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Abstract. -- There are numerous groups and organizations 
promoting the development of a European Supergrid. The 
concept of a European Supergrid was first devised a decade ago 
and is defined as a high power, long distance transmission 
system, based mainly on High Voltage Direct Current (HVDC) 
links and designed to facilitate the transmission of large amount 
of renewable energy from remote areas to the centers of 
consumption. Of course, the cost of the Supergrid will be very 
high but its benefits will be very high as well, hopefully higher. 
In this paper, a preliminary analysis of the cost-benefit of a 
possible implementation of the Supergrid in Spain will be 
discussed. The paper starts with an analysis of the same type for 
a modified IEEE-24 buses network. A general cost-benefit 
analysis of the Supergrid will have to be done using a European 
widespread model, in which all generation cost savings can be 
represented.  
 
Index Terms. -- European Supergrid, HVDC transmission, 
Power System Planning, Renewable Energy Integration, Spanish 
Supergrid. 

I. INTRODUCTION 
Power generation in Europe is experiencing an 

exceptional transition to sustainability. Wind and solar power 
are replacing coal, oil and other fossil fuels as the main 
sources to generate electricity [1]. Member States of the EU 
have committed to reduce their Greenhouse Gas emissions by 
at least 20% below 1990 levels by 2020. Plans beyond 2020 
are very ambitious with the power system playing a key role 
and electricity produced by renewable sources being the main 
energy vector. By 2050 most of our transport could be 
powered by electricity, with the possible exception of some 
heavy commercial vehicles and heating in most buildings and 
houses, which could be mainly obtained by heat pumps.  

A Supergrid is the future electricity system that will 
enable Europe to undertake a once-off transition to 
sustainability. As part of this transition, electricity grids will 
no longer be seen as a national resource. They will become 
international corridors of trade bringing renewable energy 
generation from northern marine and southern solar 
generation to European centers of population. Further, the EU 
has embarked on a process to open up the European 
electricity market to competition, to facilitate cross-border 
trade and to reduce the market dominance of existing national 
suppliers. This competition will drive down, theoretically, 
prices, increase innovation and underpin the growth of a low 
carbon economy across Europe [2].  

Unlike the point to point HVDC links existing today, the 
Supergrid involves the creation of HVDC nodes and a 
meshed HVDC grid requiring either supernodes or HVDC 
circuit breakers. The Supergrid will be a major infrastructure 
in Europe that will improve the security of supply of all EU 
countries and RES (Renewable Energy Systems) integration 
in a continental scale. 

The Supergrid is also called Electricity Highways System. 
According to the European Commission, an electricity 
highway implies: 

• An electricity transmission line with significantly 
more capacity to transport power than existing high-
voltage transmission grids, both in terms of the 
amount of energy transmitted and the distance 
covered by this transmission line. 

• New technologies to be developed, allowing notably 
direct current (DC) transmission and voltage levels 
significantly higher than 400 kV.  

• In the longer term, several electricity highways 
linking together into a European electricity highway 
system.  

This paper presents a first cost-benefit analysis of a 
possible implementation of the Supergrid in a modified 
IEEE-24 buses network. Also this work is devoted to present 
a first cost-benefit analysis of a possible implementation of 
the Supergrid in Spain which would allow to fulfill not only 
the transmission needs inside Spain and between Spain and 
the rest of Europe, but also the interconnection between 
Europe and North Africa allowing the transfer to Europe of 
high volumes of energy produced in North African countries, 
idea that has been proposed by several important institutions 
and Stakeholders like European Climate Foundation, 
Desertec, among others.  

II. SUPERGRID PLANNING CRITERIA 
To develop the objective of this paper, that is, the 

preliminary cost-benefit analysis, a Supergrid plan in Spain is 
necessarily needed as an input. Presently there is no 
methodology available for an European HVDC grid planning. 
There are not HVDC grid planning criteria available either. 
So, in this paper some preliminary planning criteria have 
been assumed and a potential HVDC grid has been taken as 
the result of the application of those planning criteria to the 



Spanish system with forecasts for 2020-2030-2040-2050. Of 
course, all this has been done in a very simplified way and the 
proposal presented in this paper can only be considered as the 
result of a brainstorming exercise, only useful for the first 
testing.  

First of all, a potential HVDC Supergrid in Spain has been 
chosen since the Supergrid will very likely be developed in 
HVDC.  

For HVDC Supergrid development will be necessary to 
establish: 

• International technical standards that enable the 
development of manufacturing processed and 
competitive supply chains for all the equipment. 

• Network Codes: common rules, technical criteria and 
guidelines for action of all parties involved, 
establishing clear interfaces between these parties. 

The Supergrid planning must consider many different 
technical criteria which are not available yet. In order to 
define at least a preliminary design of a potential 
implementation of the Supergrid in Spain, the following 
criteria have been used: 

• The access and the connection to the Supergrid in 
HVDC will be made exclusively by TSOs, with 
power balance resources and control capability and 
coordination between them in all that is necessary. 

• In a state of sufficient development of the Supergrid, 
it must fulfill the same security criteria as the current 
grid (N-1 and/or N-X). In early stages of 
development of the Supergrid, unstructured mesh, 
safety criteria N-1 and N-X should be supported by 
the current network, which will limit the maximum 
power of these elements of the Supergrid. Therefore, 
priority should be given to the formation of a meshed 
Supergrid to allow the bracket to the N-1 criteria by 
itself. 

• In the grid planning, it is very important to consider 
the maximum rated power of a Supergrid element as 
it determines also the maximum power that can be 
lost in a single event. The present technological limit 
of cables (underground or submarine) is about 
2x2,000 MW in HVDC, at a voltage of about 500 kV. 
Presently, the permissible limit in the continental 
European system for the loss of a single element is 
3,000MW. However, in Spain, the permitted limit is 
currently only 1,300 MW.  

With this available information, a value of 2,000 MW has 
been adopted as the maximum capacity by bipole of the 
HVDC interconnections of the Supergrid, with the implicit 
consequence that the maximum power that could be lost in a 
single event (n-1 criterion, loss of one pole) is 1,000 MW. 
This capacity value also has been taken for the internal 
Supergrid lines. Therefore, the HVDC lines in the designed 
grid are all 2x1,000 MW, which would be viable (although 
the present limit is 1,300 MW) with some changes in the 
technical criteria for system level [3]. 

III. TEST CASES 
The Supergrid plan showed in Figure 1 is a first idea of 

how a possible Supergrid in a modified IEEE-24 buses 
network could be implemented. 

The modified IEEE-24 transmission network that is 
considered in this case of study, has 24 buses (10 buses of 
138 kV and 14 buses of 230 kV). In addition, the system 
contains 38 lines with their corresponding capacity limits and 
electrical properties (resistance, inductance, admittance). 

The differences of this modified network regarding 
standard IEEE-24 nodes are: 

• 2 zones are defined. The South Zone includes buses 1 
to 10, and the North Zone includes buses 11 to 24. 
There are 5 lines/transformers of interconnection 
between the two zones through lines 3-24, 9-11, 9-12, 
10-11 and 10-12. 

• The objective of the modified power system is to 
saturate the network over the net flows and increase 
the total system cost. 

• Table I shows the installed generation capacity in 
each zone, as well as demands for both networks, 
Standard and Modified IEEE-24 buses. 

TABLE I.  GENERATION AND LOAD IEEE-24 BUSES 

Zone 
Installed 

Generation (MW) / 
% 

Standard 
IEEE-24 

Modified 
IEEE-24 

Peak Load 
(MW) / % 

Peak Load 
(MW) / % 

South 684 / 20.09 1,332 / 46.74 1,682 / 59.02 

North 2,721 / 79.91 1,518 / 53.26 1,168 / 40.98 

Total 3,405 / 100 2,850 / 100  2,850 /100 

 
In the modified IEEE-24 buses network has been added a 

HVDC line between 10 and 23 buses. In this case, the 
capacity of HVDC link is just 1x200 MW.  

On the other hand, the Supergrid plan showed in Figure 2 
is simply a first idea of how a possible Supergrid in Spain 
could look like. It has been prepared using practical 
knowledge of the system rather than any planning tool. 

It has been assumed that in the near future there will be a 
commercially established technology solution for HVDC 
(VSC technology, HVDC circuit breaker, control and 
protection systems). The links showed could just be scalable 
with more bipoles in parallel, with higher capacity each one 
when the technology allows it. Or it could happen that the 
evolution of the Supergrid could be totally different. In this 
paper, the first step is only considered. In this first step, the 
grid is already meshed, allowing for the loss of any single 
element without provoking a too high impact in the 
underlying 400 kV system. The capacity of each link is just 
2x1,000 MW. 



 
Figure 1. A possible Supergrid in a modified IEEE-24 buses network [4] 

 
Figure 2. A possible Supergrid in Spain with 12 HVDC links [5] 

The first phase of this potential Supergrid in Spain could 
be carried out with brand new lines. However, it could be 
much easier to convert the existing 400 kV and 220 kV lines 
to HVDC. There are proposals in this sense based on the 
advantage of the very important increase in the transmission 
capacity of the existing infrastructure that would be achieved. 
However, this is just an idea whose feasibility will have to be 
addressed on a case by case basis. A very favorable 
hypothesis has been taken to start with, considering feasible a 
potential conversion to HVDC as much as possible. A first 
analysis of the operating state of the remaining 400 kV grid 
after a potential conversion to HVDC of 80% of the lines is 
included in the first phase Supergrid described above. This 
Supergrid Phase 1, based on the basic technical criteria above 
mentioned, is already a mesh network that can support the 
standard N-1 criteria, with connection points with the existing 
network (400 kV) and maximum output of 2,000 MW (need 
for criteria N-1).  

A possible peak operating state of this HVDC network 
has been obtained with a 2020 planned scenario of the 

underlying 400-220 kV grid with the 2,000 and 4,000 MW 
injections and takes-off power and with the following 
interchanges with the neighboring systems: 

• From Morocco: 4,000 MW.  

• From Portugal: 2,000 MW.  

• Net Export to France: 6,000 MW.  

Classic load flow analysis of this HVDC + underlying AC 
grid show that this Supergrid Phase 1 can transfer, for 
example, 4,000 MW from Tarifa (South) to France and, at a 
time, 2,000 MW from West to East, supporting the criteria N-
1, both within the Supergrid and the network of 400 kV. 

From this practical example is concluded that the basic 
technical criteria proposed are feasible in principle. 

IV. COST-BENEFIT ANALYSIS 
These studies and static simulations have been carried out 

through hourly system operation simulations along a period 
of a year by using the UPLAN tool. This program is owned 
by LCG Consulting, and consists of a Security Constrained 
Unit Commitment (SCUC) tool that makes a schedule system 
generation dispatch and resolves potential network 
constraints that could appear.  

Firstly, the most relevant results obtained regarding the 
power system operating cost are going to be shown for both 
power systems. The results focus on the contrast between 
operating costs with and without the Supergrid. In order to 
show these operating costs, the Average Locational Marginal 
Price is used. Locational Marginal Price is defined as the cost 
to the system of supplying one additional MW to a particular 
bus at a given hour 

Now, we show the results for Modified IEEE-24 buses 
network, with and without HVDC. 

TABLE II.  ZONAL PRICE SUMMARY 

TABLE III.  ANNUAL POWER SYSTEM DATA SUMMARY 

Case Load 
 (GWh) 

Losses 
(GWh) 

Generation 
(GWh) 

Total 
Cost 
(M€) 

Unit Cost 
(€/MWh) 

Without 
HVDC 

1,758 54 1,811 384.92 218.95 

With  
HVDC 1,758 49 1,806 382.53 217.59 

 
Tables II and II show, respectively, zonal price and annual 

system data referred to generation and load as well total and 
unit energy cost, for Modified IEEE-24 buses without HVDC 

Modified IEEE-24 buses without 
HVDC 

Modified IEEE-24 buses with 
HVDC 

Off Peak 
Avg LMP  
€/MWh   

On Peak 
Avg LMP 
(€/MWh 

Overall 
Avg 

LMP 
€/MWh 

Off Peak 
Avg LMP  
€/MWh   

On Peak 
Avg LMP 
(€/MWh 

Overall 
Avg 
LMP 

€/MWh 

302.20 321.90 316.19 293.13 313.65 307.70 



and with HVDC. As can be seen, losses and costs are reduced 
for the case with HVDC. 

This is because, despite the cost of the HVDC line, flows 
through lines are reduced. 

In the same way, as the results were analyzed for the 
modified IEEE-24 buses test system, both results, with and 
without HVDC links, for the real Spanish network are going 
to be depicted. 

Tables IV and V show, respectively, zonal price and 
annual system data obtained for Spanish power system with 
HVDC and without HVDC. 

TABLE IV.  ZONAL PRICE SUMMARY 

 

TABLE V.  ANNUAL POWER SYSTEM DATA SUMMARY 

 

Secondly, the cost-benefit analysis of both Supergrids is 
going to be presented. 

The cost-benefit analysis takes into account the cost of 
converter drives, HVDC lines as well as operation and 
maintenance costs. The cost data were obtained from a report 
provided by a supplier of electrical engineering of Spanish 
TSO. 

First, we show the results for Modified IEEE-24 buses 
network, with and without HVDC. 

The power of the HVDC line is 200 MW and the length is 
100 km. The Total Cost of a HVDC line is 35.084 M€, i.e. 
877.094,97 €/year by considering 40 years as the life cycle of 
a HVDC line. 

Table VI show the Cost-Benefit Analysis for Modified 
IEEE-24 buses test system. 

In the table, the column called Benefit HVDC, and in 
particular the value of 1.51 M€, indicates that the system with 
HVDC saves 1.51 M€ per year compared to the system 
without HVDC. 

 

 

TABLE VI.  COST-BENEFIT ANALYSIS FOR MODIFIED IEEE-24 
BUSES TEST SYSTEM 

Case Load 
 (GWh) 

Generation 
(GWh) 

Total Cost + 
HVDC Cost 

(M€) 

Benefit HVDC 
(M€) 

(+) Benefit 
(-) Losses 

Without 
HVDC 

1,758 1,811 384.92 - 

With  
HVDC 1,758 1,806 383.41 1.51 

 
Take notice that the base case without HVDC is an 

electrical system next to saturation, and that has been 
modified for that purpose. In fact, if the demand was 
increased slightly in the South Zone, which has high demand 
and low generation, congestion would occur in the 
interconnection lines between North and South zones, 
thereby increasing the cost of the system and hindering its 
operation. Therefore, and based on the results obtained, it can 
be concluded that with the HVDC line inserted, the network 
away from the congestion and saturation reducing system 
losses. Everything described above is shown in Table VII. 

TABLE VII.  GENERATION AND LOAD IN EACH SCENARIO OF STUDY 

 
Based on the above results, we can extrapolate the 

benefits from the inclusion of a HVDC line for the case of the 
Spanish network, as shown in the Table VIII. 

TABLE VIII.  COST-BENEFIT ANALYSIS FOR SPANISH SYSTEM 

Case Load 
 (GWh) 

Generation 
(GWh) 

Total Cost + 
HVDC Cost 

(M€) 

Benefit HVDC 
(M€) 

(+) Benefit 
(-) Losses 

Without 
HVDC 

31,749 32,627 825.36 - 

With  
HVDC 31,749 32,855 837.98 -12.62 

 
It should be noted, that in the case of the Spanish network, 

including the new HVDC lines, has allowed a new 6,000 MW 
energy exchange with Europe. 

In Table VIII, the column called Benefit HVDC, and in 
particular the value of -12.62 M€, indicates that the system 
with HVDC loses 12.62 M€ per year compared to the system 
without HVDC. This is due to the substantial increase of 
energy exchanged with Europe and thus the generation and 
system losses. 

 

Spanish system without HVDC Spanish system with HVDC 

Off Peak 
Avg LMP  
€/MWh   

On Peak 
Avg LMP 
€/MWh 

Overall 
Avg 
LMP 

€/MWh 

Off Peak 
Avg LMP  
€/MWh   

On Peak 
Avg LMP 
€/MWh 

Overall 
Avg 
LMP 

€/MWh 

68.67 68.58 68.81 69.43 69.05 69.17 

Case Load 
 (GWh) 

Losses 
(GWh) 

Generation 
(GWh) 

Total 
Cost 
(M€) 

Unit Cost 
(€/MWh) 

Without 
HVDC 

31,749 751 32,627 825.36 26.00 

With  
HVDC 31,749 978 32,855 837.10 26.37 

Zone Load 
 (GWh) / % 

Modified IEEE-
24 buses without 

HVDC 

Modified IEEE-
24 buses without 

HVDC 
Generation 
(GWh) / % 

Generation 
(GWh) / % 

South 1,037.53 / 59.02 255.45 / 14.10 203 / 11.24 

North 720.47 / 40.98 1,555.61 / 85.90 1,603.46 / 88.76 

Total 1,758 / 100 1,811.06 / 100 1,806.46 / 100 



V. CONCLUSIONS 
Based on the above results, the installation of HVDC 

Supergrid in the Spanish power system and their 
interconnections, and in a modified IEEE-24 buses network, 
increase the power limit of the power system, the security of 
supply and the renewable energy integration. Also decrease 
system loses and system cost. The costs have been compared 
with the potential benefits.  

Hence, additional HVDC lines can solve congestion 
and/or minimize losses by allowing parallel paths for the flow 

of energy and generally lower impedance between the 
generator and demand. 
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