a reconfiguration of supply and loads in 

the energy system, and hence the transmission grid. The energy transition creates more 

frequent and larger deviations of physical flows from scheduled flows.14 

The above quote indicates that the situation is likely to get worse. The likely reason is that the errors 

in the flows at a particular interface depend on scheduled flows at other interfaces. Econometric 

evidence that supports this view is provided by Forbes and St. Cyr (2019). Based on this finding, as the 

transmission system is utilized more intensively, the overall level of deviations of the physical flow 

from the scheduled flows is likely to rise.  

8. The Storage Requirements 

Inspection of the modelling outcomes suggests that a peak withdrawal level of  about 640 GWh 

would seem to be required. Preliminary inspection of the data suggests that this value may need to be 

sustained for a significant number of hours. In terms of the capacity level, given the autocorrelative 

nature of the imbalances, a prudent level of energy storage capacity would seem to be a multiple of 

640 GW.  

In terms of technologies, pumped hydro is attractive, but there are constraints on where those facilities 

can be built. Pumped hydro is geographically constrained, with the best resource in Europe located in the 

Alps as well as the Scandinavian region. It is not a large-scale storage option available to all countries. 

Supplies from facilities located in the Alps may be limited during the winter. There is also the open 

question of whether these facilities could meet the needs of the system for a sustained period. The cost 

of pumped hydro is also a major roadblock in increasing the capacity on the grid. 

Battery based energy storage solutions are developing rapidly, with lithium-based options being 

deployed on the grid to provide fast acting grid services. Their costs are dropping significantly but their 

ability to provide long term storage (>1day) is not yet justifiable. Improvements in chemistries and 

innovation in material could lead to improved designs for longer term storage as the cost of battery 

storage continues to fall. 

Liquid air energy storage (LAES) also has potential for medium term storage. Innovation in the space 

is proving that high capacity, modular LAES is achievable at a competitive cost of storage. However, 

there are concerns around its drawdown duration. 

Green hydrogen is very expensive, but its cost is almost certainly less than VoLL. Large quantities could 

be stored indefinitely in caverns at relatively low storage costs. Larger grids could play a useful role in 

dispatching the power stored in these caverns to the areas in Europe where there are shortfalls in 

electricity supply. There are questions around the total levels of demand for hydrogen will be by 2050 

as use cases appear to be better met by other means (electrification, biofuels, etc). Hydrogens use for 

long term energy storage is being explored further as it can potentially offer seasonal storage.  

 

14 https://ec.europa.eu/energy/sites/ener/files/documents/201310_loop-flows_study.pdf 



ConsultUCD 

 

23 

 

9. Other Issues such as Industrial Demand 

The industrial sector is widely acknowledged as one of the more challenging sectors in the fight to 

decarbonise. A recent report released by ETIPWIND15 entitled ‘Getting Fit for 55 and Set for 2050’ 
performed a review of 49 studies, “applying already established technologies (commercially available 

and applied in industry)  can directly electrify two thirds of fossil-fired steam and heating consumption 

in industry. This would bring electricity up to 76% of total final energy consumption, helping to reduce 

energy losses and CO2 emissions.” Figure 16 

Applying the achievable electrification rate (76%) with established technologies will reduce industry’s 
final energy demand by 7% and its CO2 emissions by 43%. Whether these direct and indirect electric 

technologies can be feasibly applied will largely depend on the electricity prices that consumers will 

be able to access. Other factors include the CO2 price and other costs of alternative energy carriers 

(e.g., natural gas) and depend on the capacity utilisation of the electric equipment, space and other 

modifications needed to adapt adjacent processes. 

 

FIGURE 16 ACHIEVABLE RATE OF DIRECT ELECTRIFICATION OF EU INDUSTRIAL ENERGY DEMAND 

The possible increase in electrification illustrated in Figure 16 is encouraging. However, the 

electrification of the industrial sector, in conjunction with the electrification of heating and transport, 

may increase VoLL, given that a sustained period of rolling blackouts would almost surely have 

macroeconomic consequences.  

 

15 ETIPWIND: Getting Fit for 55 and Set for 2050 - https://etipwind.eu/publications/getting-fit-for-55/ 
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10. A Brief Summary of the Modelling Outcomes and Suggestions  

A power flow model is developed by UCD which considers different constraints such as transmission 

line connecting different countries, energy storage operation, load shedding, generation curtailment 

and import/export limits of each country. It is a linear model with 2.2 million variables.  

The objective function is defined as the total OPEX + CAPEX costs. µ16 is a factor used to calculate the 

Annualised Capital Charge (ACC) of CAPEX. 𝑂𝐹 = µ(𝐶1𝑎 + 𝐶1𝑏 + 𝐶1𝑐) + 𝐶2 + 𝐶3 + 𝐶4 + 𝐶5  + 𝐶6   

• CAPEX : C1a is Energy Storage System (ESS) capacity investment costs, 𝐶1𝑏 is the total cost of 

Transmission line investment (Table VII), and 𝐶1𝑐 is the total cost of Generation investment. 

• OPEX : C2 is ESS Refill costs, C3 is representing Transmission line flow charges, C4 is showing 

the total generation Curtailment costs, C5 is Power generation costs, and C6 shows Load 

shedding costs. The overall summary of different scenarios and the cost components (€M) is 

available in Table V. The Unconstrained-single ESS scenario is the same as Unconstrained 

scenario with only one country (Germany) equipped with ESS.  Three options namely Pure 

Copper conductor technology (Cu), Pure Super conductor technology (SC) and Mix 

Copper/Super conductor technology (SC-Cu) have been investigated and the results are 

reflected in Table V. 

TABLE V SUMMARY OF COSTS IN DIFFERENT SCENARIOS (€M) 

Cost 

Component  
Item BAU Pan-Eu Unconstrained 

Unconstrained 

Single ESS 

OPEX 

Energy Storage Refill Cost 732 1,289 16 0 

Transmission Flow Costs  8,710 12,291 22,002 33,966 

Generation Curtailment Costs  26,915 18,846 10,962 11,144 

Power Purchasing Costs 388,769 390,606 391,935 391,572 

Load shedding (LSH) Costs 901,205 339,357 0 0 

CAPEX 

Transmission CAPEX-Cu 350,465 406,750 861,610 947,700 

Transmission CAPEX-SC 324,910 381,713 793,885 863,103 

Transmission CAPEX-SC-Cu 300,385 349,935 736,690 803,160 

Generation Investment Costs  3,076,910 2,993,742 2,933,370 2,933,370 

ESS Investment Costs  22,692 26,952 27,836 27,757 

Total Costs17 

Total-Cu 1,783,239 1,216,302 931,189 954,346 

Total-SC 1,779,855 1,212,987 922,220 943,143 

Total-SC-Cu 1,776,607 1,208,778 914,645 935,204 

 

 

16 𝐴𝐶𝐶 = 𝐶𝐴𝑃𝐸𝑋 (𝑟(1+𝑟)(𝑁−1)(1+𝑟)𝑁−1 ) , r is the discount rate and N is the number of years in the planning horizon 

17 The total costs are obtained by adding total OPEX + CAPEX( ACC), the life time of the assets is assumed to 

be N=30 years and the discount rate r=0.15 so CAPEX (ACC)= µ×CAPEX where µ=0.13243495. "It may be 

worth noting that a 15% discount rate is more the twice the rate that that the IEA uses in its LCOE analysis 

(https://www.iea.org/articles/levelised-cost-of-electricity-calculator). We have employed the 15% rate with the 

goal of providing a conservative economic assessment. 
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The total costs calculated for each scenario in Table V is then used to calculate the cost of serving 

energy for each scenario. The numbers are demonstrated in Table VI.  

TABLE VI COST OF SERVING 1MWH ENERGY IN EACH INDIVIDUAL SCENARIO WITH DIFFERENT TRANSMISSION LINE 

TECHNOLOGIES 

Transmission line technology  BAU Pan-EU Unconstrained 
Unconstrained- single 

ESS 

Copper based technology (Cu)  185.79 125.99 96.12 98.51 

Super Conductor based technology (SC) 185.44 125.64 95.19 97.35 

Hybrid Super conductor/Copper (SC-Cu) 185.1 125.21 94.41 96.53 

As it is observed in Table VI, the cost of electricity served is 185.79 €/MWh in BAU scenario if copper 
technology is used. Using the modelled superconductor technology (for both offshore and onshore) 

this number can be reduced by 48% and reach to 95.19 €/MWh in unconstrained scenario. It can be 
further optimised by using a hybrid approach and use copper technology in offshore and the 

superconductor technology in onshore lines. This can make the electricity cost even cheaper at 94.41 

€/MWh in Unconstrained scenario.   

The cost of energy served (CoES) is calculated in each scenario as follows: 

CoES=
Total Costs 𝑜𝑓 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑆 Total annual energy of scenario S −𝑡𝑜𝑡𝑎𝑙 𝐿𝑜𝑎𝑑 𝑠ℎ𝑒𝑑𝑑𝑖𝑛𝑔, For example, the total cost in BAU (Cu) is 

1,783,239 (€M), the total intended energy of demand is 9,688 TWh (for all scenarios) and total load 

shedding is 90 TWh. According to the above formula, 𝐶𝑜𝐸𝑆 = 1783239 €𝑀9688−90 𝑇𝑊ℎ = 185.79 €/𝑀𝑊ℎ . 
The developed GUI18 is shown in Figure 17. It enables the user to change the time step and see the 

lines flows. It allows the user to specify the min threshold for showing the line flows. The following 

information can be extracted from Figure 17 at time step t: this figure shows the status of each node 

as Black nodes (no export or import), Blue nodes (importing power) and Green nodes (exporting 

power).   

 

18 Graphical User Interface (GUI)  
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FIGURE 17 THE INTERACTIVE GRAPHICAL USER INTERFACE OF THE POWER FLOW TOOL 

 

Some observations:  

• The power flow model is sensitive to the assumed cost parameters. 

• In the BAU and Pan-EU scenarios, due to the inefficiency of the transmission system, some 

portion of the demand can’t be supplied in Italy and load shedding occurs. This has more 
serious consequences beyond the cost of load shedding. There are operational and costs to 

the economy if demand is shed to balance the system. The magnitude of the load shedding 

costs in these two scenarios are around 900 and 339 Billion Euros respectively. It can be seen 

though that increasing the level of transmission between countries reduces the level of load 

shedding which occurs. 

• To fully remove the generation curtailment, a large investment should be made into the 

different ESS technologies. Constraints on materials for storage as well as the costs associated 

with them will limit the volume of storage which can be built and operated. The cost of 

curtailment may also be considered an operational cost where the system may deem it 

acceptable to “lose” this some of this curtailed electricity. 

• The line utilisation can be observed in Figure 18, showing the Line utilisation as a fraction of 

time horizon (8760 hrs – 1 year).  
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FIGURE 18 TRANSMISSION LINE UTILISATION IN DIFFERENT SCENARIOS 

• It can be seen that in the single-ESS scenario (at Germany) there will be an increase in the 

transmission OPEX costs, but it is nearly as efficient as the unconstrained scenario.  

• The Unconstrained scenario has the lowest total costs compared to all scenarios, driven 

primarily by the reduction in load shedding costs as well as reducing curtailment.  

• Pan-EU scenario has a significant reduction in total cost component compared to BAU (32%) 

driven by the large reduction in load shedding. Increasing transmission flows results in this 

reduction of load shedding as well as reducing the level of generation curtailment on the 

system. 

• Unconstrained-single ESS scenario has slightly higher total costs compared to the 

unconstrained scenario which is expected. However, the performance in reducing the 

curtailment and avoiding the load shedding is almost identical.  

• Comparing the three different transmission options show that Copper technology is more 

competitive for offshore interconnection today while superconducting technology is the 

cheapest option for the onshore lines.  

• The power purchasing cost has the lowest value in the BAU scenario. This is mainly because in 

this scenario (due to transmission line limitations) not much generation is allowed to happen. 

Although this cost component is low, the overall cost is highest compared to the other 

scenarios (mainly due to the occurrence of the load shedding costs).  

• The Pan-EU scenario is approximately 32% cheaper than the BAU scenario, while the 

Unconstrained scenario is 48% cheaper than the BAU scenario.  
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• The computational burden is high since it has nearly 2.2 million variables.   

• The power flow tool shows which lines are more frequently used and this provides signals for 

policy makers where investment would be best allocated. 

• It is clear from the model where the areas of highest demand are as well as where the 

bottlenecks exist in terms of power flows in the system. 

• The power flow tool calculates the total curtailment in each scenario and as expected, and 

shows a reduction in curtailment in the scenarios where higher levels of power flows are 

facilitated.  

• Further refining the modelling of storage to encompass different storage time periods can 

enhance the cost details of the system. 

11. Conclusions and Possible Future Work 

Increasing levels renewable generation capacity on the system and demand growth including the 

electrification of heating and transport will require the expansion of the electricity system from its 

current capabilities, and the BAU scenario will not be appropriate for the 2050 electricity system. As 

we develop renewable energy resources the need to transport electricity from areas of generation to 

areas of high demand will play an increasingly important role.  

Without investment in infrastructure, load shedding and generation curtailment and emissions will be 

excessively high, deterring investment in technologies and economies, while also putting our energy 

targets at risk. This modelling work demonstrates the need for development of the transmission 

system to ensure more efficient utilization of assets, highlighting some particular bottlenecks where 

investment is required, e.g. the load shedding identified in Italy. Further refinements of this modelling 

work and scenarios could be used to assess the requirements in more detail. 

There is an increase in the momentum behind the adoption of renewables, however, there needs to 

parallel planning on how these renewables connect into our energy system. Large scale transmission 

projects are known to take over 10 years to complete. Planning for future interconnection to facilitate 

larger power flows needs to begin as soon as possible to coincide with the increasing levels of 

renewables in the system.  

The model output as well as the experience outline the following areas of future work and 

refinements:  

• Improved understanding of the existing transmission system may lead to improved modelling 

of the electricity flows and the load shedding events. The insights learned from this analysis 

could represent invaluable inputs into public policy discussions that focus on the future of 

Europe’s electricity transmission system.   

• Increasing the resolution of the model through addition of further nodes. This can cluster high 

electricity demand countries into regions (i.e. Germany) and also facilitate the modelling of 

offshore nodes where high levels of offshore wind generation may occurs (i.e. the North Sea) 

and to mimic offshore grids. 

• Contingency analysis to check the impact of line outage on total load shedding of the system, 

generation curtailment and the overall operating costs. 
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• Linking the future electrified transportation sector to the SuperGrid structure and analyse the 

impacts. 

• Provision of a stronger basis for assumed 2050 wind and solar capacity factors alongside a 

sensitivity analysis of this parameter based on inclusion of future generation technologies for 

both (i.e. modelling of power output from larger turbines). 

• Optimisation of which Nodes require large scale connection and which are the most important 

nodes for further linking to improve the performance of the system.  

• Further refinement of storage technologies to capture short/medium/long term storage 

technologies and their associated costs. 

• Modelling the Energy Storage Technology as well as the relevant technologic and 

economic parameters  

• Demonstrating how green hydrogen can be used as an energy storage for absorbing the 

curtailed available generation  

• Modelling the impact of a super-grid on the internal markets of different countries including 

modelling of a larger, continental grid. This could also incorporate investigations into the 

effects of a European energy union (continent wide market). 

• Modelling the impact which demand side response may have on system imbalances and 

storage requirements and how this should be coordinated with transmission network 

investments.   

• Uncertainty modelling of generation and demand as well as the unscheduled flows and future 

electricity prices. 
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Appendix 

The transmission CAPEX costs for different technologies considered in this study are as follows:  

TABLE VII COST OF DIFFERENT TRNMISSION LINE TECHNOLOGIES (€M)  

Voltage 

(kV) 

Capacity 

(GW) 

Copper Onshore 

 (Cu) 

Copper Offshore 

(Cu) 

Onshore 

Superconductor (SC) 

Offshore 

Superconductor (SC) 

Cost/km Cost/GW.km Cost/km Cost/GW.km Cost/km Cost/GW.km Cost/km Cost/GW.km 

525 2 1.8 0.9 1.8 0.9 1.8 0.9 3 1.5 

640 3 2.4 0.8 2.4 0.8 2 0.7 3.3 1.1 

800 4 2.8 0.7 2.8 0.7 2.2 0.6 3.4 0.9 
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