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Abstract

The diffusion of offshore wind power plants (OWPPs), useful to fulfil renewable diffusion
policy targets, implies several technological challenges for integration in power trans-
mission network. The definition of the OWPP connection to the transmission network
affects possible exploitation of the assets, involves an evaluation of active power losses
and loadability and points out the need for compensation devices, in order to comply with
connection rules fixed by the grid operator. This paper proposes a methodology to deter-
mine the most suitable electric connection for an OWPP based on high-voltage alternating
current (HVAC) cables, for providing indications for transmission system operators. In
particular, different HVAC connection schemes for OWPPs are analysed, focusing on new
66 kV standard voltage and high-voltage levels, providing technical insight on transmission
cable optimal operation conditions. An economic analysis is carried out by proper estima-
tion of construction costs and production forecast, accounting for active power losses and
reliability impact. The most suitable connection solution depending on OWPP size and dis-
tance in Italian framework is evaluated by means of synthetic techno-economic indicators,
further analysing possible sensitivities of energy price and capacity factor.

1 INTRODUCTION

Renewable energy sources (RES) targets in Europe, such as
the “Green Deal” [1], require their massive installation for the
decarbonisation process with challenging objectives for 2030
and 2050. Offshore wind (OW) is one of the most promis-
ing technologies in terms of fulfilling these climate and energy
targets, thanks to the technological progresses in floating deep-
water solutions, their high power density and yearly generation
hours as well as low environmental footprint [2, 3]. However,
the connection of OW power plants (OWPPs) to electricity
transmission networks requires a techno-economic assessment
to identify their lifetime economic viability and impact on
system operation.

There are three primary methodologies in the literature for
the techno-economic analysis of OWPPs: optimisation-based

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
© 2024 The Author(s). IET Generation, Transmission & Distribution published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

[4–7], scenario-based [8, 9, 10–12], and levelised cost of energy
(LCOE) evaluation [13–16]. Optimisation-based techniques are
more focused on technical aspects, utilising comprehensive
wind farm models to obtain the optimal internal configura-
tion. LCOE evaluation, on the other hand, emphasises the
economic viewpoint embedding detailed cost factors, to deter-
mine the minimum cost to produce energy in the whole lifetime.
The scenario-based analysis consists in a trade-off between the
previous approaches, analysing several OWPP configurations
and/or operating conditions to determine the most profitable
solution.

The capital (CAPEX), operation (OPEX) and decom-
missioning expenditures (DECEX) are the main economic
components of interest, and several factors should be taken into
account for their assessment. Each of them is affected by size,
technology, location, and distance from shore, bathymetry and
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FIGURE 1 Summary breakdown of life cycle costs of an offshore wind
farm. CAPEX, capital expenditures; OPEX, operation expenditures; DECEX,
decommissioning expenditures; O&M, operation and management.

metocean conditions. Based on [15], an overview of the total
cost components according to the occurrence in the project
timeline can be seen in Figure 1.

In literature the main CAPEX items are turbines, founda-
tions, substations and cables, and the other factors taken into
account depend on the applied approach. For the scenario
analysis, the authors of [8] compared the CAPEX of OWPP
solutions based on high-voltage alternating current (HVAC) and
high-voltage direct current (HVDC) taking feeders, gas insu-
lated switchgear (GIS) and foundation as common costs, and
cable, shunt elements, transformers and converter as specific
costs depending on the technology. A similar comparison is
developed in [9] where the wind turbine costs are modelled as
well, and a further configuration for optimal frequency regula-
tion is evaluated considering converter costs. In [11] a detailed
financial model is proposed, considering transport, port, vessel
and installation strategy costs for turbine, foundations, sub-
station inter-array and export cables, and balance of plant
installation. On the contrary, the location influence on floating
OWPP CAPEX is analysed in [12]. In [17] a hybrid optimisation
and scenario analysis is proposed to define the optimal number
of shunt elements, and their location, minimising the total cost
and considering several distances from shore and OWPP sizes.

The financial perspective has the main attention in LCOE
evaluation, where development, production, transportation,
installation and decommissioning costs of the OWPP are
further CAPEX items [13–15].

OPEX are commonly related to energy losses and mainte-
nance. System losses are assessed in several ways depending on
the study focus, namely the power plant side [7], the connection
side [8, 17], or both [4, 5, 9, 11, 13–15]. The simplest method
to estimate the power losses is the definition of a percentage
of the yearly gross power produced supposed equal to 1% [14],
2% [11], 3% [15], or 3.6% as proposed by National Renewable
Energy Laboratory (NREL) in [18]. Other works use a square

function of the current to assess the power losses [4, 5, 7, 9,
13], whereas few papers employ the full alternating current (AC)
load flow equations [8, 17].

Since component outages can have a significant influence
on energy production, reliability is a key factor for OPEX
evaluation. Expected energy not served (EENS) is a common
economic factor to evaluate the system reliability when outages
occur. It is estimated in different works, for example in [8] using
cable, GIS, transformer, and converter failure rates, in [5] util-
ising wind turbines and cables recovery times and failure rates
to calculate the probability of failure, in [9] through the prob-
ability of a component failure obtained from the mean time to
repair and the failure rate. Maintenance costs are often treated as
a single cost factor, as preventive, corrective, or proactive main-
tenance [9, 11], or as a function of time and costs of restoration
factors [15, 19].

A key topic in literature is the evaluation of the most suit-
able transmission solution to connect the OWPP. A comparison
between HVAC and HVDC solutions for several distances from
the shore and employed cables is assessed in [8], furthermore in
[9] a middle-point reactive power compensation platform for
HVAC is found to be beneficial. In [10] the location of the
floating OWPP impact on the installation costs is assessed in
several scenarios considering different floating wind structures.
A sensitivity analysis is carried out in [13] to determine the most
impactful factors on LCOE for three floating OWPP concepts,
resulting as manufacturing costs, discount rate, power cables,
DECEX and metocean conditions. These results are in line with
the NREL findings on LCOE sensitivity analysis [18]. For inter-
array cables, the impact of the 66 kV voltage level on LCOE
involving a model of power losses and unavailability is assessed
in [20]. Stochasticity analyses are evaluated in [11] accounting
for weather forecast, whereas in [14] several economic and tech-
nical factors are assumed as stochastic variables. However, the
uncertainty in these parameters (such as capacity factors, elec-
tricity prices, or changes in support policies) is Knightian, not
probabilistic, which makes the stochastic approach less useful
[21].

Only some works include the impact of OWPP on the trans-
mission system that could affect the operation. For instance, in
[8] the export cable loadability is assessed in relation to the reac-
tive power of the OWPP, involving a cable switching technique
to reduce losses when the OWPP production is lower than 50%
of the rated power. Reactive power compensation is treated in
[17], in order to limit the operating voltage within the defined
limits, and it is assessed with optimal frequency control analyses
in [9]. Instead, the transmission system investment to increase
the OWPP penetration is evaluated in [6].

In the Italian framework, a huge increase in OW connection
applications has been registered by Terna, the Italian transmis-
sion system operator (TSO) in the last 3 years: from ≈4.5 GW
at the end of 2020 to ≈89 GW at the end of September 2023 as
in Figure 2. In fact, the technological progress reached by float-
ing solutions and dynamic cables (components already available
on the market), speeded up producers’ investment interest in
the Mediterranean Sea, previously out of the market because of
seabed bathymetry constraints [22]. Over 80% of the OWPPs
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FIGURE 2 Evolution of offshore wind power plants connection
applications in Italy per zone.

connection initiatives is concentrated in the South of the coun-
try and in the main Islands, due to the higher expected capacity
factors.

These requests significantly differ from the overall target and
distribution defined in the policy scenario [23], adopted for
planning studies in the long-term (2030 horizon) and in the very
long term (2040 horizon), achieving the ambitious goals estab-
lished at the European level. This phenomenon adds further
complexities to the OWPP integration into the Italian power
system [24] since the South and the main Islands are histor-
ically characterised by the lack of robust meshed extra-high
voltage (EHV) transmission network requiring relevant grid
reinforcements for the connection of large OWPPs in secu-
rity conditions. Moreover, detailed studies must be performed
in order to evaluate voltage and reactive regulation require-
ments at the transmission connection substation as defined in
the National Network Code [25]. Lastly, appropriate connec-
tion schemes are crucial to reduce the risk of relevant power
injection losses. In particular, the most suitable connection solu-
tions defined by the Italian TSO after a wider technological
survey are extensively described in [24, 26]: considering the
floating and dynamic solutions for cables and substations avail-
able and/or soon to be available on the market [22], the two
most feasible connection options involve the HVAC technology
with or without an offshore transformer substation. In partic-
ular, accounting for the typical distances from shore (less than
100 km) and power sizes (less than 1 GW) of the initiatives,
transmission solutions based on HVDC and low-frequency
HVAC are less attractive, as shown in [9, 17, 27], and currently
unavailable on the market [22].

The aim of this paper, taking the cue from [28], is to pro-
pose a method to perform a technical-economical assessment

of a set of suitable connection schemes adopted by the Italian
TSO using 66/150/230 kV HVAC cables to connect OWPP
initiatives with different common sizes, in order to give indi-
cations to the TSO about the more indicated solution to be
required to OWPP owner. In particular, the main contributions
are:

∙ The determination of electrical parameters of different
submarine HVAC cables via FEM analysis;

∙ The evaluation of cables’ active and reactive capabilities as
a function of the length, obtained by optimal transmission
relations and enforcing the maximum allowable voltage drop,
to characterise the exploitable cable assets in the connection
schemes;

∙ The active power losses calculation as a function of the length
of the link using site-specific wind speeds for the expected
production and complete load flow analysis of the OWPP
electric transmission scheme up to the transmission network
connection point;

∙ The definition of a cost estimation model able to include the
valorisation of active power losses, unavailability aspects and
O&M costs for the entire HVAC equipment;

∙ The determination of synthetic economic indicators for
offshore transmission system cost impact;

∙ The evaluation of different transmission schemes com-
pared for different OWPPs size and distance, basing cost-
effectiveness assessment on the economic indicator and
evaluating steady-state technical impacts, tested on sensitivity
analysis as well.

2 METHODOLOGY

The methodology proposed in this paper is illustrated in
Figure 3. It aims at determining the most suitable connec-
tion mode for an OWPP based on HVAC cables, accounting
for technical aspects of power transmission and for economic
effectiveness of electric connection considering investment and
operation. This is made according to the Developer Build Model
[29], where the OWPP owner is in charge of all the electrical
infrastructure between the OWPP and the onshore connec-
tion node to the transmission system. This is used to derive
evaluation elements for the TSO for assessing applicable con-
figurations depending on the voltage level of the OWPP system
and to determine the relevant connection requirements to be
asked to OWPP owner. Each phase of the workflow is then
detailed in the subsections below.

2.1 Submarine cables parameters and
operating limits evaluation

Starting from the geometrical characteristics of various AC sub-
marine cables with extruded insulation provided in [30], the
ampacity is determined via finite element method (FEM) sim-
ulation. The electrical resistivity of materials and dielectric loss
factor are derived from [31, 32] and the thermal resistivity of all
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FIGURE 3 Workflow of the adopted methodology. AC, alternating
current; FEM, finite element method; OWPP, offshore wind power plant.

materials is obtained from [33]. The total AC resistance at the
rated current is obtained, which are in line with [34].

Once the electrical parameters of the export cables are cal-
culated (i.e. per unit length values of resistance r , reactance x,
conductance g and capacitance c), the optimal loading condition
can be obtained by solving the following system of equations
[35, 36] expressing the voltage and current of the sending node
(subscript “s”) as a function of the ones at receiving node
(subscript “r”):

⎧⎪⎪⎨⎪⎪⎩

Es = cosh
(√

k̄l
)
⋅ Er + Z0 ⋅ sinh

(√
k̄l
)
⋅ Ir

Is =
1

Z0
⋅ sinh

(√
k̄l
)
⋅ Er + cosh

(√
k̄l
)
⋅ Ir

|Is| = |Ir |
(1)

where k̄ =
√

(r + jx )(g + j𝜔c ) and l are respectively the propa-
gation constant and length of the HVAC submarine cable, Z0 =√

(r + jx )∕(g + j𝜔c ) is the surge impedance, I is the phase
current vector and E is the phase-to-ground voltage vector.
In particular, the AC voltage value at the point of connection
(sending node) is kept at a nominal value while the AC voltage
at the other end of the cable (representing the collection point
of the OWPP) is imposed considering optimal cable loading.

For all cables, loadability curves and reactive power com-
pensation needed for shunt reactor sizing at both cable ends
are calculated. Losses and reactive power needs are expressed

in per-unit based on maximum active power sending capability
calculated as a function of cable length l :

Pl (l ) =
ℝ𝕖 (Es ⋅ Īs ) −ℝ𝕖 (Er ⋅ Īr )

ℝ𝕖 (Es ⋅ Īs )
(2)

Ql (l ) =
𝕀𝕞 (Es ⋅ Īs )

ℝ𝕖 (Es ⋅ Īs )
(3)

The number of cables to be installed for the considered
OWPP depends on the ratio between the installed turbine
power and the maximum transmissible power of the selected
cable considering optimal loading as reported in (1).

The reactive power variation from no-load (subscript P0) to
full load (subscript Pmax) of the selected cables determines:

∙ The impact on the point of connection (POC) voltage
variation as a function of active power transmitted.

∙ The need to install specific compensation equipment with a
different variable reactive power range.

In particular, the variation ΔQ is evaluated in (4) with respect
to the apparent power rating of the cable Sz and in (5) it is scaled
to the active power Pn (MW) of the considered OWPP in order
to provide more efficient comparison between different cables.

The voltage variation at POC from no load to full load is
estimated in (6) considering a conventional short circuit power
level Scc for the connection node of the HV network.

ΔQ∕ Sz =
𝕀𝕞

(
Es,Pmax ⋅ Īs,Pmax

)
− 𝕀𝕞

(
Es,P=0 ⋅ Īs,P0

)
Sz

(4)

ΔQ = Pn ⋅
𝕀𝕞

(
Es,Pmax ⋅ Īs,Pmax

)
− 𝕀𝕞

(
Es,P = 0 ⋅ Īs,P0

)
ℝ𝕖

(
Es,Pmax ⋅ Īs,Pmax

) (5)

ΔV =
ΔQ

Scc
(6)

2.2 Wind offshore producibility analysis

Nowadays, a unique 30 MW OWPP is installed in Italy very
close to Taranto port in Apulia and the first 250 MW floating
OWPP 35 km from the west coast of Sicily has recently achieved
the authorization.

In order to bridge the lack of statistical data about offshore
wind producibility in the greatest potential areas within the
Italian Mediterranean Sea (i.e. where OWPPs initiatives are con-
centrated) and derive accurate power losses for the purpose of
economic calculation, an academic approach has been adopted.
The Vortex FdC platform [37] has been used to collect wind
speed data series by sampling multiple geographic points on the
basis of the OWPPs initiatives’ latitude and longitude coordi-
nates provided by the producers. Starting from the sampled data
(as in Figure 4 for an OW initiative in Sicily), a proper wind tur-
bine power density curve is assumed to identify the site-specific
capacity factor C f .
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FIGURE 4 Yearly wind speed distribution for a sampled offshore wind
power plants in Sicily.

2.3 Cost estimation model

The cost estimation model is presented hereinafter. In particu-
lar, the model is dedicated to construction and operation costs
related to electric infrastructures, mainly submarine cables and
substations, assuming that the wind turbine cost represents an
invariant for the analysis, and neglecting the costs related to pre-
liminary offshore inspections, decommissioning and equipment
selling after dismission.

2.3.1 Cable costs

Based on the unit capital cost of the chosen k-th submarine
cable type uck to be exploited in the identified connection solu-
tion, for the number of cables in parallel nck to carry the OWPP
production over a given length L, the capital cost of HVAC
connection cables is straightforwardly determined as follows:

CC = L ⋅ nck ⋅ uck (7)

Calculation of cable transmission average losses PC ,loss is
made possible by injecting an hourly defined load based on site-
specific wind profile [37] into a lumped parameter model of the
cable (optimal loading is also imposed [35, 36]) within a specific
time frame:

PC ,loss =
1
N

N∑
i = 1

3 ⋅ ℝ𝕖
[(

Es,i ⋅ Īs,i

)
−
(
Er ,i ⋅ Īr ,i

)]
(8)

where N is the number of wind speed samples considered for
average calculation.

Extruded cable unavailability Uc,% is calculated considering
a failure rate of 0.038 faults per 100 kilometre per year with a
mean outage time of 2520 h [38]. Only internal fault rates are
considered since all cables analysed in this study are protected
for their entire length.

Therefore, the total operating cost due to AC power losses
Cc,loss can be evaluated as [17]:

Cc,loss = 8760 ⋅ top ⋅CE ⋅
(
PC ,loss +C f ⋅ Powpp ⋅Uc,%

)
(9)

where top is the lifetime of the offshore wind farm in years, CE

is the cost of energy in €/MWh, Powpp is the nominal power of
the offshore wind farm.

2.3.2 HVAC substation costs

HVAC substation capital cost estimation is based on formu-
lations in literature [17, 39]. The cost of power transformers
(CTR), GIS high voltage switchgear (Cgis,HV), GIS medium volt-
age switchgear (Cgis,MV), auxiliary generator (CDG) and shunt
reactors (Creact,on, Creact,off), expressed in M€, are reported
below, respectively. In solutions accounting for the presence of
offshore substation, the cost of the fixed-bottom platform (Css),
has to be accounted as well:

CTR = 0.0427 ⋅ S 0.7513
TR (10a)

Css = 2.534 + 0.0887 ⋅ Powpp (10b)

Cgis, HV = 0.0117 ⋅Un + 0.0231 (10c)

Cgis,MV = 0.00076 ⋅Un + 0.040543 (10d)

Creact,on = 0.01049 ⋅ Ql + 0.8312 (10e)

Creact,off = 0.01576 ⋅ Ql + 1.244 (10f)

CDG = 0.002069 ⋅ Powpp + 0.021242 (10g)

In (10a)–(10g), the inputs are represented by the apparent
power of MV/HV step-up transformer, STR, the OWPP nom-
inal active power, Powpp, the rated voltage Un and the nominal
reactive power of the shunt reactors Ql evaluated from the out-
put of (3). For transformers and reactors, the number of devices
to be installed is determined according to common sizes at
the individuated voltage levels (up to 250 MVA), whereas the
number of switchgears depends on the number of cables to be
exploited. Additional 4% and 25% are added, respectively for
project development costs and additional costs to actualise pre-
sented formulations at present date. Therefore, total substation
capital cost CS is determined as the sum of all the listed terms,
multiplied by their number necessary for installation.

The OSS transmission losses, due to the power transformer
and shunt reactor, auxiliary system, air-treatment, and air-
cooling units, are evaluated in PS ,l% = 0.3% of load losses
(further multiplied with the capacity factor of the installation
site) and PS ,0% = 0.2% of no-load losses yearly averaged on site-
specific power profile. In the case of 66 kV transmission, the
transformer substation is installed onshore, and the transmis-
sion losses are evaluated in 0.25% of load losses and 0.05%
of no-load losses practically matching the power transformer
losses only. For each layout a total system unavailability UOSS,%
expressed in failures per year is calculated according to [40].
Moreover, lifetime operation and maintenance (O&M) costs for
HVAC equipment shall be evaluated in 15% of the investment
cost [41].

CS ,loss = CO&M + 8760 ⋅ top ⋅CE ⋅ Powpp

× ⋅
[
PS ,0% +C f ⋅

(
PS,l% +UOSS,%

)]
(10)

 17518695, 2024, 24, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.13252 by Politecnico D

i B
ari, W

iley O
nline L

ibrary on [20/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4214 DERIU ET AL.

where C f is the installation site capacity factor and CO&M is the
total lifetime O&M costs.

2.3.3 Economic comparison

Economic comparison is classically assessed by selecting the
maximum NPV of the electric transmission system NPVT

between various transmission system solutions, for defined
OWPPs sizes and distances, expressed according to the follow-
ing formula:

NPVT = PDBE − PDCL − PDCC (11)

where PDBE is the present discount value of revenues due
to energy selling, PDCL is the present discount value of costs
due to energy losses, maintenance, and unavailability, PDCC

is the present discounted value of capital cost. These quanti-
ties are calculated as follows, actualizing costs by means of the
index method [42] determining the actualization factor AF as a
function of inflation and capital cost:

PDBE = 8760 ⋅ top ⋅CE ⋅C f ⋅ Powpp ⋅ AF (12a)

PDCL = AF ⋅
(
CS ,loss +Cc,loss

)
(12b)

PDCC =
1

top +Yc

tloan∑
i = 1−Yc

(CC +CS ) ⋅
(1 + I )i

(1 +WACC )i
(12c)

AF =

top∑
i=1

(1 + I )i

(1 +WACC )i
(12d)

where AF is the actualization factor, I is the inflation rate, CC

and CS are respectively the total cable capital costs and off-
shore/onshore substation capital costs (expected to be paid
through the entire operating lifetime of the OWPP), Yc is the
number of years for system design and construction, and tloan is
the year of extinction of the loan for construction.

In order to carry out an effective comparison among the
solutions and the different scenarios on size and distance, a syn-
thetic techno-economic indicator named “transmission system
cost impact” CTS,% is defined as follows:

CTS,% = 100 ⋅
PDCL + PDCC

PDBE
(13)

This indicator represents the actualised cost impact of the
transmission system solution expressed as a percentage of the
present discount value of revenues due to energy selling. A
lower value of the indicator means that the selected connection
solution is more efficient than others.

Another indicator is the levelised cost of transmission
(LCOT), defined in [43] for a different economic model, that
represents, in the Developer Build Model, the amount of LCOE
due to the electric transmission realization and operation. In
the proposed formulation, it is obtained as the energy cost that

TABLE 1 AC submarine cables parameters and capital costs.

Parameter

Case

1 2 3 4 5 6

Rated voltage (kV) 66 66 66 150 150 230

Cross section (mm2) 400 800 1000 630 1000 1200

Material Cu Cu Al Cu Al Cu

AC rated resistance (Ω/km) 0.074 0.048 0.055 0.056 0.058 0.054

AC reactance (Ω/km) 0.12 0.1 0.1 0.12 0.112 0.115

Capacitance (nF/km) 266 345 377 194 227 194

Conductance (µS/km) 0.083 0.108 0.118 0.061 0.071 0.061

Rated current (A) 635 840 785 775 785 840

Max. cost uck (€/m) 840 1520 860 1430 1100 1510

Min. cost uck (€/m) 690 1250 710 1170 900 1240

makes the NPV null over the operation horizon:

LCOT = C ∗
E
∋′ NPVT

(
C ∗

E

)
= 0 (14)

3 CASE STUDY AND RESULTS

3.1 Submarine cable electric features

In this study, six different AC submarine cable systems are
considered for the grid connection of OWPP, including dif-
ferent voltage levels of 66 kV, currently exploited for OWPP
inter-array cables, of 150 and 230 kV, present in the Ital-
ian power system in areas with possible OWPP development.
Starting from the structure geometry and material features, a
proper FEM analysis is carried out, to determine the electric
parameters per unit length. The laying configuration for the
ampacity calculation is done considering the following conser-
vative hypothesis: 1 m of laying depth under seabed; a sandy
soil thermal resistivity value of 0.8 m⋅K/W; a seabed temper-
ature of 25◦C; a maximum conductor temperature of 90◦C.
The proposed approach leads to the definition of the subma-
rine cable technical parameters, as reported in Table 1. In the
same table, the capital cost range of cables is provided based
on Terna experience in HVAC three-core submarine extruded
cable installations, and the average unit capital costs range (com-
prehensive of engineering, supply, marine survey, installation
and protection). It could be noted that, although resistance and
reactance value show limited variation (higher sections are used
for aluminium with respect to copper cables), deeper differ-
ences are observed for the capacitance, higher for 66-kV cables,
whereas cost is highly affected by the choice of the conductor
material.

The cable transmission losses, loadability, and utilization fac-
tors, along with the reactive power compensation requirements
and the voltage drop along the line, calculated in optimal load-
ing conditions, are illustrated in Figure 5 as a function of cable
length. Moreover, a focus on reactive power variation from no
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DERIU ET AL. 4215

FIGURE 5 Technical features of submarine cables (active power losses,
utilization factor, loadability, reactive power compensation, and voltage drop)
in optimal loading conditions as a function of the length.

FIGURE 6 Variation of reactive power need of the considered cables,
from no load to full load, as a function of the length.

load to full load on a cable length range of 25–75 km is reported
in Figure 6.

It can be noted that the 66 kV cables show the highest trans-
mission power loss profile while having the highest voltage
drop (exceeding 10% from 80–100 km roughly) and the lowest
reactive power compensation needs, observing that the reactive
power variation from no-load to full load is significant. Cases 2
and 3 show negligible differences on loadability, whereas Case 1
and Case 2 are quite close for reactive power compensation.

The other solutions, and particularly the 230 kV cables,
show a lower transmission power loss even at higher distances
while having the higher reactive power compensation needs and
the lowest reactive power variation from no-load to full load.
Moreover, lower voltage drop is observed, within 8% for 150-
kV cables and 4% for 230-kV solution observing a reduction
of voltage drop at long distances due to prevailing capacitive
effects. The two 150-kV solutions have similar behaviours for
cable losses, loadability and voltage drop up to 150 km length,
whereas reactive power compensation and utilization factor
make Case 4 more preferable.

It can be calculated that for a given cable solution, the varia-
tion range of the reactive power that needs to be compensated
(calculated considering the reactive power absorption of the line
at no-load condition in per unit of the active power transmitted),
for Cases 1, 2 and 3 (66 kV solution) shall vary in the range of
40% to 50% as a function of transmitted power. In the same
scenario, for the Case 4 and Case 5 (150 kV) it will vary in the
range of 12% to 20% while for the Case 6 (230 kV) it will vary
in the range of 8% to 12%.

Summarizing, the 66 and 150 kV cables need very flexi-
ble reactive power compensation implying the exploitation of
remarkable sizes of static/rotating continuous regulation, while
the 230 kV cables have a less variable compensation need that
can be covered with variable shunt reactors.

3.2 Connection schemes, sizes and
evaluation scenarios

The two considered connection schemes for the OWPPs are
depicted in Figure 7: the first option a) involves direct 66 kV
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4216 DERIU ET AL.

FIGURE 7 Considered offshore wind power plants connection schemes.
HV, high voltage;. POC, point of connection.

interconnection to the shore; the second option b) includes
the realization of the offshore substation with step-up transfor-
mation, and HV or EHV transmission cables connecting the
offshore substation to the onshore network. In scheme a), the
compensation of MV export cables’ reactive power is installed
onshore, whereas in scheme b) two identical shunt reactors are
placed at both ends, dimensioned for half of the total reactive
compensation of HV cable. In both cases, the reactive power
regulation needed to comply with OWPP capability at POC [25]
is entrusted to a specific device (e.g. a SVC or a STATCOM) to
be installed as close as possible to the POC, and the relevant
size depends only on OWPP size, therefore it is considered an
invariant for the proposed analysis.

OWPPs sizes of 250, 350, 500, 600 and 900 MW, are con-
sidered for the analysis. Wind profiles of various sites analysed
for South Italy show an average capacity factor of 0.37 calcu-
lated considering 2 years of measurements [37]. For each OWPP
rated power and transmission distance, a proper number of
export cables is chosen according to the loadability shown in
Figure 5 (e.g. for the Case 1, 4 to 14 cables are needed for the dif-
ferent OWPP sizes). Step-up transformers are rated for nominal
active power plus 35% of reactive power capability in compli-
ance with grid code requirements [25]. Number of incoming
strings are chosen considering 66 kV, 400 mm2 cables, ranging
from 4 strings in 250-MW size to 14 strings for 900-MW size.
The number of step-up transformers needed is: one for 250 and
350 MW, two for 500 and 600 MW, three for the 900 MW. HV
and MV switchgears are sized accordingly.

The analysis is performed considering an average WACC
of 6.25% and average cable capital costs uck for an operation
lifetime top of 30 years.

The analysis is carried out by determining the value of the
“transmission system cost impact” indicator CTS,% defined in
(13), for the five OWPP sizes individuated, in four scenarios,
characterised by the combination of two different values of
OWPP distance from shore and two values of energy cost CE

TABLE 2 Characterization of evaluation scenarios.

Scenario A B C D

Distance from shore [km] 25 25 50 50

Energy cost CE [€/MWh] 30 80 30 80

TABLE 3 Results of transmission system cost impact indicator in the
different scenarios.

OWPP size

Case 250 MW 350 MW 500 MW 600 MW 900 MW

Scenario A Case 1 13.4% 13.3% 13.3% 13.3% 13.4%

Case 2 16.9% 16.8% 16.8% 16.8% 16.9%

Case 3 11.5% 11.3% 11.4% 11.4% 11.4%

Case 4 14.9% 14.9% 15.2% 15.2% 15.5%

Case 5 13.5% 13.5% 13.7% 13.7% 14.1%

Case 6 12.2% 12.0% 12.3% 12.3% 12.7%

Scenario B Case 1 6.4% 6.4% 6.4% 6.4% 6.4%

Case 2 7.5% 7.5% 7.5% 7.5% 7.5%

Case 3 5.6% 5.5% 5.6% 5.5% 5.6%

Case 4 6.6% 6.6% 6.7% 6.7% 6.8%

Case 5 6.1% 6.1% 6.1% 6.2% 6.3%

Case 6 5.4% 5.3% 5.4% 5.4% 5.6%

Scenario C Case 1 26.1% 26.0% 26.1% 26.1% 26.2%

Case 2 33.2% 33.2% 33.2% 33.2% 33.3%

Case 3 22.1% 22.0% 22.1% 22.1% 22.2%

Case 4 22.3% 22.3% 22.5% 22.5% 22.9%

Case 5 19.4% 19.4% 19.6% 19.6% 20.0%

Case 6 17.1% 16.8% 17.1% 17.1% 17.5%

Scenario D Case 1 12.3% 12.3% 12.3% 12.3% 12.3%

Case 2 14.7% 14.6% 14.7% 14.6% 14.7%

Case 3 10.6% 10.6% 10.6% 10.6% 10.6%

Case 4 9.8% 9.8% 9.9% 9.9% 10.0%

Case 5 8.8% 8.8% 8.9% 8.9% 9.0%

Case 6 7.6% 7.5% 7.6% 7.6% 7.7%

Abbreviation: OWPP, offshore wind power plant.

representing possible conditions in the presented initiatives in
the Italian power system, as reported in Table 2.

3.3 Results, evaluations and sensitivity
analysis

The results obtained for CTS,% under the four scenarios are illus-
trated in Table 3. At a first glance, it can be noted that the values
of the impact indicator increase with the distance and decrease
when the energy cost raises.

Moreover, for the 25 km distance, the higher energy cost
leads to the choice of the 230 kV option (Case 6), although
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DERIU ET AL. 4217

FIGURE 8 Cable losses and shunt reactor sizes in the analysed cases
according to distance and offshore wind power plant size.

differences are limited, while the lower value of energy cost
makes the 66 kV solution the most efficient, particularly indi-
viduating Case 3. For a distance of 50 km, the 230 kV solution
of Case 6 is always the most efficient, independently from the
energy cost, whereas 150 kV solutions gain significance with
respect to 66 kV ones, especially for Case 5.

In fact, since the cable capital cost has a significant influence
on the overall efficiency, the aluminium conductor cables with
related lower capital costs, even with lower current rating with
respect to copper cables, lead to overall lower transmission sys-
tem cost. Finally, the 66 kV solution cannot be employed over
the distance of 80–90 km due to excessive voltage drop detected
in normal operation.

In particular, the percentage of cable losses with respect to
OWPP distance is reported in Figure 8, where it can be seen
that it ranges between 0.5% and 1.8% at 25 km and between
1.1% and 3.6% at 50 km, being higher in Case 1 and lower in
Case 6, and increasing almost linearly with distance. This value
is irrespective of the number of cables since all of them are con-
sidered optimally loaded in each case. It should be remarked
that cable availability is considered for the whole cable laying,
therefore it does not vary with the number of cables. Moreover,
in Figure 8 the size of the shunt reactor with respect to OWPP
size at 25 km distance is depicted, pointing out that 66 kV solu-
tions relative needs are between 3.5% and 5.6% of OWPP size,
whereas for Cases 4, 5 and 6 a wider variation is observed, with
higher relative values due to discrete cable number increase.

In addition, the LCOT for all cases and sizes in the two
analysed distances (25 and 50 km) is calculated, as reported in
Figure 9. It can be noted that values are similar to literature indi-
cations [43], however according to the detailed economic model
of the electric schemes, the obtained values are greatly affected

FIGURE 9 Levelised cost of transmission values for the considered cases
and offshore wind power plant sizes for shore distance of (a) 25 km and (b)
50 km.

by connection solution cases and distance from shore, whereas
the OWPP size has less influence. The convenience of Case 3 is
detected for 25 km, whereas for 50 km Case 6 shows advantage,
followed by Case 5 and Case 3.

For the assessment of OWPP impact on the transmission
network, reactive power compensation and voltage variation at
POC are analysed in Table 4 considering conventional short cir-
cuit power level Scc of a weak de-carbonised node of the Italian
Transmission Network (4500 MVA). In particular, the analysis
is carried out for the nominal power of 350 MW and 900 MW
OWPP with the solutions of Case 3 (66 kV cables) and Case 6
(230 kV cables) showing that the 66 kV solution suffers from
a higher reactive power variation as a function of transmitted
power (attaining up to 2% POC voltage variation) while the
230 kV solution has a more stable reactive power consumption
(reaching 0.78% of POC voltage variation).

Since both Cases 3 and 6 show competitiveness for a trans-
mission distance of 25 km and low energy cost, a sensitivity
analysis on economic inputs is carried out, varying the cable unit
capital cost within the individuated max–min range (see Table 1)
substation capital costs in the range of 25%–35% of overprize,
and the WACC in the range 3.5%–9%, in order to evaluate a
maximum and minimum break-even energy selling cost beyond
which Case 6 becomes the most efficient option.

This analysis is performed for all the considered OWPP sizes
and at different levels of OWPP operation lifetime top of 20 and
30 years, as summarised in Table 5. The results show that the
break-even energy cost is always higher than 30 €/MWh, mean-
ing that the reduction of cable costs implies a lower convenience
of Case 3 with respect to Case 6, and that WACC has limited
impact on this analysis. In particular, the 350 MW size shows the
highest efficiency, reaching the lower break-even cost at fixed
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4218 DERIU ET AL.

TABLE 4 Analysis of reactive power compensation and voltage variation at point of connection for a set of offshore wind power plant sizes, cases and
distances (at fixed reactive compensation).

350 MW—Case 3 (66 kV) 350 MW—Case 6 (230 kV)

L (km)

Qcomp

(MVAr)

ΔQ/Sz

(%)

ΔQ

(MVAr) ΔV (%)

Qcomp

(MVAr)

ΔQ/Sz

(%)

ΔQ

(MVAr) ΔV (%)

25 25 2.83 9.9 0.22 42.5 1.03 3.6 0.08

50 50.5 6.15 21.6 0.48 86.7 2.29 8.2 0.18

75 76.6 9.91 34.9 0.78 135 3.71 13.7 0.3

900 MW—Case 3 (66 kV) 900 MW—Case 6 (230 kV)

L (km)

Qcomp

(MVAr)

ΔQ/Sz

(%)

ΔQ

(MVAr) ΔV (%)

Qcomp

(MVAr)

ΔQ/Sz

(%)

ΔQ

(MVAr) ΔV (%)

25 64.3 2.83 25.5 0.57 109.2 1.03 9.3 0.2

50 130 6.15 55.5 1.23 223 2.29 21.1 0.46

75 197.1 9.91 89.9 2 347.4 3.71 35.4 0.78

TABLE 5 Sensitivity analysis on break-even energy cost for Case 6
convenience at 25 km, varying cost components and operational lifetime.

OWPP Size

t𝐨𝐩
[years]

CE

[€/MWh] 250 MW 350 MW 500 MW 600 MW 900 MW

20 Max 122 119 133 136 153

Min 57 57 59 72 90

30 Max 83 80 90 92 103

Min 38 38 46 48 60

Abbreviation: OWPP, offshore wind power plant.

conditions. While the minimum break-even energy cost is lower
than 80 €/MWh in almost all occurrences, the maximum can
reach 103 €/MWh with a standard 30-year lifetime, and 153
€/MWh for shorter operation, always with 900 MW size, high-
lighting that the competitiveness of OWPP in the market, and
the interest in new OWPP initiatives, implies the need of effi-
cient cable realization to mitigate investment costs to comply
with connection requirements.

These values of breakeven energy cost between the two most
promising cases can serve as the basis for the individuation of
the most expectable connection solution, to be compared to the
LCOE of the whole OWPP initiative. In fact, from the OWPP
owner perspective, the electric transmission installation investi-
gated in this paper represents a quota of the total investment—
used for LCOE—ranging between 8% and 15% according to
[44, 45]. In particular, for OWPP of analogous size, distance
and operation time, some studies [12, 13, 19] individuate LCOE
range roughly between 60 and 130 €/MWh, whereas for others
[11, 14] the LCOE could reach 200 €/MWh. In the Italian seas,
studies [15, 45, 46] report LCOE values ranging from 80 to 200
€/MWh, therefore the Case 6 solution based on 230-kV cable
could reveal preferable since currently the total LCOE is often
higher than the breakeven, although, in maximum sensitivity
conditions, the choice of Case 3 can be of interest.

A further sensitivity analysis is carried out on the influence
of capacity factor on the transmission system cost impact. In
particular, supposing variations of ± 10% around the 0.37 value
in order to represent different possible sites of installation in
Italian seas, the consequent modification of CTS,% with respect
to the values analysed in Table 3 is reported in Table 6 as aver-
age values observed for all OWPP sizes. It can be noted that
a reduction of C f implies an increase of the proposed indica-
tor, and this variation is higher when the indicator is high, both
among cases (see Case 2) and scenarios (see Scenario C), there-
fore the preference for Case 3 in Scenario A and for Case 6
in all other scenarios keeps valid. Between Scenarios A and C,
the increase of energy cost from 30 to 80 €/MWh (2.67 times
higher) implies an increase of CTS,% variation by 1.9–2 times for
Cases 1, 2, 3 and by 1.4–1.5 times for Cases 4, 5, 6. Investigat-
ing C f increase, the indicator reduces, by a lower factor with
respect to the opposite case, showing that the advantage of a
more productive site is lower than the disadvantage of a less
productive one. For both directions, the analysed OWPP sizes
imply a difference of CTS,% variation by less than 0.03%.

4 CONCLUSIONS

In this paper, a technical-economical assessment of OWPP elec-
tric connection schemes based on HVAC has been proposed in
order to individuate the most suitable solution. The method-
ology, applied to six connection solutions and realistic OWPP
sizes, shore distances and energy costs in the Italian frame-
work, has proved that high-section 66 kV aluminium cables
represent a suitable solution only for moderate OWPP size and
distance, whereas 230 kV copper cables with offshore substa-
tion have resulted preferable in all other cases. A deeper detail
on reactive power compensation has revealed that the evalua-
tions of cable performances at optimal transmission conditions
keep validity under variable power production typical of OWPP,
especially for 230kV solution, whereas for 66-kV solution the
need for more refined compensation devices has been pointed
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DERIU ET AL. 4219

TABLE 6 Average variations of transmission system cost indicator variations of offshore wind power plant capacity factor.

C f variation −10% C f variation +10%

Scenario A B C D A B C D

Case 1 1.25% 0.48% 2.47% 0.93% −1.03% −0.39% −2.02% −0.76%

Case 2 1.67% 0.64% 3.32% 1.25% −1.37% −0.52% −2.71% −1.02%

Case 3 1.06% 0.41% 2.05% 0.78% −0.86% −0.33% −1.68% −0.64%

Case 4 1.50% 0.57% 2.26% 0.86% −1.23% −0.47% −1.85% −0.70%

Case 5 1.34% 0.51% 1.94% 0.74% −1.10% −0.42% −1.58% −0.60%

Case 6 1.23% 0.47% 1.75% 0.66% −1.01% −0.39% −1.43% −0.54%

out. Moreover, a sensitivity analysis performed on economic
parameters has pointed out the influence of cable cost and oper-
ation lifetime on possible investments and the relation with
expectable LCOE, and the nonlinearity of indicator variation
with respect to capacity factor while keeping the ranking among
cases. With this approach, higher voltage levels for inter-array
cables (e.g. 132 kV studied in [47]) would become preferable
with respect to the same voltage levels for export cables with
offshore substations. The method has yielded useful indications
for the TSO about the impacts of OWPP connection solutions
on provisional network evolution, in terms of power injections
and regulation services. The methodology is independent of
the internal connection of the turbines in the OWPP, therefore
it could be flexible enough to be applied in different scenar-
ios in the OWPP evolving framework. Future extensions of
the method could involve other HVAC voltage levels and/or
HVDC solutions, and could investigate the impact of further
components, such as STATCOMs or energy storage for the pro-
vision of grid services, to be assessed and valorised along with
power system stability impact.
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