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1. Introduction

The energy sector is changing rapidly as coun-
tries aim to cut emissions and reduce their re-
liance on fossil fuels. Renewable energy has ex-
panded significantly in recent years, but achiev-
ing long term decarbonization goals will require
an even broader set of solutions, capable of ac-
cessing new resources and supporting a more
flexible and resilient energy system. This makes
the exploration of emerging technologies increas-
ingly relevant for the future energy mix.

Among these, Airborne Wind Energy (AWE)
systems offer a promising opportunity. By oper-
ating at higher altitudes, they can take advan-
tage of stronger and more persistent winds while
relying on substantially less material than con-
ventional turbines. Their lightweight structures
and operational flexibility make them an inter-
esting complement to established offshore wind
technologies and a potential pathway to further
diversify marine renewable energy.

The purpose of this thesis is to evaluate the po-
tential of AWE systems in an offshore configu-
ration. The analysis quantifies the power that
a representative AWE unit could produce over
the Italian offshore domain and assesses its eco-
nomic viability through an initial estimation of

the Levelized Cost of Energy (LCoE). The study
focuses exclusively on offshore applications, with
the aim of understanding whether AWE could
represent a feasible and competitive addition to
future offshore renewable energy portfolios.

2. Overview

The thesis is structured in two main parts.
The first part focuses on the analysis of atmo-
spheric reanalysis datasets and on the estima-
tion of the Annual Energy Production (AEP).
In this phase, two leading reanalyses, ERA5 and
CERRA, are compared in terms of their accu-
racy to represent offshore wind conditions at al-
titudes relevant for AWE systems. The com-
parison includes both a statistical assessment of
wind speed distributions and a quantification of
the resulting AEP for a single AWE unit, in or-
der to evaluate how dataset choice and operat-
ing height affect energy yield estimates over the
Italian seas.The same framework is then applied
across the entire Italian maritime domain to es-
timate the large scale producibility of national
offshore areas.

The second part of the work is dedicated to the
economic assessment, based on the calculation
of the Levelized Cost of Energy. In this con-
text, the techno-economic framework proposed



by Joshi et al. [1]| is adopted and adapted to
the specific case of Offshore Airborne Wind En-
ergy (OAWE). The cost model is extended to in-
clude offshore related components and farm as-
sumptions, such as installation, mooring, main-
tenance and grid connection at sea, allowing a
preliminary evaluation of the economic viability
of an offshore AWE project and the identifica-
tion of the main cost drivers in this environment.

3. Technical Analysis
3.1. Methodology

Scope and reference system

The methodological framework begins by defin-
ing the offshore areas included in the study and
by removing all spatial constraints that restrict
the installation of AWE systems. The analy-
sis considers the entire Italian offshore domain,
from which all incompatible zones were excluded
based on geospatial layers provided by EMOD-
net.

The removed areas include:

— Exclusive Economic Zones (EEZ) not under
Italian jurisdiction;

— Protected Areas listed in the Common
Database on Designated Areas (CDDA);

— Active oil and gas licences;

— Natura 2000 sites (Habitats and Birds Di-
rectives);

— Nationally Designated Areas.

This filtering process results in the final offshore
domain on which the wind resource analysis and
the AEP calculations are performed.

The reference AWE system, chosen for the entire
thesis, is the SkySails PN-14 [2]. It is character-
ized by a ground-generation configuration and a
soft-wing operating in crosswind flight. Its spe-
cific power curve was digitalized and integrated
into the energy model, allowing consistent esti-
mation of power output from the reanalysis wind
data. This system serves as the baseline technol-
ogy for all wind-resource assessments and AEP
calculations performed in the chapter.

Reanalysis datasets and methods

The wind resource assessment relies on two
atmospheric reanalysis products, ERA5 and
CERRA, selected for their complementary char-
acteristics and relevance to OAWE modelling.

ERA5, the global reanalysis from ECMWF,
offers hourly wind fields at approximately
31 km spatial resolution on a regular lati-
tude—longitude grid. It provides a long and tem-
porally consistent atmospheric record and in-
cludes the u—v wind components at 10 m and
100 m.

CERRA, the Copernicus European Regional Re-
analysis, provides a high resolution reconstruc-
tion of the European climate at 5.5 km spatial
resolution. By combining ERAS5 inputs with
additional observational datasets, CERRA re-
solves mesoscale atmospheric features, such as
coastal gradients and local circulations, more ac-
curately. Wind speed magnitudes are available
up to 500 m, making the dataset suitable for
assessing high altitude winds relevant to AWE
systems.

To enable a consistent comparison between the
two datasets, wind time series were extracted
over the selected offshore domain and har-
monised in space and time. Since ERA5 does
not provide wind speeds above 100 m, the power
law formulation was applied to extrapolate wind
speeds to higher altitudes:

0(z) = v(z0) (0)

where v(z) is the extrapolated wind speed at
height z, v(zp) is the known value at reference
height 2y and « is the power law exponent set
at 0.14.

Because the two datasets adopt different spa-
tial resolutions, a harmonisation step was re-
quired. For each ERA5 grid cell, all CERRA
points falling within its spatial extent were iden-
tified and averaged to obtain a single represen-
tative CERRA wvalue. This approach enables a
consistent spatial comparison despite the differ-
ing grid geometries.

The comparative methodology includes:

— Temporal analysis: computation of daily
and monthly averages to assess seasonal be-
haviour and variability patterns;

— Spatial alignment: aggregation of CERRA
points within each ERA5 cell to produce
spatially comparable wind—speed values;

— AEP comparison: estimation of the An-
nual Energy Production at selected off-
shore points, using the reference AWE



power curve as an additional, performance-
oriented comparison metric.

This workflow provides a clear and methodolog-
ically consistent comparison between ERA5 and
CERRA, forming the basis for the subsequent
AEP estimation over the entire offshore domain.

AEP modelling framework

To extend the analysis from individual points
to the entire offshore domain, a computational
grid with a resolution of 10 km x 10 km was
generated covering all suitable Italian offshore
areas. For each cell is computed a representa-
tive mean AEP value. Daily mean wind speeds
at each point are used to fit a two parameter
Weibull distribution, modelled through its prob-
ability density function:

0= () e ()]

where k is the shape parameter and a is the
scale parameter. The Weibull distribution is
then combined with the power curve of our ref-
erence system, to compute the local AEP. The
annual energy production at a given location is
evaluated as:

AEP = 8760 /OO P(v) f(v) dv,
0

with P(v) denoting the power curve of the AWE
system.

Based on the cell area and the minimum spacing
required between AWE systems, the maximum
number of units installable within each cell is
computed as:

ACe
Apwg = d2, Neen = {HJ )

AAwWE

where Aawg represents the minimum squared
area required by a single system, with tether
lenght d.

The total energy contribution of each area ele-
ment is then obtained by multiplying its repre-
sentative AEP by the corresponding number of
installable systems.

By summing the contributions of all cells, was
estimated the theoretical offshore energy poten-
tial that could be achieved, if the entire avail-
able marine domain were fully populated with
AWE systems. This provides an upper bound

assessment of the large scale energy yield that
the technology could deliver in the Italian seas.

3.2. Results

The comparison between ERA5 and CERRA
at 100 m shows strong temporal coherence off-
shore with correlation coefficients around 0.98
and small deviations in monthly averages. Dif-
ferences increase in coastal areas where CERRA
resolves local gradients produced by land-sea
interactions while ERA5 displays a smoother
evolution. At 300 m the agreement remains
high although discrepancies become more evi-
dent. ERAS5 exhibits higher values due to the
vertical extrapolation which amplifies the wind
speed, whereas CERRA provides more conser-
vative profiles that better reproduce the strat-
ification of the marine boundary layer. These
differences result in distinct AEP estimates, re-
ported in Table 1.

Table 1: Annual Energy Production per unit for
the SkySails PN-14 system in MWh/y.

I‘I(Eig;llt [III] AEP ERAS5 AEP CERRA A
100 162.88 162.10 -0.48%
300 218.24 186.88 -16.91%

Despite these differences, both datasets repro-
duce the same spatial pattern across the mar-
itime domain. The energy potential distribution
in Italian seas is shown in figure 1.

Figure 1: AEP density map - CERRA at 300 m
(2023)
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Integrating the AEP field over the entire Italian
offshore domain leads to the theoretical resource
potentials shown in Table 2.

Values at 300 m exceed those at 100 m for
both datasets, although ERA5 remains consis-



Table 2: Theoretical offshore AWE potential
over the Italian EEZ.

Dataset Height [m] Total Potential [TWh/y]

ERAS5 100 337-368
CERRA 100 358-397
ERA5 300 468-497
CERRA 300 407-450

tently higher. These estimates represent an up-
per bound of the available resource since no
downtime, availability losses or spatial severe
constraints were included. They indicate how-
ever that high altitude winds accessible to air-
borne systems constitute a resource compara-
ble in magnitude to current Italian electricity
demand. According to Terna data, Italy’s an-
nual electricity demand reached 316.5 TWh in
2022 [4], indicating that, at least from a theoret-
ical resource perspective, offshore AWE could in
principle supply the entire national demand.
The coherence across years and datasets con-
firms the robustness of the wind regime at AWE
operating altitudes. For the subsequent eco-
nomic analysis, CERRA-2024 was selected as
reference because of its higher resolution and di-
rect vertical representation produce more con-
servative and physically consistent estimates of
the offshore wind resource.

4. Economical analysis

4.1. Methodology

LCoE definition

The economic performance of OAWE was as-
sessed through the Levelized Cost of Energy,
which is the most commonly used metric for
comparing the economic performance of differ-
ent energy technologies. It is computed as he
ratio between the discounted lifetime costs and
energy generation.

T

Z CapEx(t) + OpEx(t) — Subsidy(t)
- (1+r)
LCoE = =2 =

AEP(#)

(I+r)

Reference cost model

The analysis builds upon the techno-economic
framework originally developed by R. Joshi [1]
for single onshore AWE systems, which was ex-
tended to include offshore specific components
and multi unit deployment.

CapEx were divided into airborne system costs
and offshore Balance of System elements. The
airborne system includes the kite, tether and
ground station, while offshore components cover
floating substructures, moorings, cabling, instal-
lation activities, port logistics and project de-
velopment. OpEx were modelled as the sum
of scheduled maintenance, vessel operations and
periodic component replacement, reflecting the
operational profile of offshore projects. Since no
dedicated cost database exists for offshore AWE,
these elements were derived from the NREL
Cost of Wind Energy Review [5] and scaled to
the farm size. Since those costs categories are
provided as aggregated €/MW trends, several
scale-dependent cost elements could not be sep-
arated and part of the Balance of Plant expen-
diture remains implicitly embedded within the
BoS components.

New functions were implemented to allow wind
data extraction directly from latitude—longitude
coordinates, enabling the selection of ERA5 or
CERRA and retrieval of wind time series at the
desired height. From these data, the model com-
putes the Weibull parameters and reconstructs
the local wind distribution, replacing the ide-
alised assumptions of the original framework.
The energy model was also updated by inte-
grating our reference power curve, ensuring that
power generation reflects the behaviour of a real
airborne system. These adaptations allow the
computation of site specific AEP values tailored
to Italian offshore conditions and produce more
realistic estimation. However, the modelling re-
mains limited by the lack of validated aerody-
namic and atmospheric data for AWE systems,
which prevents the inclusion of wake interactions
and turbulence effects. As a result, farm layout
optimisation cannot yet be performed rigorously,
highlighting the need for further experimental
and modelling advances in airborne wind energy.



Case study

The reference location corresponds to the Med-
Wind concession area in the Sicilian Channel,
a large deep water zone currently under assess-
ment for floating offshore wind development.
Using a real offshore concession as a reference
anchors the techno-economic evaluation to an
area already recognized as suitable, allowing
meaningful comparison with existing technolo-
gies.

To construct a realistic farm scale scenario, the
domain was discretized into square cells, with
side length equal to twice the tether length, en-
suring non overlapping flight volumes for each
system. All cells fully contained within the con-
cession boundary were retained and the resulting
count was reduced by half to approximate the ef-
fect of inter-unit aerodynamic interactions. This
procedure led to a total of 1211 units of airborne
systems, a value consistent with the geometric
and operational constraints of the site.

Sensitiviy analysis

The economic analysis is then complemented by
a set of sensitivity analyses. These include vari-
ations in operating height, tether length and
capital incentives. Those scenarios provide an
overview of the techno-economic performance of

the system and highlight the main factors affect-
ing its competitiveness in offshore environments.

4.2. Results

The baseline techno-economic results for a sin-
gle offshore airborne unit and for the full farm
layout are summarised in Table 3.

Table 3: Economic performance of offshore
AWE for the 2024 reference scenario (CERRA

dataset).

Configuration CapEx OpEx LCoE

k€]  [x€/y] [€/MWh]
Single AWE 640 18 227
Farm (1211 units) 775166 22184 227

The single unit analysis highlights the domi-
nant role of offshore infrastructure and O&M,
over the plant lifetime, in the total expenditure,
which accounts for more than half of the capi-
tal cost. Despite the reduced structural mass of
airborne systems, offshore deployment requires
floating platforms, moorings and marine opera-
tions of comparable magnitude to those of con-

ventional floating wind, which drives the total
CapEx above 600 k€ per unit. When AEP val-
ues derived from the CERRA dataset are used,
the resulting LCoE for a single 100 kW airborne
system ranges between 226 and 245 €/MWh
over the analysed years.

At farm scale, the LCoE remains essentially un-
changed since the offshore cost model does not
yet incorporate economies of scale. Although
the total installed capacity reaches 121 MW.

A comparison with floating offshore wind bench-
marks shows that airborne systems currently ex-
hibit higher costs per unit of electricity. Com-
mercial floating turbines typically reach LCoE
values of about 135 €/MWh [5|, mainly due
to their multi-megawatt scale and mature sup-
ply chain. In contrast, the early-stage nature
of AWE technology and the relatively low rated
power of existing prototypes still limit its eco-
nomic competitiveness in the near term.
Regarding energy production, the AWE farm
generates approximately 0.41 TWh /year, which
is significantly lower than the reference floating
wind benchmark of 10.5 TWh/year [3]. This dif-
ference further emphasises the current challenge
of scaling airborne systems.

Sensitivity analyses indicate that investment
based incentives significantly reduce the LCoE.
A capital grant of 40%, aligned with existing na-
tional support schemes for emerging renewable
technologies, lowers the LCoE to 158 €/MWHh.

Table 4: Effect of investment grants on LCoE.

Scenario CapEx OpEx ALCoE
(k€] [k€/y] [-]
Baseline 775166 22184 —
CapEx Grant 20% 620133 22184 -15%
CapEx Grant 40% 465100 22184 -30%

Variations in the operating height and tether
length show minor influence on the economic
indicator, confirming that offshore cost compo-
nents dominate system economics.

Table 5: Effect of operating height on LCoE.

Height AEP,,; CF LCoE

[m] MWh/y] — []  [€/MWh]
300 339.63  0.39 227
400 337.62  0.39 227
500 330.26  0.38 231




Table 6: Effect of tether length on LCoE.

L [m] CapEx [€] OpEx [€/y]

500 9163 367
600 10996 440
700 12828 513
800 14661 587

The economic analysis therefore indicates that
offshore airborne wind energy holds long term
potential but remains constrained by high off-
shore infrastructure costs and by the limited
scale of current systems. Technological advances
in autonomy, reliability and power rating, cou-
pled with targeted support schemes, are essen-
tial to reduce energy costs and enhance competi-
tiveness with established floating wind technolo-
gies.

5. Conclusions

This thesis addressed a relevant gap in the Air-
borne Wind Energy literature by providing the
first offshore resource assessment for the Italian
seas and a preliminary techno-economic eval-
uation of offshore AWE. While previous stud-
ies primarily focused on aerodynamics, controls
and prototype development, this work quanti-
fied the theoretical offshore energy potential of
large scale AWE deployment and produced an
initial LCoE estimate using a dedicated offshore
cost framework.

The study is subject to several limitations. The
AEP estimation does not include wake inter-
actions or other loss mechanisms, resulting in
an idealised representation of large scale energy
production. Further constraints arise from the
lack of real offshore AWE measurements, the ab-
sence of established standards for the technol-
ogy and its early stage of development. The
techno-economic results are also influenced by
non-optimal cost scaling, as several offshore sub-
systems were adapted from floating wind ref-
erences rather than derived from AWE specific
data.

Despite these constraints, the work provides a
foundation for future assessments of offshore
AWE and opening new avenues of investigation.
Further research should focus on improved high
altitude offshore measurements, refined perfor-
mance and availability modelling, wake and lay-

out optimisation and the development of AWE-
specific cost frameworks supported by opera-
tional data. These steps will be essential to ob-
tain a more accurate and realistic picture of the
long term feasibility of offshore AWE.
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