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1 Summary

Summary

In the long term, the increasing electricity demand in Northern Africa can be covered
completely by renewable energy (RE). On top of that, considerable potentials exist to
export electricity to Europe.

Concentrated solar thermal power plants (CSP) using thermal energy storage gain
considerable importance, when high electricity demand is combined with ambitious
climate change protection. Then large fluctuating capacities from wind energy and
photovoltaics have to be complemented by dispatchable and firm capacity from CSP.
An optimization based on regional potentials and overall cost shows the parallel use of
all three renewables.

Photovoltaics (PV) should be mainly used locally close to the demand. The advantage of
higher irradiation levels in arid areas far from the coasts is overcompensated by high
transmission costs. By contrast, CSP needs the high direct radiation levels of these areas
but is able to utilize and finance the required transmission lines, because CSP has more
full-load hours and provides electricity on demand. Wind energy in Northern Africa has
high and cost-efficient potentials, but the site selection is dependent on local wind
conditions.

A high percentage of RE electricity may have considerable economic advantages for the
region in the long run. Similarly the integration of European and Northern African grids
leads to lower total cost. A high percentage of fluctuating generation favours a
stronger integration of national electricity markets. However the grid extensions depend
considerably on the chosen sites for renewables. Thus a complete overview of all
planned measures is needed for an optimal solution for the energy sector.

A transmission grid based on alternating current (AC) technology would require
enormous grid capacities and high investments. High voltage direct current lines (HVDC)
are therefore recommended both for trans-national interconnectors as well as for a
meshed overlay grid on top of the existing AC structures in both regions. Operation and
fault detection methods have been suggested for such a technology in the study.

Technology developments in the area of medium voltage technology will allow direct
coupling of distributed generators with lower losses. New components have been
developed in a first step. Thermal energy storage with molten salts has a good potential
to further lower the cost of dispatchable solar electricity using CSP. Simulation tools
have been extended to support performance assessment and development of operation
strategies for CSP plants using different storage types.

An assessment of the existing framework and possible RE support systems in Northern
Africa shows that increased implementation of RE requires the creation of reliable
regulations and liberalization of the markets.

Support measures for RE should be adapted in different phases of the implementation.
Key elements of the policies should be the need for security for investors, increasing
competitiveness in the market and the medium-term to long-term development of
options to export electricity to Europe.
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2 Introduction

Introduction

In order to integrate renewable generation worldwide in a future electricity system to a
politically desirable extent, grid and storage technologies have to be adapted to meet
this target. In the Fraunhofer SUPERGRID project, key technologies have been
developed and optimized in a holistic system approach at the interface between
generation and electricity grid.

Using high or medium voltage direct current transmission (H/MVDC), distributed
electricity generators may be coupled over wide distances. Advantages are small losses
and a possible use of underground cables. Disadvantages of conventional AC
transmission can be avoided. A development of new components and control strategies
is needed in order to improve efficiency, flexibility and cost in comparison to
technologies available today. New methods of grid operation are required to use the
switching potential of components as for example high performance power converters
to optimize power fluxes. Other challenges relate to the safe and stable operation of
DC grids, controlling their power fluxes and consequences for the grid code. Parallel
stable operation of coupled AC and DC grids has to be ensured.

It is of similar importance to efficiently integrate various storage systems into the grids,
e.g. pump storage, batteries or compressed air storage. Fluctuations of generation can
be buffered in the grid using these technologies. However, currently the economically
viable capacities are limited and extensions of electrical storage are costly. Thermal
energy storage for solar thermal power plants on the other hand provides dispatchable
and firm capacity at comparatively low cost. However the development of different
high-temperature storage technologies and optimized concepts combining various
components is in an early phase. For the relevant temperature range of 250°C-550°C,
liquid molten salts, phase change materials utilizing the latent heat of the liquid-solid
transition of salts (nitrates, nitrites) and solid sensible-heat storage concepts using high
temperature concrete are investigated. More detailed information on the costs,
corrosion mechanisms and thermomechanical performance of heat exchangers,
containers and pumps is needed. Also, material parameters and dimensioning have to
be adapted.

The optimization of generation, transmission and storage capacities with actual demand
needs a political and regulatory framework. On the economic and political level, the
questions pertain to the deployment and operation strategies as well as to the
framework for electricity markets within Europe and Northern Africa. Our analysis starts
with the current situation and develops scenarios for future developments of electricity
demand, generation, storage and transmission requirements when using renewables.

A substantial and fast supranational extension of renewable generation on the basis of
wind, photovoltaics and solar thermal power plants needs a fundamental modification
of our electricity grid and better integration of renewable generation, electricity
demand and storage technology. Therefore our research within the SUPERGRID project
focused on optimization of the energy sector as well as on selected technological
problems in DC grids and thermal energy storage.
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3 Chances for the integration of
Chances for the integration of renewable energy in the  rerevelecnerayinthe

. . <. . international transmission grid
international transmission grid

3.1 Methodologies and assumptions
3.1.1  Models
In order to cover the various dimensions of the technical challenges, which are

associated with the integration of renewable energy into regional and inter-regional
electricity markets, three models were combined.
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Figure 3-1: lllustration of the interfaces and data flows between the three models

The electricity system in Europe and the five countries of North Africa (Morocco,
Algeria, Tunisia, Libya and Egypt) was represented in the PowerACE model. In addition,
existing solar and wind potentials were analysed with a geographic information system
(ArcGIS). The available land areas for renewable energy were identified, taking into
account existing uses (e.g. agriculture, settlements, nature reserves, restricted zone etc.)
and geographical data (topology, nature of the ground, elevation, etc.). Using the solar
radiation und wind data, the regional generation potentials were determined. The
future power needs of North African countries were estimated, taking into account the
existing population and economic growth as well as trends in the field of energy
efficiency. Thus the (cost) optimal composition of power plants [1] was determined
considering an international electricity system.

In a second step, the regionally based site selection and hourly power plant operation
were examined using the RESlion model. The model considers existing power plants,
regional power demand and power generation as well as limitations of the grid
capacity. In a total of 28 regions within North Africa, local sites for renewable power
plants were chosen on the basis of hourly weather data. Further, the operation was
optimized, mainly to meet regional needs.

In the third step, the existing structures of the transmission grid starting with the

220 kV level and higher were modelled. Their ability to integrate renewable electricity
to the grid was examined, using the simulation tool DigSILENT PowerFactory. Different
scenarios for expansion in AC and DC technology were analysed. An optimal operation
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management system was designed. In addition, a superimposed high-voltage DC power
grid (HVDC grid) was developed and modelled in detail. The data streams and interfaces
between the three models are shown in Figure 3-1.

3.1.2 Scenarios and assumptions

For the expansion of renewable energy by 2050, four different scenarios were defined

[2,3], which differ in the following features (Figure 3-2):

Level of ambition in CO, reduction targets,
Expansion of the grid infrastructure between North Africa and Europe
(Electricity export to Europe, yes or no)

. Progress in energy efficiency measures and electricity demand in

North Africa

NO POWER EXPORTS POSSIBLE

Scenario 1

CO, reduction target of 50% in EU
& 50% in MENA

High power demand

Scenario 2

CO, reduction target of 95% in EU
& 50% in MENA

High power demand

POWER EXPORTS POSSIBLE

Scenario 3

CO, reduction target of 95% in EU

& 50% MENA

High power demand

Scenario 4

CO, reduction target of 95% in EU

& 50% in MENA

Low power demand

Figure 3-2: Framework scenarios for the future development

Assumptions on future technology costs and parameters as well as fuel costs are

summarized in Table 3-1.

Table 3-1: Cost and technology assumptions in renewable and conventional
technologies in the years 2030 and 2050

Chances for the integration of
renewable energy in the
international transmission grid

Technology Spec. Investment O&M Fuel Service  Efficiency

costs costs costs life

[€/kwW] [€/kW/a] [€/MWh] [years]

2030 2050 2030 2050 2030 2050

Wind 1000 900 30 30 0 0 25 -
PV 730 700 30 19 0 0 25 -
CSP 3300 2660 64 45 0 0 30 -
Gas-GT 380 380 9.7 9.7 27.68 26.82 30 40
Gas-CCGT 750 750 1.1 11.1 27.68 26.82 30 60
Lignite 1450 1450 345 345 7.47 6.86 40 48
Black coal 1500 1500 45 45 3.75 3.75 40 47
Pumped 1700 1700 289 289 0 0 40 91
storage
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3.2 Results Chances for the integration of
renewable energy in the

3.2.1 Long-term scenarios for electricity demand, production structures and international transmission grid

trans-national export opportunities

3.2.1.1 Future electricity demands in North Africa

The development of the electricity demands in North Africa until 2050 was determined
on the basis of an econometric top-down model using macroeconomic parameters such
as the growth of the gross domestic product (GDP), the development of energy
intensity, etc. For the European data, existing studies were used [4,5].

In the first scenario with a high demand, »status quo«, an increase by a factor of 4.3 in
the electricity demand is expected compared to 2014.

In the second scenario, »Energy efficiency«, with a lower demand development - due to
a 17% increase in energy efficiency by the year 2050 - this factor is reduced to
approximately 3.3 (Figure 3-3).

Electricity demand
Scenario "17% energy efficiency” (prognosis from 2008 on)

TWh/a
1400

1200

1000

800 |
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200
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1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

B Morocco ®Egypt MLlibya ® Tunisia = Algeria

Figure 3-3: Trend of the electricity demand in North Africa in 2050 in the »Energy
Efficiency« scenario

The total electricity demand for 2030 (2050) of North Africa is 552 (1070) TWh/ a in
the »Status Quo« scenario and 473 (871) TWh / a in the »Energy Efficiency« scenario.

3.2.1.2 Wind and solar potential in North Africa

Based on a GIS analysis with high spatial resolution, cost potential curves were
calculated for the North African countries for the years 2030 and 2050, which are
shown in Figure 3-4 cumulatively for all countries. The total technical potential of the
considered technologies in North Africa exceeds the assumed electricity demand of
North Africa and Europe of 5850 TWh in 2050 by a large factor. Therefore, only a
section of the cost potentials is shown. It turns out that one may meet the electricity
needs of North Africa by wind, CSP and PV alone. Additionally, it would be possible to
export electricity to Europe. Wind power has the lowest generation costs at favourable
locations, but also PV and CSP can be installed economically within this time frame. In
2050, the electricity production costs for the generation potential of 2,000 TWh / a for
wind power are € 50 / MWh, for PV below 48 € / MWh and for CSP under € 56 / MWh.
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The specific uses and the temporal availability of each technology were taken into

; - Chances for the integration of
account in our modelling.

renewable energy in the
international transmission grid

2030

100
80
60
40

20

Electricity generation cost (€/ MWh)

0
0 2000 4000 6 000 8 000 10 000
Available generation potential (TWh / year)
2050
—_ 100 Wind
=
2
2 80
)
@
o]
b -----ooo--.--oop--cn'
5 60 BUSRPPSPRTTTEEE YT YR
= [
E __________________
- =
o
g 40
> .
ZTZ —Wind
‘8’ 20 eees CSP
w
——--PV
0
0 2000 4000 6 000 8 000 10 000

Available generation potential (TWh / year)
Figure 3-4: Cost potential curves for North Africa - 2030 and 2050

3.2.1.3 Electricity production structure and costs for 2030 and 2050

The political objectives and the framework conditions of the scenarios also play a key

role in the optimization of the power plant technology mix for the years 2030 and 2050
(Table 3-2).
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Table 3-2: Composition of the power plant mix in North Africa for 2030 and 2050 Chances for the integration of

renewable energy in the
international transmission grid

Production per Technology for 2030/2050 [TWh/a]

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Wind 246/618 292/737 315/965 252/735
PV 21/97 35/86 42/118 17/94
Csp 0/199 0/303 0/416 0/222
Gas-GT 4/8 5/3 3/3 3/4
Gas-CCGT 6/125 19/68 11/21 1/38
Gas (existing) 123/0 125/0 142/0 150/0
Coal 81/47 19/0 221 30/3
Hydro 50/50 50/50 50/50 50/50
Total 532/1143 545/1247 586/1575 503/1146
RES share 59/83% 68/93% 68/98% 63/96%

All scenarios reach very high shares of renewable energy between 59% and 68% in
2030 and up to 98% in 2050. The renewable electricity production is dominated by
wind. CSP with thermal storage is needed, especially after 2030, to replace gas and coal
with dispatchable and reliable generation and grid-balancing tasks. At the beginning of
the transformation process, conventional power plants will be able to ensure the hourly
balancing of the energy system. Grid amplifications at national level are not yet
considered. The advantages of electricity market integration of EU and NA (Table 3-3)
and the cost benefits of renewable energy are reflected, especially when considering
energy efficiency gains (Scenario 4).

Table 3-3: Costs of the energy system in 2030 and 2050 for EU and NA

Power generation costs 2030/2050 [€/MWh] EU-NA Total system costs
Average EU-NA incl. 2030/2050 [billion €]
NA EU EU-NA Interconnectors (incl. Interconnectors)
Scenario 1 40/50 45/55 45/54 46/56 211/333
Scenario 2 42/55 52/64 51/62 52/68 240/401
Scenario 3 41/52 51/61 50/59 52/65 239/384
Scenario 4 40/48 48/58 47/55 49/60 178/245

3.2.1.4 Consequences for trans-national electricity export

Trans-national net electricity flows will grow significantly with increasing expansion of
renewables. However, the expansion of the grid capacities may be significantly reduced
by achieving a reduction of the electricity demand by energy efficiency measures (Table
3-4 and Figure 3-5).

Table 3-4 Trans-national net current flows for the four scenarios [TWh]

North Africa North Africa - Europe Total
2030 2050 2030 2050 2030 2050
Scenario 1 4 28 - - 4 28
Scenario 2 5 37 - - 5 37
Scenario 3 6 117 42 347 48 465
Scenario 4 4 68 19 191 24 259
Fraunhofer ISE SUPERGRID Study Fraunhofer ISI 10|38
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Chances for the integration of
renewable energy in the
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Figure 3-5: Visualization of the net electricity transmission in 2050 (Scenario 3)

3.2.2 Regional planning of the production of renewable energy considering
transmission capacities

3.2.2.1 Site selection and power plant planning
Based on the expansion paths for renewable energy just described, the optimal power

plant sites in the different regions were determined for each technology (Figure 3-6).
The transmission capacities at subnational level were taken into consideration.

Source: Aupdte

Figure 3-6: The 28 regions considered in NA (Source grid map: AUPDTE, 2011 [6])

For photovoltaic systems, it can be pointed out that generation corresponding to the
demand should preferably be chosen near the coast. The advantage of higher
irradiation in desert regions that are far away from the coast is offset by the cost of
additionally required transmission lines. However, CSP power plants require higher
direct normal irradiance (DNI), but can improve the capacity utilization of the
transmission systems by having more full-load hours. Thus they are able to finance the
transmission costs. Wind turbines find very different wind conditions in North Africa.
Here the site selection strongly depends on the wind speed and the site conditions.
Sites in Morocco and Egypt are especially profitable.
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The hourly production on the basis of operation optimization of all power plants shows

J b Chances for the integration of
characteristic patterns:

renewable energy in the

. . ) international transmission grid
e High share of wind power generation due to cost advantages compared to all

other technologies, but with strongly fluctuating production profiles.

e Photovoltaics covers a large share of daytime power supply requirements.

e Solar thermal power plants are especially needed to meet demand in hours
with little wind generation and without sunshine (late afternoon and at night).

e Conventional power stations are needed at night for the supply of electricity,
since PV power plants do not generate any electricity then.

3.2.2.2 Regional power exchange: impact of current exports

The individual regions in North Africa will develop very differently in the future
regarding electricity import and export into the respective neighbouring regions.
Depending on the irradiation conditions and the wind supply, the electricity exchange is
highly variable. Individual regions play a very important role within the national
electricity supply because of their wind supply.

In scenarios with electricity export, higher shares of generation are shifted in all
countries towards more northern regions with access to Europe. Only in Egypt are the
shares of direct exports to Europe low due to the distance. Depending on solar
radiation and wind conditions, the exchange of electricity between regions can
fluctuate greatly.

3.2.3 Expansion of grid capacities and challenges

A detailed analysis of the existing transmission grid and the expansion needs were
carried out on the basis of regional production and demand profiles (see Chapter
3.2.2).

3.2.3.1 AC transmission grid

In a first step, the existing AC transmission grid structures for EU-NA were analysed and
simulated in a model. The affected grid regions, synchronous zones, interconnectors
and DC connection points were integrated according to the current planning status.
The result of this modelling is an AC transmission grid infrastructure for Europe and
North Africa (see Figure 3-7) including the geographical topologies and the physical
properties such as transmission capacity, voltage levels, cable lengths and line
impedances. This model forms the basis for the subsequent grid expansion
considerations.
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Chances for the integration of
renewable energy in the
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Figure 3-7: Modelled AC transmission grid in EU-NA by voltage level

The time series of the generation in each region from the previous power plant
planning was transferred to the grid model for a detailed analysis of the resulting grid
flows. This approach made it possible to successively determine the grid expansion of
the AC transmission infrastructure. Initially a rudimentary HVDC power grid by CIGRE
[7] supported the power transmission between NA and EU, in order to manage the
predicted transmission performances for 2050. Grid expansions according to criteria of
the expansion planning [8] (N-1 criterion, voltage stability, static stability, etc.) were
taken into account.

The determined expansion requirements for the four scenarios examined in comparison
with the present state (status quo) are shown in Table 3-5.

Table 3-5: AC expansion requirements for the four scenarios

Scenario TTC [MVA] Need for Total Length Additional
Expansion [km] construction

[km]

Status Quo 390,184 - 24,320 -
Scenario 1 801,840 206 % 69,680 45,359
Scenario 2 919,690 236 % 87,589 63,269
Scenario 3 2,805,746 719 % 310,580 286,260
Scenario 4 2,696,822 691 % 290,886 266,566

A grid expansion to about two times (for the scenarios without electricity export to
Europe) and seven times the size (for the scenarios with current exports) appears
enormous and very ambitious.

The general disadvantages of AC transmission over long distances, however, remain
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and will be aggravated by the transfer of volatile renewable energy. Despite grid
expansion, the AC transmission will be inefficient due to high reactive power
consumption and low line utilization (Table 3-6).

Table 3-6: Line utilization and reactive power consumption for the four scenarios

Scenario Average Median ratio of Max. Q/P (individual
line utilization Q/P connections)
[%]
Scenario 1 21.4 % 4.47 69
Scenario 2 21.5 % 1.48 12
Scenario 3 27.7 % 2.07 37
Scenario 4 31.0 % 206 56

3.2.3.2 Development of a HVDC overlay grid

As an alternative to AC grid development, the establishment of an inter-continental

transmission system in the form of a high-voltage direct current (HVDC) grid for Europe

and North Africa has been analyzed and evaluated in a further step.

This modelled and proposed HVDC grid is an overlay HVDC grid. An overlay grid is used
to lighten the load on the underlying grid for electricity transmission. In our case, the
overlay grid is used to relieve the subordinate AC power grid when large quantities of

power are transported over long distances. The overlay grid is designed as an HVDC
grid, which offers additional advantages in terms of long-range power transmission,
wiring and environmental aspects. The HVDC grid was developed in meshed form,

based on a CIGRE Grid Feasibility Study [7] and provides multiple redundant paths for

the electricity transmission. This results in advantages for the safe transmission and

transfer of volatile power flows from renewable energy and rapidly fluctuating spatial

allocation of production and consumption.
The HVDC grid model takes into account the results of the long-term modelling of
Chapter 2 (see Figure 3-8).

Chances for the integration of
renewable energy in the
international transmission grid

Fraunhofer ISE SUPERGRID Study Fraunhofer ISI
Fraunhofer IISB
Fraunhofer IOSB/AST
Fraunhofer IWM

14|38



Chances for the integration of
renewable energy in the

Hagepranget : international transmission grid
/\
r r" \
¥ \
. \
y, v
/ \.
? F 4 AN
A ’ oslo v \ Abo Turgu
.- e /
g Shetland 5 .P \\\ é}/,- Uppsala Tallin
/f ] i Jutland / ;'Jankuping
/. | { / ] y
Atantic sz “Glasgow [ NorthSea2 L~ al.s 7%
| p,—::\ N North Sea 1 _,-K f" Malmo 47/ ’
iy kL ' Amsrc{daﬂ.&*"' [RosTek jadansk
Dubly e\ o T bemen | 4 T /_.-’ 2
. e / i o
Lawden Bruissels ! . |
: Lille™ e "
PamT 4 !‘::' - . = Vienna
< (vﬁi%,;/ Zuric| T Munich® "
3 SN\ -
! B 2N
Toulouse g " ‘Milan{. ™ Sarajeva
o o~ \ N
e S _ . \ W
Aﬂ"?g“;\ﬂadﬂ'd s CUISI(EI \\ Napeli N
Rio Maiur__,.--"'j?\\ : Sardinia ) g R Sy '\\ :
F 2. / o> Athens .
P ,Cordoha\\ \ Region 8 - ,} Sicilly 1—%\ ’ "g‘i‘
s ) z L iR : y
N sl Region 117 ~~-g—~" / %
\ Region 5 Region 7 ! y / Crete
- e Région 14 \ / %
/" Region 3 i s v,,"' /7
vd & 7 \Region17 e Lo e
# Region 1 Region 9 / P | Region2s N
o / | ! s \
AP ! o | P
o w4 o \\
Region 18 41;;_?;;1'
Region 28

Figure 3-8: Proposed inter-continental European-North African HVDC overlay grid

For the grid implementation, the following assumptions are made in the model:

¢ Use of Voltage Source Converter (VSC) inverter technology
¢ Bipolar configuration with + 800 kV
¢ Meshed HVDC grid topology

Based on these assumptions, the operation of inverter terminals can be switched from
feed-in to feed-out. The operation and the safety of such a grid still require new
components and operation management methods, since such a meshed HVYDC power
grid does not yet exist today (see section 4.1) [9].

Using the example of Morocco, the consequences of grid expansion are illustrated. The
basic grid represents already the version planned for 2020, which is planned for 42%
RES and thus represents a very high extension standard. The results show that the grids
will be sufficient until 2030 for the scenarios without export options, and only a few
new lines are required by 2050. However, scenarios with electricity export need about
1.6 times the grid capacity along the existing transmission lines. A proposed HVYDC
overlay grid [10,11] on the other hand connects regions of large generation with the
points of high power demand (Figure 3-9).
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Figure 3-9: Proposed HVDC grid in Morocco (Edited extract, original from AUPTDE [6])

3.3 Conclusions

The results of the modelling of all scenarios show that decarbonisation of the electricity
systems in the EU and NA on the basis of RES is possible and economically practicable.
High proportions of RES can be achieved in each scenario by 2050 - in the politically
most ambitious scenario 3 almost 100%. The substantial potential in NA can be
developed at relatively low costs and in particular allows export of renewable electricity
to Europe after 2030. Here, wind energy dominates until 2030, being very favourable in
good locations, followed by PV and CSP. CSP with thermal storage plays a special role
as a balancing power in grids with high RES shares and offers the perspective to replace
conventional power stations such as gas power plants.

The regional distribution of renewable electricity generation depends on geographical
location conditions, irradiation and wind potentials as well as the distance to the
demand centres. While wind is generated mainly in coastal regions, PV is used on a
distributed basis with a wide spatial coverage; the CSP sites require high direct-radiation
potentials.

In each scenario, a strong expansion of RES would bring huge extensions of the AC
transmission grid. In the cases of exports to Europe, this represents an option which is
almost prohibitive, requiring an eightfold increase of the cable lengths. A solution
would be to install a meshed superimposed HVDC grid with bipolar VSC technology
which allows the transmission of fluctuating power from renewable power plants over
long distances.

This expansion implies substantial technological and political challenges. Particularly
suitable HVDC operational strategies need to be developed and evaluated in detail. For
this, intensive cooperation with the transmission system operators is necessary (see
Chapter 4).

Corresponding transformation paths for the energy systems require regulatory and
policy frameworks that need to be developed in a political dialogue between the
participating countries (see Chapter 5).
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4

Technological developments for the integration of
renewable energy into the international transmission
grid

4.1
Operations management and stability of new grid structures

According to the results of Chapter 3, it is reasonable to use an HVDC overlay grid on
top of a developed AC grid. This grid should not consist of point-to-point connections,
but should be meshed. The use of bipolar VSC HVDC technology enables the creation
of a grid which can integrate electricity from fluctuating renewable energy and volatile
power flows. Since such meshed HVDC grids do not yet exist, a holistic approach
requires investigations of grid operations management. Figure 4-1 serves as a process
model.
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Figure 4-1: Process model for grid expansion, grid management and grid protection

Based on the existing AC transmission grids in Europe and North Africa as well as the
predicted amount of energy, an inter-continental European and North African
transmission infrastructure has to be developed. This needs to be consistent with
forecasts and optimized electricity generation, taking into account also grid protection,
to allow safe and efficient energy exchange.

4.1.1 Grid operation and grid stability

Thus, the HVDC operations management for the meshed grid uses a newly developed,
distributed voltage characteristics method [12] and is capable of transferring rapidly
fluctuating renewable energy. Ensuring reliable grid operation is the top priority of grid
management and is part of the so-called system responsibility of a grid operator for the
highest grid level. With the establishment of an HVDC grid, a grid level is created that
can make a significant contribution to grid stability.

In contrast to AC systems, in which system frequency can vary due to a performance
imbalance of the system, there is no system frequency in direct current systems. Instead,
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the DC voltage may be used as a reference. This requires a decentralized control
procedure that operates independently of a fast communications infrastructure.

The voltage characteristics method is based 