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Evaluation of Electrical Transmission 
Concepts for Large Offshore Wind Farms 

T. Ackermann1, N. Barberis Negra2, J. Todorovic3, L. Lazaridis4  
 
 

Abstract: This paper presents a comparison of the following 
transmission technologies: HVAC, HVDC Line Commutated 
Converter (LCC) and HVDC Voltage Source Converter (VSC). 
The comparison mainly considers system losses and reliability.  

 
Index terms – HVAC, HVDC, LCC, Losses, Reliability. 

 
I. INTRODUCTION 

Today’s installed offshore wind farms have a relative small 
rated capacity and are placed at shorter distances from shore 
than future planned projects [1]. Furthermore, all existing 
offshore wind farms (as of August 2005) are connected to 
shore by HVAC cables and only two of them have offshore 
substations [1]. For large wind farms, with hundreds of MW 
capacity, and may be a long distances to shore, offshore 
substations would be necessary for stepping up the voltage 
level (HVAC) and may be for converting the power to HVDC 
[2]. Due to the significant cost of the transmission system, the 
choice of the appropriate design and technology for the 
transmission system can be a decisive part of the overall 
project feasibility. 

In this paper, the different technical solutions are compared 
for a 500 MW and a 1000 MW wind farm with different 
distance to shore (up to 200 km). In the first part, transmission 
losses are investigate, in the second part reliability issues. 

 
Part 1: System Losses 

 
II. HVAC TRANSMISSION  

The production of large amounts of reactive power can be 
considered the main limiting factor of HVAC cable utilization 
in transmission systems for long distances. 
  
_____________________ 
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Figure 1. Limits of cables transmission capacity for three voltage levels, 132 
KV, 220 KV and 400 KV 

A comparison of the transmission capacity of cables with 
different voltage levels (132 kV, 220 kV and 400 kV) and 
different compensation solutions (only onshore or at both 
ends) is presented in Figure 1. 

Cable limits, as maximal permissible current, voltage swing 
of receiving end between no-load and full load (< 10%) and 
phase variation (< 30o) should not be exceeded, according to 
Brakelmann [5]. The critical distance is achieved when half of 
the reactive current produced by the cable reaches nominal 
current at the end of one cable. In that case, in simple terms, 
there is no transmission capacity left for active power 
transmission. For the here considered cables, the critical 
distances are [3]:  

 
− Lmax,132KV = 370 km 
− Lmax,220KV = 281 km 
− Lmax,400KV = 202 km 

 
A. Loss calculations 

2.1.1) Models and assumptions 

Due to space limitations, we would like to refer to [3, 4] for 
details regarding the method and model used for the loss 
calculations. 
 
2.1.2) Results 

Transmission system losses for average wind speed of 9 
m/s, for three transmission voltage levels (132 KV, 220 KV 
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and 400 KV) and for two wind farm configurations of 500 
MW and 1000 MW are presented in Table I and Table II, 
respectively. 

Transmission system losses l% have been calculated as 
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where Plost,i is the power lost by the transmission system at 
wind speed i, Pgen,i is the power generated by the wind farm at 
wind speed I, N is the number of wind speed class considered 
for the model, pi is the probability to have a certain wind 
speed i and it is obtained by the Rayleigh distribution, h is the 
number of hours in a year, a is the availability of the wind 
park. 

 
TABLE I 

TRANSMISSION LOSSES OF A 500 MW WIND FARM, WITH 9 M/S OF AVERAGE 
WIND SPEED IN THE AREA IN % OF ANNUAL WIND FARM PRODUCTION. 

 
%

Cable length 132 KV:3 cables 220 KV:2 cables 400 KV:1 cable

50 km 2,78 1,63 1,14

100 km 4,77 3,07 2,54

150 km 7,53 5,05 4,98

200 km 11,09 7,76 17,59

500 MW

 
 

Shaded cells in Table I/II represent the transmission 
solutions with the lowest losses, while the number of cables 
indicate the number of cables required. In the 132 KV column, 
number of cables presents the number of cables required for a 
distance of 200 km. 

TABLE II 
TRANSMISSION LOSSES OF A 1000 MW WIND FARM, WITH 9 M/S OF AVERAGE 

WIND SPEED IN THE AREA IN % OF ANNUAL WIND FARM PRODUCTION. 
 

%

Cable length 132 KV:5 cables 220 KV:4 cables 400 KV:2 cables

50 km 3,15 1,96 1,14

100 km 5,7 3,67 2,32

150 km 8,75 5,85 4,3

200 km 12,36 7,58 15,14

1000 MW

 
 
Figure 2 shows the loss participation of each transmission 

component for a 500 MW wind farm at 100 km from the shore 
using a 132 kV cable. It can be seen that cable losses 
represents by far the largest share of the total transmission 
losses. Thus, in order to decrease the total transmission losses, 
the transmission designers should pay special attention on 
cable selection.  

From Table I and Table II, it can be seen that 220 KV and 
400 KV solutions lead to the lowest loses. However, these two 
submarine XLPE cable designs are still under development 
[7]. Today, the 400 KV XLPE submarine cable is only tested 
for short lengths without appropriate joint and splices for 

longer lengths. Hence, for currently only 132 KV solutions 
can be considered realistic [5]. 

 

Fig.2. Participation of each transmission component in total transmission 
losses for 500 MW wind farm, 9 m/s of average wind speed, at 100 km 
transmission distance, 3 three–core 132 KV submarine cables [6]. 

  
III. HVDC SYSTEM WITH LINE COMMUTATED CONVERTER 

Line Commutated Converter (LCC) devices have been 
installed in many bulk power transmission systems over long 
distances both on land and submarine all around the world, see 
[8] and [9].  A draw back of this transmission solution is the 
required reactive power to the thyristor valves in the converter 
and may be the generation of harmonics in the circuit [8]. 
Figure 3 shows a typical layout of a HVDC LCC system. 
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Figure 3: Basic configuration of a 500 MW wind farm using a Line 

Commutated Converter HVDC system with a Statcom. 

A. Loss calculations 

3.1.1)  Models and assumptions 

Due to space limitations, we would like to refer to [3, 6] for 
details regarding the method and model used for the loss 
calculations. 

 
3.1.2) Results 

Three different layouts are considered for 500 MW wind 
farm and four for 1000 MW wind farm: these configurations 
are shown in Table III with the system losses of each system. 
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Transmission system losses l% have been calculated with 
equation (1). 

 
TABLE III 

 TRANSMISSION LOSSES FOR DIFFERENT CONVERTER STATION LAYOUTS WITH 
9 M/S OF AVERGAE WIND SPEED IN THE AREA IN % OF ANNUAL WIND FARM 

PRODUCTION 
 

Length 
Cable

500 CS 2 x 250 
CS

600 CS 2 x 500 
CS

600 CS + 
440 CS

500 CS + 
600 CS

2 x 600 
CS

50 km 1,77 1,81 1,75 1,69 1,60 1,66 1,6547

100 km 1,98 2,14 1,87 1,92 1,77 1,84 1,7819

150 km 2,19 2,48 1,99 2,14 1,95 2,01 1,909

200 km 2,39 2,82 2,11 2,37 2,13 2,19 2,0362

500 MW, 9 m/s 1000 MW, 9 m/s

 
The grey marked cells in Table III, represent the 

configuration with the lowest losses. For some configurations, 
loss participation of each component is shown in Figure 4.  

 

 
Figure 4: Loss Participation to the overall system losses from data in Table 
III. (CS =Converter Station). 

Converter stations are responsible for the highest share of 
the overall system losses; participation of the cable increases 
with lengths. 

 
IV. HVDC SYSTEM WITH VOLTAGE SOURCE CONVERTER 

Voltage Source Converter (VSC) devices have been 
installed in some bulk power transmission systems over long 
distances both on land and submarine all around the world. 
However, the VSC solution is comparatively new compared to 
the LCC solution, and relevant projects have been installed 
only from 1997 [9]. On the one hand, the VSC solutions is 
able to supply and absorb reactive power to the system and 
may help to support power system stability; on the other hand 
losses are higher and line to ground faults can be problematic. 
Figure 5 shows a typical layout of a HVDC VSC system. 
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Figure 5: Single-line diagram for a 600 MW wind farm using two Voltage 

Source Converter HVDC system, each converter station with a 300 MW 
rating. 

 
A. Loss calculations 

4.1.1)  Models and assumptions 

Due to space limitations, we would like to refer to [3, 6] for 
details regarding the method and model used for the loss 
calculations. 

 
4.1.2) Results 

Three different layouts are considered for a 500 MW wind 
farm and two for a 1000 MW wind farm: these configurations 
are shown in Table IV with the percent losses of each system. 

 
TABLE IV 

TRANSMISSION LOSSES FOR DIFFERENT CONVERTER STATION LAYOUTS WITH 
9 M/S OF AVERGAE WIND SPEED IN THE AREA IN % OF ANNUAL WIND FARM 

PRODUCTION 
 

Length 
Cable

350 + 
220 CS

2 x 350 
CS

500 CS 3 x 350 
CS

2 x 500 
CS

50 km 4,05 4,21 4,43 4,02 4,0893

100 km 4,43 4,58 4,87 4,52 4,5597

150 km 4,82 4,94 5,31 5,02 5,0317

200 km 5,20 5,30 5,75 5,52 5,505

500 MW, 9 m/s 1000 MW, 9 m/s

 
 

Transmission system losses l% have been calculated with 
(1). The grey cells in Table IV, represent the configuration 
with the lowest losses.. For some configurations, participation 
of each component in the system losses of the system is shown 
in Figure 6. It can be seen that converter stations contribute 
most to the overall system losses; participation of the cable 
increases with lengths. 
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Figure 6. Loss Participation to the overall system from data in Table IV, VSC 
system. (CS = Converter Station). 

 
V. COMPARISON OF DIFFERENT SOLUTIONS 

From results in sections II, III and IV, the AC solution 
provides the lowest losses for a distance of 50 km from shore, 
while for 100, 150 and 200 km from the shore the HVDC 
LCC solution has lowest transmission losses, see also Table V 
and Table VI. In the tables, ‘Config’ stands for the rated power 
and the voltage level (between breakers) for the HVAC system 
and the rated power of the converter station for the two HVDC 
solutions and ‘Nr Cables’ the number of cable requires for the 
transmission. 

 
TABLE V 

LOSS COMPARISON FOR 500 MW WIND FARM AT 9 M/S AVERAGE WIND SPEED 
IN THE AREA (CS = CONVERTER STATION). 

 

HVAC HVDC LCC HVDC VSC

Config 500 MW (400 kV) 600 MW CS (350 + 220) MW CS

Nr Cables 1 1 4

at 50 km 1,13 1,75 4,05

at 100 km 2,54 1,87 4,43

Config 500 MW (400 kV) 600 MW CS (350 + 220) MW CS

Nr Cables 1 1 4

at 150 km 4,98 1,99 4,82

Config 500 MW (220 kV) 600 MW CS (350 + 220) MW CS

Nr Cables 2 1 4

at 200 km 7,76 2,11 5,20

500 MW

 
 
 

TABLE VI 
LOSS COMPARISON FOR 1000 MW WIND FARM AT 9 M/S AVERAGE WIND SPEED 

IN THE AREA (CS = CONVERTER STATION). 
 

HVAC HVDC LCC HVDC VSC

Config. 1000 MW (400 kV) 440 + 600 MW CS 3 x 350 MW CS

Nr Cables 2 2 6

at 50 km 1,14 1,60 4,02

at 100 km 2,32 1,77 4,52

Config. 1000 MW (400 kV) 2 x 600 MW CS 3 x 350 MW CS

Nr Cables 2 2 6

at 150 km 4,30 1,91 5,02

Config. 1000 MW (220 kV) 2 x 600 MW CS 2 x 500 MW CS

Nr Cables 4 2 4

at 200 km 7,58 2,04 5,51

1000 MW

 
 
In some cases it might be beneficial to combine different 

transmission solutions in order to obtain a wider overview of 
possible solution and to improve some features of the system 
(reliability, stability, etc.). For example, a HVDC VSC 
transmission system, might be useful to improve the stability 
of the system as it can control the generation and absorption of 
reactive power in the system. 

The losses for different combinations are presented in 
Table VII and Table VIII: in row ‘Config’ the rated power of 
the relative transmission system is given (in brackets: the 
voltage level of the HVAC system), in ‘Nr Cables’ the number 
of cables necessary for each transmission system and ‘at x km’ 
system losses are shown. In the tables, symbol ‘+’ divides the 
kind of system used for the transmission. 

 
TABLE VII 

COMPARISON OF COMBINED TRANSMISSION SOLUTIONS LOSSES FOR A 500 
MW WIND FARM AT 9 M/S AVERAGE WIND SPEED 

 

Config.
280 MW (400 
kV) + 220 MW

150 MW (220 
kV) + 350 MW

200 MW (220 
kV) + 300 MW

60 MW (220 kV) 
+ 440 MW

300 MW + 
220 MW

250 MW + 
350 MW

Nr Cables 1 + 2 1 + 2 1 + 1 1 + 1 1+ 2 1 + 2

at 50 km 2,02 3,11 1,54 1,70 2,61 2,86

Config.
280 MW (400 
kV) + 220 MW

150 MW (220 
kV) + 350 MW

370 MW  (400 
kV) + 130 MW

250 MW (400 kV) 
+ 250 MW

300 MW + 
220 MW

250 MW + 
350 MW

Nr Cables 1 + 2 1 + 2 1 + 1 1 + 1 1+ 2 1 + 2

at 100 km 3,21 3,94 2,57 2,55 2,89 3,22

Config.
280 MW (220 
kV) + 220 MW

150 MW (132 
kV) + 350 MW

370 MW  (220 
kV) + 130 MW

250 MW (132 kV) 
+ 250 MW

300 MW + 
220 MW

250 MW + 
350 MW

Nr Cables 1 + 2 1 + 2 2 + 1 2 + 1 1+ 2 1 + 2

at 200 km 6,88 6,98 6,89 6,55 3,46 3,93

500 MW

AC + VSC AC+ LCC LCC + VSC

 
It can be seen that the combination of two different 

transmission systems never improves the system losses 
compared to configurations with a single transmission system. 
However, system losses of the system with highest losses 
decrease with the combination with another system.  
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TABLE VIII 
COMPARISON OF COMBINED TRANSMISSION SOLUTIONS LOSSES FOR A 1000 

MW WIND FARM AT 9 M/S AVERAGE WIND SPEED 
 

AC + VSC

Config.
200 MW (220 kV) 

+ 800 MW
200 MW  (400 
kV) + 800 MW

300  MW (400 kV) 
+ 700 MW

500  MW + 500 
MW

250 MW + 800 
MW

Nr Cables 1 + 4 1 + 2 1 + 2 1 + 4 1 + 6

at 50 km 3,20 1,44 1,31 2,46 3,18

Config.
500 MW (400 kV) 

+ 500 MW
800  MW (400 
kV) + 250 MW

900 MW (400 kV) 
+ 130 MW

500 MW + 500 
MW

250 MW + 800 
MW

Nr Cables 2 + 4 1 + 1 2 + 1 1 + 4 1 + 6

at 100 km 3,02 2,56 2,32 2,70 3,58

Config.
500 MW (220 kV) 

+ 500 MW
800  MW (220 
kV) + 250 MW

900 MW (220 kV) 
+ 130 MW

500 MW + 500 
MW

250 MW + 800 
MW

Nr Cables 2 + 4 3 + 1 4 + 1 1 + 4 1 + 6

at 200 km 6,66 6,68 7,18 3,16 3,93

1000 MW

AC+ LCC LCC + VSC

 
 

Part 2: Reliability  
 
VI. ENERGY UNAVAILABILITY OF TRANSMISSION SYSTEMS 

Failures are common phenomena in electric power systems. 
In order to investigate the contribution of failures on the 
economic performance of the transmission systems the term 
energy unavailability is introduced. The energy unavailability 
is defined as the percentage of energy produced by the wind 
farm that cannot be transmitted as a result of failures (forced 
outages) in the transmission system. Maintenance (scheduled 
outages) is another factor that contributed to the energy 
unavailability. It is assumed though that maintenance takes 
place during periods with low wind speeds and thus its 
contribution to the unavailability of the system is minimal.  

In the following the general method for the calculation of 
unavailability is briefly explained, using an HVDC LCC 
transmission system. 

 
A. HVDC LCC transmission systems unavailability 

In order to calculate the energy availability failures, data 
concerning the components of HVDC LCC systems had to be 
collected and analyzed. The major source for these data was 
the CIGRE reliability reports [10, 11, 12, 13]. In these reports 
the data on forced outages are classified into six major 
categories: 

 
- AC and auxiliary equipment (AC-E); 
- Valves (V); 
- Control and protection (C&P); 
- DC equipment (DC-E); 
- Other (O); 
- Transmission line or cable (TLC); 

 
Only data from systems that had technological similarities 

to the ones used in this study were included in the analysis. 

The extracted probabilities that the above mentioned 
components will not be operating in a given period of time are 
presented in Table IX. 

TABLE IX 
PROBABILITIES OF NOT OPERATING FOR COMPONENTS OF HVDC LCC 

TRANSMISSION SYSTEMS  
 

 
 
The data presented in Table IX refer to both transmitting 

and receiving substations. 
 

6.1.1) Method for calculating the energy unavailability 

In Figure 7 the basic configuration of a HVDC LCC 
transmission system connected to a wind farm is presented.  

 

 
Figure 7: Basic configuration of a HVDC LCC transmission line from an 
offshore wind farm. 

 
Based on the component categories given in Table IX, an 

example of the calculation of the energy availability of a 
HVDC LCC system that consists of two parallel poles will be 
given. The schematic representation of such a system for the 
use of the energy unavailability study is shown in Figure 8. 
The two parallel poles use common AC filters. 

 

 
 

Figure 8: Schematic representation of a bipole HVDC LCC system for 
availability study. (AC-E: AC auxiliary equipment, CT: Converter 
transformer, V: Valves, DC-E: DC equipment, C&P: Control and 
Protection, O: Other, Cable: Submarine cable) 
 
In the system described in Figure 8, the wind farm has a 

total rated power of P (MW) and an average output power of 
PAVG (MW). Pole 1 is rated at P1 (MW) and pole to at P2 
(MW). It can be assumed that: 
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1 2P P P+ ≥                                                 (2) 

If the state in which the converter transformer (CT) is not 
operating is named OCT, then the probability of this state, 
according to Table III is: 

 F(OCT)=0.009251                                        (3)    

In the same way, states OAC-E, OV, ODC-E, OC&P, OCable, Oo, 
are introduced for the AC auxiliary equipment, valves, DC 
equipment, protection and control, cable and other 
respectively. In order to calculate the energy unavailability 
two major assumptions are made: 

 
- States in which failures occur in serial connected 

components are disjoint, meaning that if one fault 
occurs in one component, none of the others are 
operating thus no fault can occur to them; 

- States in which failures occur to parallel lines are 
independent of each other; 

 
 The probability that the first pole will not be operating due 

to a fault on its components (common AC-E not included) is 
given by: 

1 &( ) ( )P Trans Valves DC E C P O CableF O F O O O O O O−= ∪ ∪ ∪ ∪ ∪  
(4) 

 
According to the first assumption, equation (4) can be 

rewritten as:   

1 &( ) ( ) ( ) ( ) ( ) ( ) ( )P Trans Valves DC E C P O CableF O F O F O F O F O F O F O−= + + + + +
 (5) 

 
Equation (5) can describe also the probability of failure in 

the second parallel pole.  Since it is assumed that states in the 
parallel poles are independent, the probability of having a fault 
in both parallel poles is given by: 

1& 2 1 2( ) ( )P P P PF O F O O= ∩                                             (6) 
or 

1& 2 1 2( ) ( ) ( )P P P PF O F O F O= ⋅                                             (7) 
 

The two parallel poles can be found operating in four 
different modes: 

 
- Pole 1 “ON”, Pole 2 “ON” 
- Pole 1 “ON”, Pole 2 “OFF” 
- Pole 1 “OFF”, Pole 2 “ON” 
- Pole 1 “OFF”, Pole 2 “OFF” 

 
Each mode has a specific probability of occurring and a 

different power transmission capability.  Table X summarizes 

these operation modes, together with their probabilities of 
occurring and their total transmission capabilities: 

 
TABLE X 

OPERATION MODES AND THEIR PROBABILITIES OF THE PARALLEL HVDC LCC 
SYSTEM  

 

 
 
If the transmission system is operated for a period of time 

T, then according to Table X the system will be found 
operating in:  

 
- mode 1 for time: 

mod 1 1 2[1 ( )] [1 ( )]e P PT F O F O T= − ⋅ − ⋅                     (8) 

- mode 2 for time: 

mod 2 1 2[1 ( )] ( )e P PT F O F O T= − ⋅ ⋅                             (9) 

- mode 3 for time: 

mod 3 1 2( ) [1 ( )]e P PT F O F O T= ⋅ − ⋅                               (10) 

- mode 4 for time: 

mod 4 1 2( ) ( )e P PT F O F O T= ⋅ ⋅                                       (11) 

As mentioned before the energy unavailability is defined as 
the percentage of energy produced by the windfarm that 
cannot be transmitted due to forced outages. The next equation 
describes this definition mathematically for the case of the two 
parallel poles without the common AC filters: 

 

1&2 100%pole
Energy not transmittedUn

Energy that could have been transmitted
= ⋅

(12) 
 

In order for the non-transmitted energy to be calculated 
the four modes have to be studied separately: 

 
- During mode 1: All of the produced power is being 

transmitted (according to equation 2). So: 
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_ _ mod 1 0non tr eP =  MW                               (13) 

 
- During mode 4: None of the Pavg MW produced by the 

wind farm are being transmitted. So: 

_ _ mod 4non tr e avgP P=   MW                       (14) 

where Pavg is the average power produced by the wind 
farm. 

- During mode 2: For power production up to P1 MW all of 
the produced power is being transmitted. If it is assumed 
that the produced power is y MW, where y is greater than 
P1, then the non-transmitted power will be (y-P1) MW. 
According to the Rayleigh distribution and the aggregated 
model of the wind farm (see figures 1 and 3), there is a 
very specific probability that y MW will be produced by 
the wind farm. This probability is named F(y). So if the 
transmission system operated continuously in this mode, 
the average value of the non-transmitted power would be: 
  

_ _ mod 2 1
1

( ) ( )
P

non tr e
P

P y P F y dy= −∫ MW                  (15) 

 
where P is the maximum power that the wind farm can 
produce.  

- During mode 3: Similarly to mode 2, the non-transmitted 
power is: 

 

_ _ mod 3 2
2

( ) ( )
P

non tr e
P

P y P F y dy= −∫  MW              (16) 

 
Equation (12) can now be rewritten as: 
 

1&2 _ _ mod 1 mod 1 _ _ mod 2 mod 2

_ _ mod 3 mod 3 _ _ mod 4 mod 4

1 (

) 100%

pole non tr e e non tr e e
AVG

non tr e e non tr e e

Un P T P T
P T
P T P T

= ⋅ + ⋅
⋅

+ ⋅ + ⋅ ⋅

 

(17) 
 
All the inputs in equation (17) have been defined. In order 

to calculate the energy unavailability for the entire system the 
unavailability of the AC auxiliary equipment (AC-E) is added. 
For the common AC auxiliary equipment the unavailability is: 

 
( ) 100% ( ) 100%Ac E AVG

AC E Ac E
AVG

F O T PU n F O
P T
−

− −

⋅ ⋅
= ⋅ = ⋅

⋅
 

(18) 
  
For the entire system the energy unavailability is: 
 

1&2total pole AC EUn Un Un −= +                                       (19) 

 

6.1.2) HVDC LCC transmission systems energy unavailability 
results 

The energy unavailability results for the HVDC LCC 
transmission systems described before are presented in Table 
XI. It has to be mentioned that for the calculation of the energy 
unavailability of the transmission systems the losses are not 
considered and the availability of the wind farm is assumed to 
be 100%.   

TABLE XI 
ENERGY UNAVAILABILITY AS A PERCENTAGE OF AVERAGE  PRODUCED 

ENERGY FOR HVDC LCC TRANSMISSION SYSTEMS. 
 

 
 
From the results shown in Table XI it can be seen that the 

energy availability is increased when the transmission system 
utilizes parallel poles. Increasing the rated power of the 
parallel poles improves even more the availability of the 
system. 

 
B. HVDC VSC transmission systems unavailability 

Unlike HVDC LCC systems, where statistical data 
concerning failures and reliability have been collected and 
analyzed for years, no similar data exists for the HVDC VSC 
technology. In order to evaluate the energy availability of 
HVDC VSC transmission systems many assumptions have to 
be made to be able to use already existing data, e.g. the HVDC 
VSC configuration is simplified (see Figure 8) for the 
evaluation. 

 

 
F 
Figure 8: Basic configuration of a HVDC VSC transmission line from an 
offshore wind farm. 

 
Than it is possible to use existing data from various 

sources, e.g. the “Canadian Electricity Association” report on 
forced outages performance of transmission equipment [14]. 
As for the VSC units, data for static compensators could be 
used in order to calculate the availability. STATCOMs 
provide the closest solution because of the technological 
similarities that they have with VSCs. 
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Another problem encountered is the lack of data concerning 
submarine DC cables with polymeric insulation that are used 
for HVDC VSC transmission systems. For this reason the 
unavailability of submarine DC cables with mass impregnated 
insulation, similar to HVDC LCC systems, could be used.  

 
6.2.1) HVAC energy unavailability: results 

Even so we have calculated the energy unavailability 
results for the HVDC VSC transmission systems using the 
above described simplifications, we do not like to present the 
results in this paper because we cannot give very good 
indications about the quality of the results at this stage. 
Interested parties are welcome to get in contact with us to 
discuss the approach and the results in more detail. 

 
C. HVAC transmission systems unavailability 

For the energy unavailability study of HVAC transmission 
systems the general model of Figure 9 is used. 
 

 
 
Fig. 9. Simplified model used for the evaluation of HVAC transmission 
systems energy availability. A: circuit breaker (33 kV), B: offshore 
transformer (33kV/transmission voltage), C: Shunt reactor, D: circuit breaker 
(transmission voltage), E: Onshore transformer (transmission voltage 
/400kV), F: circuit breaker (400kV), G: three core XLPE cable (transmission 
voltage). 
 

In case the transmission voltage is 400 kV the onshore 
transformer is not required. The data concerning the 
availability of HVAC transmission systems were derived from 
[14] with the exception of XLPE cables. Since no data were 
available on availability of submarine XLPE cables, the value 
used in the case of HVDC LCC cables is used once again, for 
all HVAC voltage levels. Table XII summarizes the 
probabilities that the individual components of an HVAC will 
not operate in a given time period. 
 

6.3.1) HVDC LCC transmission systems energy unavailability 
results 

Following the same method as in HVDC systems, the 
energy unavailability for the proposed HVAC systems is 
derived. The energy unavailability results are presented in 
Table XIII. Unlike HVDC systems where the energy 
unavailability kept increasing with distance, in some cases of 
HVAC systems the unavailability decreases during the 

transition to a longer transmission distance. This can explained 
by the fact that the number of cables in the HVAC solutions 
varies with distance. 

TABLE  XII 
PROBABILITIES OF NOT OPERATING FOR COMPONENTS OF HVAC 

TRANSMISSION SYSTEMS 
 

 
  

TABLE  XIII 
ENERGY UNAVAILABILITY AS A PERCENTAGE OF  PRODUCED ENERGY FOR 

HVAC TRANSMISSION SYSTEMS. 
 

 
 

VII. INVESTMENT COST 

The final parameter that has to be considered for the 
evaluation of the energy transmission cost is the investment 
that is required for the installation of each transmission 
system. The costs for the components that are in included in 
each transmission system are presented with respect to the 
transmission technology that they implement. Details 
concerning the cost models used and the assumptions made 
can be found in [15].  

 
A. HVAC cost of components and total investment cost 

The cost of the components of the HVAC transmission 
systems, with the characteristics described by Todorovic [3] 
(see also [4]) are presented in Table XIV and XV.  

TABLE  XIV 
COST OF COMPONENTS USED IN HVAC TRANSMISSION SYSTEMS. 
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TABLE  XV 
TOTAL INVESTMENT COST FOR THE PROPOSED HVAC SOLUTIONS. 

 
 

B. HVDC LCC cost of components and total investment 
cost 

The cost of the components of HVDC LCC transmission 
systems with the characteristics suggested by Barberis Negra 
[6] are presented in Table XVI. 

 
TABLE  XVI 

COST OF COMPONENTS USED IN HVDC LCC TRANSMISSION SYSTEMS. 

 
 
According to these component costs the total investment 

cost for the proposed HVDC LCC transmission systems are 
the ones given in Table XVII. 

 
TABLE  XVII 

TOTAL INVESTMENT COST FOR THE PROPOSED HVDC LCC SOLUTIONS. 

  
 

C. HVDC VSC cost of components and total investment 
cost 

The cost of the components of HVDC LCC transmission 
systems with the characteristics suggested by Barberis Negra 
[6] are presented in Table XVIII. According to these 
component costs the total investment cost for the proposed 
HVDC LCC transmission systems are the ones given in Table 
XIX. 

TABLE  XVIII 
COST OF COMPONENTS USED IN HVDC VSC TRANSMISSION SYSTEMS. 

 
 

 

TABLE  XIX 
TOTAL INVESTMENT COST FOR THE PROPOSED HVDC VSC SOLUTIONS. 

 
 

VIII. DISCUSSION OF RESULTS 

Using the result of the transmission losses, energy 
unavailability and investment cost the total transmission cost 
of energy for the different transmission system technologies 
can be calculated. The overall results show that for large 
offshore wind farms (≥ 500 MW) and a distance of up to about 
55 km, the HVAC transmission technology leads to the lowest 
energy transmission cost of all three transmission 
technologies.  

For longer distances, our results so far indicate slight cost 
advantages for the HVDC LCC solution compared to the 
HVDC VSC solution, however, this is mainly influenced by 
the results of our reliability calculations. As the reliability 
calculations for the HVDC VSC solution is based on many 
assumptions, we like to emphasis that more data about the 
reliability of HVDC VSC solutions is needed before final 
evaluation can be performed.  

Furthermore, it must be noted that our costs evaluation 
neither considers the costs for the offshore platforms nor for a 
possible onshore grid upgrade. For HVDC VSC systems the 
offshore platforms would be smaller than the one used in LCC 
solutions but larger than the platforms used in HVAC systems. 
The cost impact influenced by the size of the offshore 
platform will depend on the water depth. Including the cost for 
a possible grid upgrade would aggravate mostly HVAC and 
HVDC LCC transmission systems since these systems do not 
present independent active and reactive power control while 
this feature is available in HVDC VSC systems.  

 
IX. CONCLUSIONS 

Interest on large offshore wind farms has increased in the 
last years and many studies are under development. Design 
and specification of the transmission system to shore is of the 
critical parts for the development of very large (>>200 MW) 
offshore wind farms. 

In this paper an attempt for an evaluation of the three 
different transmission technologies (HVAC, HVDC LCC and 
HVDC VSC) has been carried out. The several systems were 
configured in order to transmit power from a 500 MW and 
1000 MW offshore wind farm respectively. The wind average 
speed was considered to be 9 m/sec. Besides the power losses 
the investment cost, the energy availability of the transmission 
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system was also considered as a parameter for the evaluation 
of the energy transmission cost.  

The overall results show that for a distance of up to about 
55 km, the HVAC transmission technology leads to the lowest 
energy transmission cost of all three transmission 
technologies. For longer distances, our results so far indicate 
slight cost advantages for the HVDC LCC solution compared 
to the HVDC VSC solution; however, this is mainly 
influenced by the assumptions in our reliability calculations.  

To be able to do a more precise evaluation of HVDC LCC 
and HVDC VSC technology, we need more data particular 
about the reliability of HVDC VSC technology. We particular 
like to encourage the operator of HVDC VSC technology to 
publish the relevant reliability data. 
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