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Abstract. In order to allow the integration of the maximum
amount of renewable energy in the European network, it is
necessary to think about different solutions that meet the
technical requirements at the same time that are compatible with
the investment shortage. One option could be the development of
a supergrid based on the uprating of the existing transmission
system. In this paper, three different alternatives are proposed.
The first two options require the installation of an upper module,
being the difference of both options in the transmission
technology: HVAC or HVDC. The third option consists in
mixing both technologies, making use of the existing double
circuit towers. At the end, a comparison between the three
alternatives is shown.
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1. Introduction

The integration of the maximum amount of renewable
energy is one of the most important challenges for the
European electrical system [1]. The potential of solar
power in the North of Africa and of wind power in the
North Sea could be a great opportunity to achieve the full
decarbonisation of the electrical sector. Integrating this
amount of energy is only possible with a reinforcement of
the existing transmission system in the form of a new grid
coined as supergrid [2]. This solution would also help to
enhance the security of supply and to increase the energy
efficiency [3].

However, investments for new overhead transmission
infrastructures are being delayed mainly due to the social
opposition to the construction of new lines. This paper
proposes the uprating of some transmission corridors,
keeping the 400 kV lines with the same ampacity and
adding a new UHV overlay layer. The new lines, at most,
would be located in the existing towers using an upper
module. This solution is more prone to be accepted by the
citizenship.
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Regarding the transmission technology, the use of HVAC
(high voltage alternating current) or HVDC (high voltage
direct current) technology in a determined transmission
system would depend on technical and economic
feasibilities. Where it is needed to transmit from far
offshore generation or through buried cables it would be
more convenient the use of HVDC technology. Besides,
HVDC is able to transmit with lower losses. On the
contrary, the difficulty of current construction and
operation of DC meshed systems would justify the use of
HVAC technology.

In this paper, three different transmission alternatives for
the development of the supergrid are shown. The first
two alternatives require an upper module to hold the new
lines. The difference between both options is found in the
transmission technology: HVAC and HVDC. The third
option consists in a hybrid system where both
technologies coexist. Sometimes, this option will require
the conversion of double circuit AC systems to the hybrid
one, but in other cases, where double circuit
infrastructure is installed but not being used, apart from
small modifications, the addition of the HVDC line
would be enough.

The proposed technology for HVDC is based on VSC
(voltage source converter), which is expected to be
developed to transmit a big amount of power at the
desired voltage level (500 kV DC). It uses IGBTS, so it is
able to create an independent AC voltage, what allows
the connection of islanded grids, and offers the capability
of black-start, allowing the restoration of the system
when needed [3].

The paper finishes with a comparison between the three
alternatives and the conclusions.
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2. Alternative 1

The first alternative consists in the installation of an upper
module, which would hold the new conductors. Therefore,
structures (towers and foundations) must be modified. The
tower must be adapted to hold the upper module and,
consequently, foundations should also be reinforced. To
achieve the desired capacity increase, this upper module
would consist of a simple circuit with five subconductors
in each phase.

One of the possible options for the upper module that
could be installed, apart from the necessary modifications
to adapt itself to the existing tower, is shown in Fig. 1.
This support is frequently used in the FEuropean
transmission system, but it will also need some
modifications to be adapted to the desired voltage level
(800 kV).

Fig. 1: Upper HVAC support

Thus, the total inversion costs include the necessary
material, like the upper module and the existing structure
reinforcement, the new substations, accessories costs and
labour costs. As shown in Fig. 1, this alternative requires
two ground wires (which will be reused) and three phases
of five subconductors each.

At least, two substations will be required, one at each end
of the line. Studied costs for a 1000 km line length with
two substations are summarised in Fig. 2. Alternative 1 is
the configuration which presents the biggest losses, due to
the Joule and corona effects. Electrical losses in this
alternative are about 8 %, including lines and substations
losses. This makes alternative 1 to be, initially, an
expensive option in comparison with alternatives 2 and 3.

676,55

416,4
1741

Losses costs (ME)

B Operation & maintenance
costs (ME])

B Total inversion costs (ME)

Fig. 2: Costs for HVAC configuration

However, one of the positive points of this alternative is
that HVAC substations are much less expensive than
HVDC ones and they also have lower losses. When more
substations are needed, this option becomes even more
interesting. Moreover, the fact that it is not necessary the
disassembly of the existing line means that the labour costs
are also smaller [4]. This also implies that time of works
are reduced, keeping the line active as long as possible.
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3. Alternative 2

In a very similar way than presented for alternative 1,
alternative 2 also needs an upper module, which will hold
the new lines. Because of the simplicity of HVDC
technology, this module will be simpler than presented
for alternative 1. Consequently, the modification in the
existing structure will be lower, as well as the necessity
of firming up the foundations.

Fig 3 shows a possible alternative for this upper HVDC
module. As in the previous case, some modifications will
be needed for the optimal adaptation of this module in the
existing tower and also to guarantee the electrical
distances for the desired voltage level (500 kV).

\V/4

L ] .

+
Fig. 3: Upper HVDC support

Costs for this alternative are shown in Fig. 4, where it is
apparent the losses costs reduction, compared with
alternative 1. Electrical losses in this alternative are about
6 %, including lines and substations losses. On the other
hand, total inversion costs are higher than the ones
presented in alternative 1. Having reduced the number of
subconductors (from 15 to 10), the upper module
configuration is lighter than the one presented in
alternative 1. In the same way than presented in
alternative 1, ground wires will be reused.

7747

Losses costs (ME£)

3123
199.4 B Operation & maintenance

costs (ME£)

M Total inversion costs (ME£)

Fig. 4: Costs for HVDC configuration

The reason for needing a greater investment is the high
cost of the HVDC substations that would make this
alternative very expensive when a bigger number of
substations is needed. Other costs that are included in the
total inversion cost, apart from labour costs, are the upper
module, the reinforcement for the existing structures and
the new lines and accessories. In this alternative, instead
of three phases, only two DC poles will be needed. Each
pole will be composed of five subconductors, as in the
previous case.

As in the previous case, there is no need of disassembling
and assembling the existing lines, what implies a lower
labour cost and shorter execution times of works,
reducing the impact that disablement of the existing line
would have [5]. Another positive point is that it is
possible the use of a lower voltage to transmit the same
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amount of power. HVDC systems have a transmission
capability between two and five times higher at the same
voltage level [6]. Besides, losses in HVDC are lower than
in HVAC, and finally, HVDC technology does not
generate variable magnetic fields, so it is probable that
fewer rejections would be found for this option.
Ultimately, the upper module would be simpler, since
fewer conductors are needed.

4. Alternative 3

The third alternative presented consists in the conversion
of the existing double circuit AC system to a hybrid
system, composed of a circuit of AC and other of DC. A
first scheme is shown in Fig. 5. HVDC circuit is achieved
by a rearrangement of conductors. The upper phase of this
circuit must be separated, and each of the two
subconductors should be added to the two lower phases,
forming a bipole DC system with three subconductors in
each pole [7].

Double AC circuit Hybrid
(duplex) System p
I__,..-'-'-""' '--....____I I-__.-—"“‘
- = N —
e I i I |
| I L
AC DC

Fig. S: Hybrid conversion - First step

With this configuration, transmission capacity increase
about 60 %, what is an insufficient improvement. To
guarantee the transmission of the required power, it is of
vital importance to keep the current HVAC capacity, what
will be achieved by adding more conductors in the AC
circuit. For this purpose, the following configuration (Fig.
6) is proposed. HVAC circuit needs to be converted from
duplex to quadruplex.

Double AC circuit Hybrid
{duplex) System p
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o o AC DC

Fig. 6: Hybrid conversion — Second step

With this modification, the transmission capacity achieved
is similar to previous alternatives. Besides, as it is shown
in Fig. 7, the HVAC circuit could also be rearranged to
achieve a better weight distribution.

For the conversion, conductors from both circuits must be
disassembled and rearranged to conform the new circuits.
In Fig. 8, it is possible to analyse the different costs
associated to this alternative. Total inversion costs include,
apart from the necessary HVDC substations, the cost of
conditioning the HVAC substations to the new
configuration. Losses for this alternative have been
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assumed to be about 6 %, the same losses than alternative
2.

Double AC circuit
(duplex)

[ [

'___,_..-I-—-""-«"""--i-____ll > AC :I: --[- -!-

Hybrid
System p

Fig. 7: Hybrid line AC - DC

662,8
Losses costs (ME€])

B Operation & maintenance
costs (M€)

B Total inversion costs (M€)
Fig. 8: Costs for hybrid configuration

Hypothetical economic advantages for this third option
are not as good as expected. The necessity to modify both
circuits to keep the current capacity forces to add new
conductors and to have greater labour costs. Besides, in
this alternative, execution times will be much longer
because of the need of disassembling both circuits.
Temporally, works of each circuit could be carried out
separately, remaining active only one circuit and losing,
in this way, half of the transmission capacity for a long
time.

5. Case study

The three alternatives have been studied for an
hypothetical initial system of 1.000 km and 400 kV. The
considered span is 220 m, which is a typical value for this
system. The initial system which has been studied for the
comparison of the three alternatives presents a duplex
and double circuit configuration, as shown in Fig. 9. The
desired increase in  transmission  capacity is
approximately 2 GW. The used conductor in both
systems (existing and new layer) is assumed to be
Cardinal LA-545. Ground wires will be reused in the new
structures.

ground wires e .

Fig. 9: Hypothetical initial system studied for the comparison

The useful life has been considered to be 40 years and it
has also been considered that the system will be
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operational 90 % of the time. To evaluate the economic
cost, energy price has been supposed to be 50 €/ MWh,
which was the average price in the wholesale market in
Spain in 2015.

The final configuration of the three alternatives is shown
in Fig. 10. Red colour is used to represent the necessary
reinforcement in alternatives 1 and 2. Although it will be
also necessary a reinforcement in alternative 3, the
difference between the first two alternatives and the third
one is relevant.

P
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HVAC option HVDC option Hybrid option

Fig. 10: Configuration of the three presented alternatives

The costs for the three alternatives are compared in Fig.
11, counting with the 2 converters required (in each end of
the line). It has also been taken into account the additional
converter that is needed for the reactive compensation in
HVAC.

14000
12000 7

1000,0 Losses costs (ME£)

8000 B Operation & maintenance

600,0 costs [ME]

- M Total inversion costs [ME€)
4000 +

2000 +

00 1"" T T r""
HVAC HVDC Hybrid
Fig. 11: Comparison of the three alternatives

As it has been shown, HVDC substations are much more
expensive than HVAC ones. Conversely, HVDC lines are
cheaper than HVAC ones. For this reason, HVDC
alternatives are so competitive when large distances are
considered. There is a critical point where the costs for
both configurations converge (Fig. 12).

Station
Cost
A
1 Break Even
pDc be 1 Distance
Convertor )
Stations AC 1
|
AC |
Stations 51 >

Transmission Distance
Fig. 12: Cost comparison AC vs DC systems [8]
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According to the cost comparison shown, there is a point
(break even distance) from which transmission system is
more economic in DC. Thus, when systems longer than
1.000 km were considered, alternative 2 and 3 would be
benefited. On the other hand, when shorter systems (600
km, for instance), HVAC solution would be the most
benefited.

There is a particular study that is interesting to be
tackled: the three alternatives with the same parameters,
only changing the number of substations. An application
for this example could be an intermediate load substation.
Results for this scenario are presented in Fig. 13 and 14.

M Total inversion costs (M€)
B Operation & maintenance costs (M€)
Losses costs (M€)

584.3

3123
227.6

HVAC HVDC Hybrid
Fig. 13: Costs for the three alternatives - 3 substations scenario
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M Operation & maintenance
800.0 costs (M€)

600.0 | M Total inversion costs (M€)
400.0

200.0

0.0 ‘ :
HVAC HVDC Hybrid
Fig. 14: Comparison of alternatives - 3 substations scenario

As previously explained, HVDC substations require a big
investment and this is the reason why HVAC could be
really competitive. In this scenario, HVAC alternative is
the most economic one, presenting lower costs than
HVDC.

In addition to this, this is not the only reason why HVAC
alternative could be a valid option. In scenarios where the
distance transmission is shorter, HVAC will also reduce
its costs. To show an example of this application, a
system of 600 km is considered. For the development of
this scenario, only two substations are considered.
Results for this scenario are presented in Fig. 15 and 16.

6. Conclusion

In order to integrate the bulk amount of renewable energy
in Europe, it is necessary to reinforce the existing
transmission system. One solution for achieving this is
the development of a supergrid. In this paper, three
different alternatives have been presented to comprise the
supergrid. The two first alternatives need the installation
of an upper module, while the third option consists in the
conversion of the AC transmission system to a hybrid
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transmission system, being also required a big
modification of its configuration to keep the current
HVAC capacity and to guarantee an optimal weight
distribution.

An interesting application for the upper module is the use
of a compact configuration. This would help to achieve an
optimal configuration in relation with electrical distances
and weight.

The three possibilities enhance the capacity of the system,
reducing the inversion costs and the environmental impact
compared with the construction of new lines. Alternative 3
is the most cost-effective solution when long lengths
between substations (1000 km) are considered.
Nevertheless, this alternative has the inconvenience that it
would imply a big modification in the tower structure and
would lead to a temporary power cut. Besides, the
complexity of works indicates that labour times could be
very long. Due to these difficulties, for shorter lengths
(600 km) the first alternative for the European supergrid
could be the most attractive.

M Total inversion costs (M€)
M Operation & maintenance costs (M£€)

Losses costs (M€)

632.5
477.6 574.8
118 416.4
199 ilzs 2.3
] ‘ 170.6
vd | | /'
HVAC HVDC Hyb rid

Fig. 15: Costs for the three alternatives — 600 km scenario

1200.0
1000.0
Losses costs (M€)
800.0
M Operation & maintenance
600.0 costs (ME€)
400.0 M Total inversion costs [ME)
200.0
0.0

HVAC HVDC Hybrid
Fig. 16: Comparison of alternatives - 600 km scenario
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