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Abstract. This study assesses the economic viability of commercial-scale floating offshore wind farms in Por-
tugal under a range of contract for difference (CfD) mechanisms. A techno-economic model simulated financial
revenues using synthetic time wind and spot price data, under varying CfD mechanisms and metocean conditions
for 36 sites off the Portuguese coastline. Results are split into levelized cost of energy, net present value, and
internal rate of return and are influenced by a range of sensitivity analyses that help define the financial setting
for successful floating offshore wind projects, including CfD mechanisms varying in type, value, and duration.
Results indicate that floating offshore wind shows potential in Portugal, but only with strong financial support,
with outcomes heavily influenced by site characteristics, wind regime, and economic conditions.

1 Introduction

Strong and consistent winds that played their role in the age
of exploration now present an opportunity for the develop-
ment of marine renewable energy in the deep waters off the
coast of Portugal. Offshore wind offers mature and proven
technology but is generally limited to shallower marine ar-
eas with activity within Iberia. The deployment of float-
ing wind (FOW) into deeper waters offers access to greater
wind resources with less marine competition, boosting low-
carbon energy generation whilst reducing the visual impact
in coastal regions. Floating technology has grown and im-
proved since the first full-scale prototype in 2009 (Skaare
et al., 2015), with early commercial farms commissioned
in 2017 (Hywind Scotland, 30 MW) (Jacobsen and Godvik,
2021), 2021 (Kincardine, 50 MW) (Risch et al., 2023), and
2023 (Hywind Tampen, 88 MW) (Musial et al., 2023).
Geopolitical events have caused costs to rise in recent
years, and reductions are necessary to achieve commercial
deployment and global installed capacity in the hundreds of
gigawatts (GW) (DNV, 2023). FOW must realize levelized

cost of energy (LCoE) reductions to become economically
viable, meaning positive investor returns and competitive
LCoE alongside other energy generation technologies. This
can be achieved through lower component costs, technical
innovations, and improved site selection to boost energy gen-
eration and reduce maintenance expenditure. Financial sup-
port mechanisms are also essential to enhance and stabilize
revenues, including feed-in tariffs, power purchase agree-
ments, and contracts for difference (CfDs). These can reduce
project risk and encourage investment in this promising sec-
tor, which can add value to the Portuguese economy through
job creation and port and supply chain development as well
as add environmental benefits through nature-inclusive de-
sign, aquaculture, and marine protection zones.

In 2020, as recorded by Gomes et al. (2020) 30 % of Portu-
gal’s electricity generation was provided by coal and was re-
sponsible for 25 % of Portugal’s total CO; emissions. Energy
policy was changed in 2018 to align with climate targets, and
coal was phased out of the system in 2022, as part of the
“National Renewable Energy Action Plan” that established
an emissions reduction pathway aiming for a 47 % renew-
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able energy mix by 2030. Such increases in variable renew-
able energy (VRE) require grid balancing capacities such as
hydropower, says Ramos et al. (2014), which have increased
from ~ 5 GW (28 % generation share) in 2010 to ~9.5 GW
(36 % share) in 2020. Of this, almost 3 GW is defined in the
(Clean Energy Technology Observatory (CETO), 2022) as
pumped hydro-storage that can utilize Portugal’s favourable
high terrain and react quickly to balance demand with supply.
This storage will play an important role, as argued in Bilbao-
Terol and Goénzalez-Pérez (2025), as a balancing mecha-
nism for future higher capacities of floating wind generation,
supplemented with large-scale hydro-battery storage. Other
changes to the energy system will also impact the potential
ceiling for FOW deployment. Data centre deployment is in-
creasing rapidly (Van Fan et al., 2026), and geopolitics could
define energy imports and exports through HVDC intercon-
nectors within Europe. Without this, large VRE penetration
could cause low or negative pricing, curtailed wind farms,
and lower balancing to prevent blackouts like those seen in
April 2025 (Cetinkaya et al., 2025).

Notwithstanding the lower costs, Silva and Sareen (2021)
argue that public attitudes towards renewable energy can
vary, especially at the local level, with community opinions
and engagement often overlooked or bypassed, even though
land-based renewables are seen as favourable in Portugal,
with 96 % favouring considering renewable energy targets
important in 2019. This presents an opportunity for float-
ing wind development, with generating areas removed from
other industries, affected parties, and land-use conflicts, in
turn reducing costs through faster societal acceptance.

The Portuguese energy system is interconnected with
Spain, helping to stabilize the grid and energy pricing, and
with fluctuating supply and demand. This connection broad-
ens the generation, load, and storage mix, with Spain con-
tributing more solar and northern Portugal hosting a large
capacity of pumped-hydro plants. The national system has
just over 20 GW of installed power (REN, 2024a), with av-
erage generation in 2023 exceeding 9 GW, of which 85 %
was from renewable sources. On the demand side, peak con-
sumption across all sectors was 8 GW, with a 13.5 GW future
consumption pipeline expected to consist of hydrogen and
extra domestic demand through electrification (Laboratério
Nacional de Energia e Geologia (LNEG), 2023). The aim is
to decarbonize the gas network through hydrogen and boost
Portuguese energy security by reducing gas imports. Mar-
ket spot price per megawatt-hour of generation was EUR 93
on average in 2023, EUR 230 in 2022, EUR 73 in 2021, and
EUR 31 in 2020 (REN, 2024b), highlighting volatility in the
market.

This paper analyses the economic viability of commercial-
scale floating offshore wind in Portugal for three differ-
ent CfD types: traditional, financial, and capability based.
Projects deemed viable will have positive financial metrics
under the base case. A successful project will recoup the
lifetime costs, including the large capital expenditure at the
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start of the project, through revenues generated throughout
the project time frame, often only possible through price sup-
port mechanisms. This revenue aims to not be impacted nega-
tively by high maintenance costs, which for floating wind can
involve further distances from shore and longer cable routes.
A sensitivity analysis was conducted to determine the main
drivers of potential future trends and areas with greater im-
pact on results across significant financial assessment met-
rics. The geospatial assessment is carried out at a range of
locations and distances from shore across the entire coast-
line. Costs consider current macrotrends (i.e. increased cost
of materials as seen since the COVID-19 pandemic). The fi-
nancial metrics are used to assess projects with variation in
location, wind resource, and distance to shore/port. A sen-
sitivity analysis is presented with adjustments to discount
rate, capital expenditure (CAPEX), operational expenditure
(OPEX), generation, CfD duration and strike price level, and
spot price.

1.1 Economic support structure design

CfDs provide financial support to renewable energy systems
by guaranteeing a price of energy (strike price), usually sup-
ported through public funds and a competitive auction and
fixed (often inflation-indexed) for the length of the contract,
often 15 years. The aim is to establish a long-term revenue
stream for the generator which minimizes risk (Beiter et al.,
2024). Current CfDs do guarantee price but are still at risk
of changes in volume of energy produced by a farm. Future
CfD methods have been proposed that aim to maintain price
security and limit oversupply, especially during low-demand
hours. They can either be formed of payments based on a ref-
erence generator (a proxy wind turbine or farm that serves as
a baseline, not an actual physical project) or based on typical
output of the farm over a number of years.

CfDs of this nature are generation-based and provide a
stable price per unit of energy generated but are still at
risk of volume changes, as discussed in WindEurope (2025).
A guarantee of payment for energy is not always best for
a power system with significant variable renewable energy
share, which can cost a power system through balancing
costs, grid instability, and price cannibalization through over-
generation. CfDs can be either one-sided, where the market
price above the strike price is kept and which can be more
costly to sponsor, or two-sided, where underpayments are
topped up, and overpayments are returned, which maintains
price consistency. Mitigation is possible for generation-based
schemes, including using monthly average prices or wind-
weighted averages, but still is at risk during low-wind peri-
ods, with revenues dependent on production.

For the financial CfD method, as proposed by Schlecht et
al. (2024), the generator receives fixed payments based on the
size of the generator plant irrespective of generation whilst
repaying the revenues based on a reference generator and the
market spot price (hourly fluctuating wholesale or day-ahead

https://doi.org/10.5194/wes-11-4237-2026



C. White et al.: Economic viability of floating offshore wind in Portugal

price). With fixed payments, the risk profile is reduced and
revenues consistent and predictable, even in low-wind-speed
months. A downside is that there is less exposure to windfall
events, where the farm or turbine enjoys high-price events
and revenue, reducing the ability of generators to respond to
high-price and/or high-wind periods.

Capability-based CfD is another generation-independent
method outlined by Kitzing et al. (2024) by establishing a
reference generation capability against which payments are
calculated. The goal is to accurately model the generation
profile of the farm through the accurate modelling of the
power curve, losses, and wind profile. This creates a fair as-
sessment of the farm’s potential and rewards efficient oper-
ation and high availability whilst creating forecastable rev-
enues and again lowering the risk of the asset from an in-
vestor’s perspective.

1.2 Techno-economic modelling

Evaluation methods, from a techno-economic perspective,
utilize consistent and useful techniques to quantify the ex-
pected technical and financial performance of a prospective
floating offshore wind farm. Three such methods are widely
used as indicators for VRE project assessment: levelized cost
of energy (LCoE), net present value (NPV), and internal rate
of return (IRR).

LCOoE is as an evaluation metric for energy generation and
is improved through cost reductions and energy generation
increases. Benefits lie in its simplicity, wide industrial ac-
ceptance and understanding, quick assessment, easy modi-
fication, and flexibility to assess all energy generation tech-
nologies. The LCoE calculation is the lifetime costs of the
project (CAPEX, OPEX, and DECEX) divided by the life-
time energy generation. Both terms are discounted to account
for the time value of money, recognizing that the CAPEX in-
vestment has a higher present value today and that energy
generated now is more valuable than the same energy sold in
the future.

lifecycle costs

LCoE (EURMWh™") = - ,
lifecycle generation

Zn CAPEX;+OPEX; +DECEX;
— == aty M

Zn E;
1==3 (1+ry

CAPEX; is the capital expenditure in year t, OPEX, the
operational expenditure in year ¢, DECEX; the decommis-
sioning costs in year ¢, E; the energy generation (usually
in megawatt-hours) in year ¢, r the discount rate, and »n the
project lifetime.

A large benefit of LCoE analysis is that it is applicable to
all forms of energy generation. The metric can lack a theoret-
ical foundation, which Aldersey-Williams and Rubert (2019)
explored via comparison with other cost-of-energy metrics.
It was still found to be the preferred method, but weaknesses
were identified in the discount rate, inflation, and uncertain-
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ties in future commodities. Another critical review of the
LCoE metric by Shen et al. (2020) found a lack of clarity
leads to large fluctuations in results. A method for increasing
the accuracy of the metric, namely higher inclusivity of costs
even if transferred from another source, was suggested. Stud-
ies have also shown that the highest drivers of LCoE are typ-
ically financing, system costs, lifetime, and loan term length
(Branker et al., 2011). A common argument made here by
Ueckerdt et al. (2013) is that LCoE is not well adapted to
the inconsistency of VRE generation, which is often mis-
aligned with demand, disrupting the value of energy. Integra-
tion and balancing costs are often not included and have real-
life significance for the results that is often ignored, resulting
in higher costs when projects are grid-connected. These can
also add carbon to the energy mix, often from dispatchable
gas generators. At higher wind shares, these integration costs
can be of the same order of magnitude as the generation costs
of wind and conventional power plants. The study presented
a more accurate metric based on economic theory that in-
cluded these costs. This was also found by Sklar-Chik et al.
(2016) and factors omitted inflation, although future infla-
tion is hard to predict, and the discount rate does account for
lower future cash flows.

FOW-specific studies give important insights into the
key drivers and sensitivities, for example the balance be-
tween higher CAPEX and stronger wind resources. A com-
prehensive LCoE study by Myhr et al. (2014) investi-
gated the main FOW concepts of spar (cylindrical, ballast-
stabilized), tension-leg platform (TLP — reduced mass,
tension-stabilized), and semi-submersible designs (larger
mass, buoyancy-stabilized), amongst other hybrid designs.
The results for a 500 MW wind farm are compared to a sim-
ilar system using jacket and monopile foundations. The re-
sults confirm that LCoE is highly sensitive to both water
depth and distances to shore, with load factor and availabil-
ity also driving change and of relevance to the cases pre-
sented in this study. Moderate depths of 50—-150 m and de-
ployment at scale allows FOW LCoE to become comparable
with fixed offshore wind, although fixed monopile results are
lower, and bottom-fixed is not considered technically possi-
ble after 50 m, which is not the case now. LCoE increases are
also slower with increasing depth compared to fixed. LCoE
results for a single site range from EUR 82.0-236.7 MWh~!,
reflecting site-specific designs and lack of standardization.
Viability is only shown for LCoE, and project assessment
using other indicators that assess a project’s bankability and
economic viability is not discussed. Since the study in 2014,
platform designs have generally converged at commercial
scale across the three main platforms, showing signs of in-
dustry standardization; however site selection and design op-
timization are crucial for competitive costs and LCoE.

Regarding previous work in the field of floating offshore
wind techno-economics, LCoE mapping in Portugal by Mar-
tinez and Iglesias (2022) examined all the European coast-
line, and as such the detail in the Portuguese area was less
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granular, finding areas with the most wind and shortest shore
distance to have the lowest LCoE. Portugal ranked median in
terms of performance (~ EUR 125 MWh™!), with bathymet-
ric impact minimal in this study compared to fixed-bottom.
The economic feasibility by Castro-Santos et al. (2020) ex-
amined LCoE in broad bands rather than specific devel-
opment areas, with influence from wind and bathymetries.
Also, tariffs were based on two fixed feed-in tariffs and did
not consider the range of CfD support mechanisms analysed
here, which are more suitable for commercial-scale float-
ing offshore wind. A hybrid techno-economic approach was
taken by Lucas et al. (2022), which took a similar 15 MW
turbine technical layout and dynamic power curve approach.
Hydrogen production feasibility was investigated and found
larger capacities; higher capacity factors where the turbine is
operating with higher availability; and higher prices boosted
the economic potential, with government support needed at
smaller scales.

NPV is the difference between the present value of cash in-
flows and outflows of a project, discounted to present value
using a discount rate. Negative NPV would indicate a project
that is not currently viable, due to high CAPEX or OPEX or
reduced cash flow when combined with low wind speeds, low
energy prices, or both. A positive NPV indicates a profitable
project, where lifetime revenues exceed the lifetime costs,
including initial CAPEX spend and ongoing maintenance
of the farm within the project lifetime. Results of profitable
commercial-scale farms in the Mediterranean by Maienza et
al. (2022) ranged from EUR 209—-407 million. As NPV dis-
counts cash flows to present, the chosen discount rate of the
project, which can be thought of as the financing cost that an
investor would expect to receive as a return on investment,
has a large impact on the NPV value.

n CF[
NPV=3"" Trry )

with NPV as the sum of all cash flows CF; from year O to
year n, assuming r as the discount rate for the project.

IRR is a similar metric to NPV in that it also compares rev-
enues to costs, but it can also be a straightforward decision
maker for a project as it does not require an initial assumption
on the discount rate. The IRR equals the discount rate where
the project NPV is zero, and IRRs above the discount rate de-
fine a project that yields positive returns for investors over the
lifetime of the project, with one below the discount rate in-
dicating unprofitability. Target IRR is anything over the dis-
count rate of a project that represents the cost of financing,
often set at 8 %—10 % for floating offshore wind. A suitable
range of discount rate values is 8 %—12 % (Noothout et al.,
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2016), which matches the sensitivity range in this work.

_ n CF;
0= Zt:O (1 4+ IRR)! 3

IRR = R, + NPV -(R2 — Ry)) @
(NPV, — NPV,)

In the above R; and R; are initial guesses for the IRR, and
NPV and NPV, represent higher and lower values of NPV,
respectively. If the NPV is close to zero, then the IRR is equal
to the Ry, and if NPV has not converged close to zero then
new rate guesses must be input into the equation.

An economic viability assessment of FOW by Castro-
Santos et al. (2020) used three platform technologies in Por-
tugal with another multi-phased site selection method with
geographical, economic, and bathymetric criteria. Two elec-
tricity tariffs affected net present value and IRR, with LCoE
derived from platform-specific CAPEX, wind resource, and
a generic O&M calculation. Results again show large vari-
ation across different platforms, with EUR 289.49 MWh~1,
EUR 303.97MWh~!, and EUR325.64MWh~! for spar,
semi-sub, and TLP platforms, respectively. Tariffs of
EUR 200 MWh~! do not yield positive results for NPV and
IRR, with EUR 300 MWh~! leading to positive results. This
emphasizes the necessity of policy support for FOW deploy-
ment which, in turn, will enable economies of scale and sup-
ply chain maturity.

2 Method

2.1 Techno-economic modelling

A techno-economic model (TEM) was developed to provide
a detailed cost-generation assessment of floating wind farms
at a range of offshore sites in Portugal, with results expressed
in terms of LCoE, NPV and, IRR. Process flow of the time se-
ries data feeding the model and the model itself can be seen
in Fig. 1. The TEM takes hourly wind speed data and con-
verts to generation and revenue. OPEX, CAPEX, and DE-
CEX were calculated based on farm capacity and affected the
three financial metric calculations to assess each location’s
economic and technical potential. This method was applied
to 12 regions, each at 3 distances to shore, for a total of 36
areas to provide a comprehensive feasibility study of Portu-
gal. The model considers the distance to shore and its impact
on distance-sensitive CAPEX and OPEX change to reflect
varying site metocean severity.

The main technical and site data across the three broad site
distances are shown in Table 1. For consistency, each location
was maintained at 1005 MW (~ 1 GW) installed capacity, us-
ing 67 x 15MW turbines at a 150 m hub height. The power
curve is a reference model for academic purposes (Gaertner
et al., 2020). A 1 GW farm size was chosen to reflect the
commercial scale of floating offshore wind, as current active
leasing areas are generally of this scale or larger, with the ini-
tial three leasing zones of 0.5, 1, and 2 GW (Buljan, 2023).
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Techno-economic model

Reference Actual CAPEX/
Generator Generator OPEX

Climatology:
(Hour x Month
Mean and
Stds)

CfD method

Site results for LCoF]
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Figure 1. Flowchart for synthetic time series generator and techno-economic model.

The platform and mooring system match the technical de-
scription from the CAPEX source (BVG Associates, 2025),
catenary-chain-mooring system, and steel semi-submersible
platforms. A technical assumption is the same technical de-
sign of catenary moorings and semi-submersible platforms as
the reference source, which is currently the case in Portugal
(Duarte et al., 2022). A catenary-mooring-system configura-
tion was maintained for all depths, including the very shal-
low and deep sites, for consistency, though other methods
such as tension-leg platforms and taut-mooring systems, as
well as fixed monopiles for the shallow cases, are potentially
better suited. To avoid research complexity, the platform and
mooring system components and their subsequent costs were
all kept constant irrespective of site severity, which only af-
fected OPEX.

The 36 locations were chosen to represent the full coast-
line of Portugal and were not selected based on existing
leasing zones or designated offshore development areas, but
rather on sites that demonstrate sufficient potential and prac-
ticality to support suitable installation and O&M bases for
the FOW farms.

2.1.1 Capital expenditure

Capital expenditure (CAPEX) is based on data from a refer-
ence report: Guide to a Floating Offshore Wind Farm (BVG
Associates, 2025). A comprehensive set of per-kilowatt
cost functions is provided for system-, sub-system-, and
component-level costs and considers recent price events, giv-
ing a realistic assessment of FOW expenditure. Costs af-
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fected by distance, mainly mooring lines and export cables,
were split into per-unit-of-distance values and then recalcu-
lated to reflect the water depth and distance to shore for all
sites. The installation expenditure of these components was
maintained constant with the reference report values due to
the added complexity of soil profile considerations and moor-
ing line challenges and presents interesting further work. In
this study, CAPEX is spread across the years leading up to
the project (6 % in year —3, 10 % in year —2, 34 % in year
—1, and 50% in year 0) and so is negatively discounted,
which raises costs. This represents a more realistic approach
to FOW purchasing, as consolidating all procurement in the
year before generation is unfeasible, and is explained in In-
noEnergy (2017). CAPEX distribution is applied evenly to
all indicators used in this study (LCoE, IRR, NPV). A con-
version of 3.98 on average was applied to depth to reflect
the catenary configuration of the mooring lines. Costs are as-
sumed fully mature, with the reference capacity being 1 GW,
matching those in this study. All costs were adjusted to real
2024 euros, and the breakdown of major cost items and life-
cycle phases can be seen in Fig. 2.

2.1.2 Operational expenditure

OPEX calculations apply a cost function that takes two argu-
ments: distance to shore and site severity (Beiter et al., 2016).
Site severity is classified as a mild site with yearly mean sig-
nificant wave height (Hs) under 1.14 m Hs, a moderate site
between 1.15 and 1.95 m Hs, and a severe site above 1.95m
Hs, with the average Hs for sites shown in Table 1. These sce-
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Table 1. Wind farm technical and site data.
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Name Symbol  Units Near Mid Far
Farm size - MW 1005 1005 1005
Turbine rating - MW 15 15 15
Number of turbines - - 67 67 67
Lifetime - years 25 25 25
Losses % 12.5 12.5 12.5
Availability % 97 97 97
Avg. exp. cable distance - km 33 56 78
Avg. port distance to shore  — km 49 70 91
Avg. depth - m 66.83 47558 1038.50
Avg. wind speed (10 m) Uiom ms~! 6.40 6.69 6.84
Avg. wind speed (150 m) Unn ms~! 8.03 8.42 8.62
Avg. sign. wave height Hs m 1.93 2.07 2.13

\ |

BVG Associates

T4

1 Development and project management
Nacelle
Rotor
Tower
Cables

= Floating substructure

» Mooring systems
Offshore substation
Onshore substation

= Cable installation

= Mooring and anchoring pre-installation
Floating substructure - turbine assembly
Floating substructure - turbine installation
Offshore substation installation
Other installation

» Operation, maintenance and service

= Decommissioning

Figure 2. Cost contribution from main components and lifecycle phases (BVG Associates, 2025).

narios establish an OPEX of installed capacity per kilometre
per year, then multiplied by site distance to shore to consider
the complexities of distances OPEX. These are represented
as a set of natural logarithm equations defined by Beiter et
al. (2016):

OPEX ((EUR kw1 yr*l)

6.0992 -log dTP 4-38.127,Hs < 1.14
4.5907 -log dTP 4 48.827,1.14 > Hs < 1.95
4.0739 -log dTP + 76.993, Hs > 1.95

CPL
“CONVUSDEUR * Gl

600
-1005, , (9

with Hs being the average significant wave height, measured
over 30 years of hindcast data; dTP being the distance from
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the site to the O&M port in kilometres; convysp Eur being
the conversion rate from US dollars to euros in the year of
reference publication; CPIrp the consumer price index at
the desired project financial investment decision (FID) for
this study; and CPlyg the CPI at the time of the reference
publication with 125.95 in 2023 and 99.86 in 2015, the year
of study. A limitation is the reference farm size of 600 MW
being scaled up to the project capacity of 1005 MW in this
research, which is mitigated as both are of commercial scale.
Another is the broad severity grouping which has a signifi-
cant impact on OPEX, with a cost increase from a mild to
severe site of EUR 81-124 kW~ ! yr—!. This grouping is suit-
able and differentiates sites well, with vessel limits in the
original Californian study equal to those in Portugal. A fur-
ther detailed O&M study is considered an interesting sep-
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arate piece of research. Once classified, OPEX is inflation-
adjusted over the same period to achieve a realistic value for
project FID.

2.1.3 Spot prices and CfD support mechanisms

For the market day-ahead spot price data, a dataset was cre-
ated that is representative of Portugal as a whole, the pro-
cess for which can be seen in Fig. 1. The week-to-week price
shape is maintained by using sampled weeks from the orig-
inal wind data. Price climatology and anomalies are estab-
lished as before. A quantile map aligns the synthetic price
distribution to history, with 200 quantile levels of the cur-
rent synthetic base prices and the original historic price data.
A linear interpolation then preserves the shape and rank per
hour and matches to the statistical distribution of historical
price data.

Synthetic spot prices form the base layer of cost revenues
for each project and provide income to each farm when a
CfD mechanism is not in place, which in most cases is after
15 years of operation. No inflation or adjustments are made
to the synthetic data, except under sensitivity analysis.

Alongside spot prices, a traditional generation-based CfD
was added, which provides a stable price for the wind farm
but is still dependent on generation where, during low-wind-
speed hours, revenue suffers. The total hourly revenue for a
two-way settlement (support and payback) is

CfDyad, = Gt - Pt + (S — P1) Gy, (6)

with S the strike price, P; the reference electricity price, and
G/ the actual metered generation at hour ¢.

For the generation-independent CfDs, the financial ver-
sion gives stable revenues that separate payments from actual
farm generation. Revenues depend on deviations between ac-
tual and reference generation profiles, with the net hourly ref-
erence revenue being

CfDﬁn, =S- waarm + (Gt - Qt) : Pta (7)

with Q; the reference volume and MWy, the rated capacity
of the wind farm in megawatts.

The capability CfD rewards available generation capabil-
ity instead of delivered energy. Compensations are made to
the generator based on availability-adjusted potential gener-
ation, with hourly payments:

Cchap, =S —-P)- Qcap, ’ ®

with Qcap, the capability generation, based on expected ca-
pacity from a fleet and actual capacity of the wind farm in
question. For the default CfD price calculation for all three
support systems, the PAER zones marked for initial offshore
development were adjusted for price using a numerical solver
so that the average NPV of the four sites, which are visible
in Fig. 4, equals zero, with the CfD prices shown in Table 2.
From here, the relative advantages and disadvantages of the
other Portuguese sites can be found.
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2.1.4 Time series synthesis

A synthetic time series generator creates new wind and price
data which avoid repetition whilst maintaining the statisti-
cal properties of the actual data. A method was suggested by
Wan et al. (2014) which utilizes climatology and the statisti-
cal nature of actual time series data to reliably produce a syn-
thetic future set. Seasonality is maintained alongside diurnal
patterns. Mean, median, and P10 and P90 heads and tails are
kept as close to the original data as possible. The data are
split into weekly blocks where wind and price data overlap,
where the shape of the week is intact whilst randomizing the
weekly order to create new data for analysis.

2.2 Case study

The model was applied to a case study, considering the extent
of the Portuguese coastline split into 36 zones. The sites con-
sidered are shown in Fig. 4, along with wind speed data from
the Global Wind Atlas,’ depth contours from the GEBCO
database,” and the most recent lease areas identified by the
Portuguese Government.>

2.2.1 Wind data

A 30-year hourly hindcast dataset was generated from Lautec
(2024) which accesses the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERAS dataset, as has
been used for similar studies, including Molina et al. (2021).
Generation and OPEX run for a base length of 25 years, with
room for lifetime extension, confirmed with recent leasing
rounds in the UK now allowing 60 years of operation (two
cycle) (The Crown Estate, 2024). Data points provide wind
speed data at 10 and 100 m, plus significant wave height and
wave period, and are selected from a latitude—longitude grid-
ded dataset at a 0.25° resolution, with the first marine data
point selected as the near site, moving west or south depend-
ing on the coast. Figure 4 shows the three data points for
each site at increasing distances from shore. Of interest are
the higher wind speeds to the north and close to the capes
of Roca (north of Lisbon) and Sdo Vicente (Sagres), creating
higher wind speeds due to the wind gradient and topographic
funnelling effects of inland winds reaching the lower-friction
surface at sea. To reflect higher wind speeds experienced at
the turbine nacelle, measurements 10 m above sea level were
extrapolated to a hub height of 150 m using the power law

1Global Wind Atlas — https://globalwindatlas.info/en/ (last ac-
cess: 30 September 2025).

2GEBCO Database — https://www.gebco.net/ (last access: 22
September 2025).

3Portugal Offshore leasing areas —  https://webgis.
dgrm.mm.gov.pt/portal/apps/webappviewer/index.html?id=
9ea76f6fedcad63a8ced196e30fcc2el (last access: 29 October
2025).
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Table 2. Key costs, financial parameters, and sensitivity ranges.
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Parameter Units Lowerrange Base Upper range
Traditional CfD price EUR MWh~! 113 226 339
Financial CfD price EURMWh~! 50.5 101 152
Capability CfD price =~ EUR MWh™! 96 192 288
CfD length Years 7.5 15 22.5
Discount rate %o 4 8 12
CAPEX EURKW ™! 2867 5735 8603
OPEX EUR KW~ l/yr 63 126 189
Cables EURKW! 81 162 243
Moorings EURKW! 126 251 377
35 = Wind original 700.00 * Original Price
20 , . Wind synth {m/s) ’ * Newprice
1 . : 600.00 .
] . " . ) i '
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Figure 3. Synthetic time series generator of actual historical data and future synthetic values.

equation:

z o
U, = Uref(—) .
Zref

Here U, is the wind speed in metres per second at height z;
Urer the reference wind speed from the dataset; z.ef the refer-
ence height in metres; and « the exponent factor that relates
to the atmospheric stability (Touma, 1977), with a value of
0.11 used to reflect deep-water offshore locations as recom-
mended in the IEC standard for fixed offshore wind turbines
(IEC 61400-3) and consistent with the findings of (Yang et
al., 2024.).

For the data synthesis, an hourly climatology of average
and standard deviation across 30 years per site was created.
Anomalies are then established as the difference per hour be-
tween the site wind speed measurement and mean climatol-
ogy value over 30 years. Anomalies are then re-added to the
synthetic time series to preserve the temporal correlation and
wind price alignment, alongside monthly and diurnal cycles.

©)

2.2.2 Generation

Once the wind resource is defined at hub height, the ki-
netic energy contained in the wind is transformed into elec-
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trical power through the turbine’s aerodynamic and elec-
tromechanical processes. This is done by creating a power
curve using the exponential parameters of a curve fitted to
the 15MW wind turbine generator (WTG) parameters and
wind speed:

PykW)=A-(1 — KUy, (10)

with Py the power at wind speed U, A the WTG rated power
in kilowatts, and k and n fitting constants that are adjusted
and optimized in the model to reduce the sum squared er-
rors (SSEs) between the actual power curve and the mod-
elled power curve produced with Eq. (10). This equation al-
lows the hourly averaged wind speed data to be converted
at a higher temporal resolution with regards to distributional
probability methods with mean annual values. Constraints
can also then be applied to produce no power at wind speeds
below cut-in and above cut-out speeds (set at 3 and 25 ms~!,
respectively).

Farm generation is the individual energy production from
one WTG scaled to the farm level, with reductions applied
for wake effects and electrical losses and with availability
applied last. The scope of this study is not the optimization
of farms using detailed wake models and layouts, and there-
fore a simple grid was used for layouts and turbine spacing.

https://doi.org/10.5194/wes-11-4237-2026
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Figure 4. Map of Portugal showing the chosen sites, leasing rounds, bathymetry, and average 150 m annual wind speeds (DTU, 2025).

However, this aspect serves as a potential avenue for future
work.

Efarm(kWh) = Py -nwrGs - (1 —nwake —elec —Nsys)-avail (11)

Efarm 1s the total energy output of the wind farm in kilowatt-
hours for 1 h, nwrgs the total number of WTGs in the farm,
Nwake the wake losses, nelec the electrical and 7ngys System
losses (10 %, 1.5 %, and 1 %, respectively), and avail the total
farm availability (grouped in Table 1). This is then summed
over the lifetime to obtain total energy.

3 Results

3.1 LCoE

LCoE results were mapped according to coordinates of each
prospective wind farm location. Figure 5 presents these find-
ings alongside the mean speed winds at hub height of the

https://doi.org/10.5194/wes-11-4237-2026

wind turbine (150 m) and the depth contours, alongside the
Offshore Renewable Energy Zoning Plan (PAER) leasing ar-
eas. LCoE values range from EUR 146-319 MWh~!, with
topographical higher nearshore wind speeds giving the low-
est value and extremely deep waters away from high wind
speeds offering the worst. Due to the impacts of longer ca-
ble routes and sea depths, sites closest to shore tend to be
the most desirable from an LCoE perspective. This is true for
sites to the south-west, where higher nearshore wind speeds
further reduce the benefit of far sites in very deep waters. In
the north, LCoE is more evenly spread, with a wider conti-
nental shelf and wind speeds averaging above 8.5ms™! in
most areas, with some far sites above 9.0ms~1. Also shown
are the current leasing zones associated with Portugal’s float-
ing offshore wind auctions to contextualize the results within
the present development landscape. Wind speeds are influ-
enced by topographic factors including the mountainous Sin-
tra area west of Lisbon and the Sagres promontory zone, ben-
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efitting from higher local wind speeds visible in darker-grey
areas. Also, larger continental-shelf areas (within the darker
dashed line) see consistent LCoE and a shallower shelf, es-
pecially zone A and B in Fig. 5.

Figure 6 presents sensitivity analysis for the key param-
eters with influence over LCoE, presented on a common
450 % axis and averaged across all sites. Steeper gradi-
ents represent larger effects on LCoE, which is highest for
changes in energy generation, followed by CAPEX and dis-
count rate. Energy change is significant as there is on average
a 7% rise in wind speed moving from near to far sites, but
this must be tempered by the longer export cable routes and
steep increases in water depths, which affect mooring costs.

CAPEX adjustment from 50 %-150% of total expen-
diture, alongside energy generation, has the greatest im-
pact on LCoE: 50 % of total CAPEX would require dra-
matic cost reductions, especially to the heaviest and most
material-intensive components such as platforms and moor-
ing systems in deeper waters (Barter et al., 2020), and
150 % CAPEX is also a potential risk, considering changes
to commodity markets that have in some cases doubled
in recent years. CAPEX has the strongest cost-side influ-
ence on LCoE. A 50 % reduction in CAPEX decreases
the average LCoE from approximately EUR 217 MWh~! to
EUR 128 MWh~!, while a 50 % increase raises it to approx-
imately EUR307MWh~!. The effect of distance-related
costs also becomes less pronounced as overall capital costs
decrease. This broad sensitivity reflects the range of matu-
rity and potential within the FOW energy sector, from cost
levels approaching those of established offshore renewable
projects to those characteristic of early demonstrators and
pre-commercial arrays. The results therefore highlight the
importance of reducing component fabrication costs — es-
pecially for those with high innovation potential, including
the foundation and mooring system — and improving project
development, design, and procurement prior to FID. Energy
yield is most impactful, with a halving of energy generation
resulting in approximately double the LCoE, which could be
the case for low-wind sites or those with heavy curtailment
or availability loss. Improvements leading to a 50 % increase
only result in a one-third decrease in LCoE, highlighting the
strong penalties associated with underperformance.

The discount rate also has a high impact on results and
project feasibility, and therefore a realistic value and sensi-
tivity range should be set, owing to the larger impact on gen-
erating, O&M, and any CAPEX incurred before year 0. The
base value of 8 % represents riskier technology in a challeng-
ing environment and 2 % above normal fixed offshore wind,
which is currently the rate for most wind farms built and op-
erated in mature markets (Malleret et al., 2024).

For OPEX, around one-third of total project expenditure
is attributed to the operating and maintenance of the FOW
farm. As OPEX is discounted over time, this results in ever
reducing costs over the project life. The opposite is true for
lifetime extension; again impacts are suppressed by extend-
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ing years where the generation is discounted heavily. This
does not necessarily mean it is unimportant, only that its ef-
fect is diluted with the formulation of the LCoE equation.
Most sites are classed “severe” due to wave heights and the
classification method explained in Sect. 2.1.2. OPEX adjust-
ments maintain a relatively low impact on LCoE. It is im-
pacted by increasing distance, but most sites fall into the 25—
100 km (severe) or 25—-150 km (moderate) bands that define
a medium-distance strategy and therefore moderate cost im-
pact.

3.2 NPV

Sensitivity analysis for NPV is shown in Fig. 7 with changes
to key parameters, including energy production, CAPEX,
OPEX, and CfD price and length. Changes to energy produc-
tion have a large impact on the traditional CfD type, which is
the only truly generation-dependent method. CfD price has
a greater impact than the length of contract and is impact-
ful across all CfD types. CAPEX and financing costs are also
high drivers, which highlight the need for de-risking and cost
reductions in FOW for commercialization to become a real-
1ty.

Project balance for a range of wind farm locations, closely
linked to the prospective leasing areas, is shown in Fig. 8.
Almost all traditional CfD methods with a EUR 226 MWh™!
price do not achieve profitability within 30 years of base-
case operation. The steeper part of the upward curve after
the CAPEX debt represents the CfD, and the financial and
capability methods almost all result in wind farm profitability
before the regular spot prices come into effect from year 15
onwards.

3.3 IRR

Mapped IRR results under a traditional CfD are presented
in Fig. 10. This defines a commercial farm but with added
risk compared to fixed offshore wind; any IRR value under
8 % represents a currently unprofitable wind farm area, with
all light-blue to dark-blue squares offering profitable sites.
Wind speeds at hub height and significant depth contours are
also shown. A traditional CfD method rewards higher gener-
ation, and so higher-wind-speed sites benefit from this CfD
method, and for lower-generation sites away from windy ar-
eas the opposite is true. The sensitivity for IRR in Fig. 9
shows the main drivers of IRR change. Similar to the NPV
sensitivity study, CfD price and CAPEX reductions impact
IRR, with the metric impacted with initial negative cash
flows (CAPEX spend) and future positive cash flows associ-
ated with the larger revenues from higher CfD prices. Energy
generation again impacts the traditional CfD, with a smaller
effect under the financial and capability CfDs, where rev-
enues are less directly linked to actual farm generation.

The generation-independent revenue support schemes are
presented in Fig. 11, along with the IRR delta compared to

https://doi.org/10.5194/wes-11-4237-2026



C. White et al.:

Economic viability of floating offshore wind in Portugal 4247
7 ‘;,l M
w B .. WH,%;—’,” : LCOE (€/MWh)
i) Penlche,D I—_g" |:| . 146 - 160
L3 y [ 160150
i “'- 180 - 200
s L]
Lishgs [ ] 200-220
|:| 220-240
4N ,.|"-r
'f.,m'e gk N I:' 240 - 260
Set@ar’D [ ] 260-280
) 280 -300
/. [ ]
\
} ! B s00-300
Sme‘s I:l 0
o 1
1
(]
.\ II !
i { !

(///| PAER Zones Average Wind speed at 150 m (m/s)
8.0
Bathymetry contours (m) :| b
_____ 100 | 80-85
| 85-9.0
—— 500
- - .
5 ——= 2000 B =90
Sagres Lages’ Faro
South &
fS— 0 25 50 km
il
S | -
Figure 5. Mapped LCoE results, with mean wind speed and depth layers.
Table 3. CfD method comparison across 30-year project lifetime.

Indicator (average of all sites) Units Traditional  Financial Capability

Net support payment EUR billion 9.4 9.75 9.16

Total generator revenue EUR billion 16.06 16.41 15.82

Support per lifetime MWh EURMWh~! 83.5 89.3 80.4

Variation in payments across sites — Medium Low High

Variation in total revenue - Medium  Very low High

the traditional generation-based CfD method. For the finan-
cial CfD, revenues are uniform due to fixed payments made
to the generator, with a narrow range of lifetime revenues
between EUR 16.09-EUR 16.41 billion. This CfD method
greatly reduces the geographical variation between sites.
Owing to the fixed capacity payments received and the re-
turns based on a reference generator, financial support is in-
versely related to the reference generation. This makes this
method attractive for strong sites but costly for weaker sites
(such as Faro in the south).

The capability CfD method has the widest range of
total support payments across all sites of EUR3.21-

https://doi.org/10.5194/wes-11-4237-2026

EUR 12.72 billion, with payments rising with reference gen-
eration and capacity factor, directing remuneration to more
potentially productive sites. This method rewards capabil-
ity and avoids sending large amounts to the weaker, lower-
wind-speed sites. Generators still have incentives to overper-
form against reference values, away from a “produce and for-
get” approach. Compared with the financial CfD, revenues
are less stable, ranging from EUR 7.25-EUR 20.54 billion.
A summary of the three methods can be seen in Table 3.

Wind Energ. Sci., 11, 4237-4254, 2026
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Figure 9. Sensitivity analysis results for IRR for the traditional, financial, and capability C{D.
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4 Conclusions

This paper presents an economic viability study for float-
ing offshore wind in Portugal under a range of financial
support mechanisms. The study assessed 12 areas at 3 dis-
tances to shore, giving 36 sites to broadly assess how the
full mainland Portuguese coastline could support this deep-
water technology. LCoE is strongly linked as expected with
areas of high wind speeds (> 8.5ms™!) and broader ar-
eas of continental shelf to develop on, with the best sites
in Lisbon and Sagres benefitting from higher nearshore
wind speeds caused by local topographic effects. LCoE
range is broad across the country, ranging from EUR 146—
319 MWh— 1. Generally, values are lowest in the north of
Portugal, benefitting from the higher wind speeds and rel-
atively broad and shallow offshore shelf. Average LCoE is
best closest to shore at EUR 206 MWh~! on average, mid-
range sites are EUR 216 MWh~!, and far sites are on aver-
age EUR 241 MWh~!, showing a steady worsening offshore
generally due to longer cable routes, more expensive O&M,
and very deep water for development, with CAPEX increas-

Wind Energ. Sci., 11, 4237-4254, 2026

ing from EUR 5.94 billion nearshore to EUR 8.16 billion on
average for far sites.

For the CfD mechanisms, the traditional method rewards
the strongest actual generators, the capability method re-
wards the strongest theoretical reference generator, and the
financial method rewards the most evenly but rewards the
weakest-performing sites with large remunerations. All CfD
methods have their own strengths and weaknesses across
overall support, generator revenues, and variation between
sites. The financial CfD operates best to level the FOW play-
ing field in Portugal, with low variation in payments and rev-
enues, which could lead to a better spread of projects across a
wider geographical area, rather than a few gigawatts of high-
performing sites in the best wind areas.

Sensitivity analysis shows that CAPEX, energy yield, and
discount rate are the most potent drivers of changes in LCoE,
IRR, and NPV and therefore represent the principal barriers
to be addressed for floating offshore wind to progress from its
current pre-commercial scale to full commercial deployment,
with the associated climate and socio-economic benefits this
expansion would enable. CAPEX is a large driver of LCoE

https://doi.org/10.5194/wes-11-4237-2026
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sensitivity, and cost reductions in high-innovation-potential
areas are of importance. Also, there is a trade-off between
accessing far-shore areas of strong wind resource and the
added costs associated with access, cables, and mooring sys-
tems. Energy yield changes, the strongest sensitivity driver
for LCoE, penalize underperforming sites, which could be
mitigated by the financial CfD mechanism, which creates a
range of reference projects to spread the volume across mul-
tiple sites. The discount rate, representing project financing,
is lowered through better costs of financing and is improved
though de-risking projects through successful demonstration,
technical innovation, and improvements to revenue genera-
tion methods that this paper discusses in detail.

Although the present analysis does not evaluate wider in-
dustrial or market-evolution effects, as global costs fall, and
domestic supply chains mature, floating offshore wind has
the potential to move from a challenging investment today
to a major long-term economic and strategic opportunity for
Portugal.
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