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SUMMARY

Future energy systems need offshore wind. However, large-scale deployment faces aerodynamic limits that

constrain efficiency, energy yield, and grid integration. We present a closed-form analytical model for the

theoretical upper limit to offshore wind farm production, expressed through a dimensionless Wind Farm

Wind Factor. The model and limit are validated against data from 72 offshore wind farms over 420 cumulative

years, demonstrating strong agreement including operational losses. We benchmark national policy targets

in Europe and the US, revealing large overestimations of energy production—by nearly 50% in one case—

underestimating energy costs, power variability and integration costs, curtailment, and policy risks. The

model clarifies the critical design trade-offs between turbine height, specific power, and wind farm density.

Our model provides a rigorous yet simple framework, readily usable by engineers, planners, and policy-

makers to forecast wind farm performance, support system planning, and to set realistic targets consistent

with aerodynamic limits.

INTRODUCTION

Offshore wind energy is a crucial component in the pursuit of car-

bon neutrality by coastal nations. It is projected that by 2050,

global offshore wind capacity will reach approximately 1,800

GW.1 This expansion will constitute about 80% of all marine

space utilization by fixed structures, including both energy and

non-energy infrastructure.1 The development of offshore wind

SCIENCE FOR SOCIETY Offshore wind energy is key to energy transition, but its true potential is often over-

stated. As wind farms become larger and denser, they change the atmospheric boundary layer, reaching up

to the strong geostrophic winds a few kilometers above the surface. Energy extraction depends on the ver-

tical transfer of momentum from these high-altitude winds down to the turbines, which sets a physical ceiling

on how much energy can harvested. A closed-form analytical model, validated against more than 420 years of

operational data from 72 wind farms, defines this upper limit through a dimensionless Wind Farm Wind Fac-

tor, which condenses the key design and operational conditions of the wind farm, turbine, and site. A bench-

mark of national policy targets shows expectations of energy production up to 50% higher than can realis-

tically be achieved. Such overestimation not only hides true energy costs but also underestimates power

variability, integration, and curtailment risks, and it distorts policy pathways. When projections exceed phys-

ical limits by such margins, the resulting electricity shortfall can destabilize decarbonization strategies and

reach deep into society and the economy. Because of the long lead times to develop projects and new elec-

tricity systems including storage and the long operational life of these assets, errors in projections will affect

multiple generations. The heavy demands on society (e.g., qualified labor), the economy, and the environ-

ment mean that corrective paths may become costly or unfeasible for a country or region. The framework

provides policymakers, planners, and communities with a rigorous yet simple tool to set credible targets;

compare technology choices; and balance trade-offs between space use, biodiversity, and energy security.

It also enables collaboration across engineering, economics, and environmental sciences, helping to deliver

on climate goals without overpromising or undermining trust in energy transition.
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farms involves extensive planning and construction phases, with

operational lifespans exceeding 25 years. Offshore wind now

accounts for over 50% of all capital investments in marine indus-

tries.1 However, the inherent variability of wind energy, com-

bined with its increasing market penetration, presents substan-

tial challenges for system integration, necessitating major

infrastructural enhancements.2–6

The growth of the offshore wind sector demands enduring pol-

icy support and will have profound societal and environmental

impacts that extend across several decades and affect multiple

generations of people and wildlife. The industry’s operation,

characterized by high volumes and narrow profit margins, is

particularly sensitive to global fluctuations in material and energy

costs.7 Project forecasts and transnational policy decisions are

based on a range of models and assumptions with significant

uncertainty.8–12

It is essential for governments, regulatory bodies, industry

stakeholders, financial institutions, and community representa-

tives to have access to reliable energy production forecasts

from wind farms. These energy production forecast models

should be openly accessible, straightforward to interpret and

use, and subject to transparent validation processes.

The aim of this work is to provide and validate a simple closed-

form analytical model to predict wind farm energy production

based on the physics of wind farm interactions with the atmo-

spheric boundary layer (ABL). The core model has been previ-

ously developed by Frandsen13 and extended by Sørensen

and Larsen.14 We validate the model against historical produc-

tion data of over 70 offshore wind farms located in the Baltic,

North, and Irish Seas for a total of more than 420 years of data.

We further extend the model by deriving a new theoretical up-

per limit for the production of a wind farm, and we validate it with

full-scale wind farm data, with most wind farms already perform-

ing at below and around 90% of the new proposed theoretical

maximum, explained by the operational losses. This theoretical

limit is rigorously defined for infinite wind farms by physical prin-

ciples. For real wind farms, a small empirical correction is

needed to account for the enhanced production of edge tur-

bines, but this does not affect the theoretical ceiling itself.

Leveraging this validated approach, we then analyze several

planned large-scale offshore wind projects and national policy

targets. Comparing their published capacity factors against our

theoretical limit reveals that many official goals are overly opti-

mistic by as much as 50%. This discrepancy not only affects

feasibility but also has implications for levelized cost of energy

(LCOE) estimates and system integration planning. Lastly, we

explore how the model’s findings relate to turbine design

choices, wind farm density, and variability in power output, offer-

ing insights that are directly applicable to both industry and

policymakers.

RESULTS AND DISCUSSION

Validation of model with wind farm data

In this section, we validate the wind farm model by comparing its

predictions of capacity factor (CF)—the ratio of a wind farm’s

average power output to its nameplate capacity—against real-

world data from operational wind farms. The details of the model

formulation and data sources are provided in the methods and in

Simão Ferreira.15

Figure 1 presents the geographic locations of 72 offshore wind

farms in the Baltic, North, and Irish Seas (the background map is

adapted from European Marine Observation and Data Network

[EMODnet],16 which includes wind farms up until the planning

phase. For reference on wind farms up until the exploration

phase, see 4C Offshore17). The distribution of installed capacity

(MW) and wind farm capacity density (MW/km2) is depicted

in Figure 2. These datasets provide the basis for model

validation.

Figure 3 provides a direct comparison of the capacity factor

predicted by the model and the capacity factor from real wind

farm data. The model estimates for capacity factor account

only for wake losses, excluding operational factors such as avail-

ability, grid constraints, maintenance, and transmission losses.

In contrast, real wind farm data represent the energy delivered

to the grid, incorporating all operational losses.

Typical operational losses of offshore wind farms range from

approximately 10% of the potential production after wake los-

ses,18,19 with some studies suggesting values as high as

14%.20 As shown in Figure 3, most real-world capacity factors

fall between 85% and 95% of the model predictions, with an

average ratio of 89%, aligning well with expected operational

losses.

A linear regression of the dataset, using the form y = 0:89x,

where y shows the capacity factors of the real wind farms and

x represents capacity factor predicted by the model, yields a co-

efficient of determination R2 = 0.87. This indicates a strong cor-

relation between model predictions and real-world performance.

However, some data points deviate from this trend. When

observing the specific data points, these deviations are often

due to factors such as wind farm-specific curtailments, addi-

tional wake effects from neighboring wind farms, or seasonal

variations in wind resource availability.

This validation demonstrates that the model effectively cap-

tures the aerodynamic behavior of offshore wind farms while

closely approximating real-world performance, reinforcing its

utility for forecasting the production of offshore wind farms.

In the simulations corresponding to Figure 3, the effects of

finite wind farm size, layout, wind farm aspect ratio, and orienta-

tion relative to the prevailing wind distribution are addressed by

partitioning the turbines; a subset is assigned to experience un-

perturbed wind speeds (without wind farm reduction effects),

while the remaining turbines experience the full velocity reduc-

tion inside an infinite wind farm (see section on definition of the

Wind Farm Wind Factor). All parameters used for the simulation

of each wind farm, along with the corresponding historical pro-

duction data, are provided in the database15 and can be freely

downloaded for verification and further analysis.

Validation of the theoretical limit for energy extraction

This section presents the validation of the equations presented in

the methods for the theoretical limit for energy extraction.

The Wind Farm Wind Factor, ϕWF , is defined as the ratio of the

turbine rated wind speed (Ur ) to the product of the unperturbed

mean wind speed at hub height (U∞) and the velocity reduction

factor (ϵ), which accounts for the impact of wind farm layout
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and wake effects. This dimensionless parameter condenses the

essential influences of turbine design, site wind resource, and

farm configuration into a single value (see methods for detailed

derivation).

Figure 4 shows the capacity factor as a function of the Wind

Farm Wind Factor ϕWF = Ur

U∞ϵ
, where the data points represent

the real wind farm data. The data points account for the equiv-

alent value of the velocity reduction factor ϵ, as introduced in

Sørensen and Larsen14 for a finite wind farm, which accounts

for the fact that the first rows of the wind farm experience un-

perturbed flow. Two lines are drawn—the theoretical limit line

for k = 2.4, as given by Equation 11, and the theoretical limit

line accounting for 10% losses (90% of the theoretical limit),

which is consistent with empirical values listed in Morten-

sen.18 The theoretical limit assumes a cut-in wind speed of

0 m/s and a cut-out wind speed of ∞m=s, while the wind

farm simulations assume a cut-in wind speed of 3 m/s and a

cut-out wind speed of 25 m/s. The real wind farm data follow

slightly below the 90% theoretical limit line. This attests that

most wind farms are already designed to operate close to

the practical maximum, even though designers may not

have been aware of this limit.

Figure 1. Geographic locations of wind farms in the Baltic, North, and Irish Seas

Labels correspond to those in Figure 2, and the data points are described in Simão Ferreira.15 Background map adapted from European Marine Observation and

Data Network.16

Figure 2. Distribution of wind farm installed

capacity (MW) and wind farm capacity den-

sity (MW/km2) in the dataset

Marker size is proportional to rotor diameter. La-

bels correspond to those in Figure 1, and the data

points are described in Simão Ferreira.15
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The proposed theoretical limit is therefore validated by the real

wind farm data. Despite being simple, the closed-form equation

is capable of capturing the essential physical processes that

determine the energy yield.

Referring to Figure 4, it is clear that the Wind Farm Wind Factor

is an efficient predictive measure of the highest achievable wind

farm capacity factor for a given wind farm layout and for given

site conditions (expressed in terms of geostrophic wind condi-

tions, the ground roughness height, and the Coriolis parameter).

Both site wind speed conditions and the wind farm topology are

condensed into the ϵ parameter defined in Equation 6, which ex-

presses the ratio between the wind speed within the infinite wind

farm and the unperturbed ambient wind speed at hub height.

For given site conditions, the impact of wind farm layout on the

achievable wind farm capacity factor is expectedly intimately

related to the wind farm density. For small turbine spacing—

i.e., large turbine density—the Wind Farm Wind Factor in-

creases, resulting in a decrease in the obtainable wind farm ca-

pacity factor. In the limit of infinite spacing, ϵ approaches 1, and

the Wind Farm Wind Factor takes its maximum equal to Ur

U∞
and

thus degenerates to the turbine wind factor.

Evaluation of national offshore wind policies

Establishing an analytical upper limit to the capacity factor of

offshore wind farms offers a significant advantage; it can serve

as a robust tool to enhance decision-making and governance

processes. This includes the strategic planning and negotiation

phases, as well as the definition of offshore leases and the

setting of wind energy tariffs. Current national policies are typi-

cally informed by diverse studies employing varied tools and

methodologies.

The feasibility of national offshore wind policies and projects

was evaluated using the theoretical capacity factor limits derived

in this study. The policy goals and planned projects for selected

countries were assessed by comparing published targets with

the calculated capacity factor limits and operational constraints.

Detailed descriptions of the case studies, including wind farm

parameters and data sources, are provided in the section on

descriptions of case studies of policy goals. This section focuses

on analyzing the alignment of policy ambitions with theoretical

and practical constraints, highlighting discrepancies and impli-

cations for offshore wind energy development.

The evaluation included the following national policy case

studies, which are presented using their names and acronyms:

• UK: Hornsea 3 (UK North Sea).

Figure 3. Comparison of capacity factor estimates from the model

(energy extraction, no operational losses) versus real wind farm data

(operational losses included)

The diagonal reference lines indicate 100%, 95%, and 85% agreement. Labels

correspond to those used in Figures 1 and 2, and the data points are described

in Simão Ferreira.15

Figure 4. Relationship between wind farm

wind factor ϕWF = Ur

U∞ϵ
and wind farm capac-

ity factor CF (%)

The data points represent the individual wind

farms. The theoretical limit line for Weibull shape

factor k = 2.4 and the theoretical limit line ac-

counting for 10% losses are also shown. Labels

correspond to those used in Figures 1 and 2, and

the data points are described in Simão Ferreira.15
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• FR 1: Centre Manche I and II (Channel Region, France).

• FR 2: Oléron I (Atlantic Coast, France).

• DE 1: N9 Zone (German North Sea).

• DE 2: N11–13 Zone (German North Sea).

• US 1: Atlantic Shores South (United States, Atlantic

Coast).

• US 2: New York Bight (United States, Atlantic Coast).

• NL: North Sea Programme (Dutch North Sea).

• BE: Princess Elisabeth Zone (Belgian North Sea).

These cases were selected to provide a representative over-

view of national ambitions across various offshore wind energy

contexts. Selection was based on the availability and specificity

of public data and definitions, as well as on the size and rele-

vance of the projects. This ensures that each case represents

a clearly defined, high-impact national or regional initiative for

which detailed parameters are available. Results are presented

in terms of alignment with theoretical limits, in some cases high-

lighting significant discrepancies between policy goals and

achievable capacity factors.

Table 1 presents a comparison of national policy and project

case studies for offshore wind farms, highlighting critical param-

eters such as installed capacity, capacity density, wind speed,

and capacity factors. The table contrasts the published capacity

factor goals (CFpolicy ) with theoretical limits (CFlimit) derived from

this study, accounting for 10% operational losses. For six cases,

the ratio is above 111%, representing policy goals above the

theoretical limits without operational losses. The ratio CFpolicy=

CFlimit quantifies the degree of alignment between the policy am-

bitions and theoretical constraints, while the power density

(average power produced per unit area) provides insight into

spatial efficiency for energy production. The average wind speed

is retrieved from Technical University of Denmark.21

Figure 5 illustrates the relationship between the Wind Farm

Wind Factor (ϕWF) and the capacity factor, comparing existing

wind farms with national policy cases. The theoretical capacity

factor limit (navy-blue solid line) and adjusted limit for operational

losses (blue dashed line) are shown. Circle-shaped markers

represent policy or project goals. Star-shaped markers indicate

expected capacity factors at 90% of the theoretical limit but are

calculated specifically over the operational wind speed range of

the turbine (3–25 m/s), rather than the full wind speed range. The

blue dashed line, in contrast, represents 90% of the theoretical

upper limit computed over the entire wind speed range from

0 to infinity. The data points from the operational wind farms align

closely with the 90% markers, supporting the validity of the

model.

The results reveal significant discrepancies between some

policy goals and theoretical limits. Several national policies/pro-

jects target capacity factors and densities that exceed realistic

constraints, as evidenced by the position of circle markers above

the theoretical limit lines in Figure 5 (even above the absolute

theoretical limit, where no operational losses are assumed).

These discrepancies highlight potential overestimations in plan-

ning, which could impact the feasibility of policy, the societal and

economic value, and the integration in the energy system.

The Dutch policy case is particularly instructive, not only

because it represents the largest observed mismatch between

official targets and aerodynamic limits but also because it illus-

trates how policy can rapidly evolve, sometimes in counterpro-

ductive directions. Policy is inherently dynamic, and the recent

developments in the Netherlands—including the updated Wind-

energie Infrastructuurplan Noordzee (WIN) and its accompa-

nying parliamentary letter published on July 16, 2025 (Kamerbrief

Het Windenergie Infrastructuurplan Noordzee22 and Bijlage Het

Windenergie Infrastructuurplan Noordzee23)—provide a case

study of how changing targets, spatial planning, and assumed

performance can become misaligned with physical constraints.

In the Dutch case, national planning assumptions for offshore

wind have shifted from 10 MW/km2 and a capacity factor of

51.5% (as in the North Sea Programme 2022–202719,24–27) to

the latest government plan targeting 10.5 MW/km2 and even

higher capacity factors —ranging from 51% to 56%. However,

these scenarios are not only internally inconsistent with physical

wake losses at higher densities, but they also depart from

observed trends in operational wind farms. The WIN plan itself

Table 1. Comparison of wind farm data for national policy/project study cases as described

Case study Capacity installed Capacity density U∞ @150m WFWF ΦWF CF policy CF theory

CF policy

CF theory Power density

– (MW) (MW/km2) (m/s) (–) (%) (%) (%) (MW/km2)

UK 2,955 4.2 10.2 1.25 47.0 46.1 102 2.0

FR 1 2,497 5.5 9.4 1.35 47.1 40.9 115 2.3

DE 1 12,000 10.4 10.5 1.38 36.3 39.4 92 4.1

US 1 2,837 6.9 9.5 1.46 40.0 35.2 113 2.4

NL 10,000 10.0 10.0 1.48 51.5 34.6 149 3.5

DE 2 5,500 13.1 10.3 1.50 31.1 33.7 93 4.4

US 2 9,646 6.8 9.5 1.50 40.0 33.5 120 2.3

BE 3,500 13.7 9.7 1.51 41.2 33.1 124 4.5

FR 2 1,200 6.7 8.3 1.52 40.0 32.7 122 2.2

The table includes installed capacity (MW), capacity density (MW/km2), unperturbed wind speed at height 150 m (m/s), calculated Wind Farm Wind

Factor (ϕWF), capacity factor from policy/project goals presented in literature (CFpolicy ), calculated theoretical capacity factor (CFtheory ) with 10% oper-

ational losses, the ratio of policy capacity factor to the theoretical limit (CFpolicy=CFtheory ), and effective average power density (MW/km2). The results

illustrate significant discrepancies between policy/project goals and theoretical constraints for some cases (see also Figure 5)
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acknowledges in its technical appendix that such high capacity

factors may be optimistic. Indeed, only a single scenario variant

models a lower capacity factor of 42% (3,700 full load hours) yet

frames it as ‘‘pessimistic.’’ The simultaneous assumption of both

higher densities and rising capacity factors is not physically plau-

sible, as increased capacity density is aerodynamically linked to

a lower, not higher, average capacity factor. The result is a policy

trajectory that, without adjustment, risks significantly overstating

potential energy yields, underestimating integration costs, and

misaligning spatial planning with achievable system perfor-

mance. For these reasons, our analysis employs the more con-

servative values from the original North Sea Programme,19,24–27

and we recommend that future planning scenarios should reflect

the realistic trade-off between farm density and achievable ca-

pacity factor.

This risk becomes especially acute when quantifying the

actual gap that emerges if offshore wind CFs are overestimated.

The WIN plan, for example, assumes that offshore wind will pro-

vide around 60% of all CO2 -free electricity generated in the

Netherlands by 2040, based on capacity factors as high as

53% (in average). If, instead, the system-average capacity factor

proves to be closer to 34.6%—as predicted by our theoretical

model and supported by global operational trends—then more

than 20% of the Netherlands’ planned CO2 -free electricity sup-

ply will be missing by 2040 due to the shortfall in offshore wind

generation alone. To put this in perspective, this lost share is

equivalent to the entire projected output of solar photovoltaics

in the WIN plan,23 nearly twice the expected contribution from

onshore wind, and almost three times the nuclear energy output

anticipated in 2040. Such a discrepancy would fundamentally

threaten the viability and credibility of the Dutch decarbonization

pathway.

Even when assuming CFs above 50%, the Dutch govern-

ment’s own scenario analysis acknowledges that massive new

investments in grid infrastructure, energy storage, and flexible

demand are indispensable to avoid curtailment and system bot-

tlenecks. The WIN report23 notes that as renewable shares rise

above 70%–80%, only large-scale solutions such as hydrogen

production, grid expansion, and both short- and long-term stor-

age can enable further integration. Without these, the system

cannot reach its renewable targets, regardless of assumed

wind performance.

It is also important to note that the feasibility and cost-effec-

tiveness of the large-scale storage and flexibility investments en-

visioned by Dutch policy critically depend on the actual capacity

factor of the wind fleet. If, as aerodynamic limits and operational

experience suggest, average offshore wind capacity factors fall

well below 50%, the utilization rate of storage and flexible de-

mand assets will be much lower than assumed. This not only

drives up the levelized cost of stored (or converted) energy,

but it also undermines the ability of these systems to provide reli-

able grid support, amplifying the risk of underdelivery and eco-

nomic inefficiency. In other words, planning for very high levels

of offshore wind integration without realistic capacity factor as-

sumptions may significantly overstate the benefits—and under-

state the costs—of storage, hydrogen, and system integration

solutions. This analysis highlights the critical importance of align-

ing national targets and infrastructure planning with empirically

grounded, physically realistic performance limits for offshore

wind energy. Furthermore, it underscores the urgency of imme-

diate dissemination and education regarding the theoretical and

empirical limits of offshore wind energy. When we began this

work over 2 years ago, the Dutch targets were already overly

optimistic; since then, policy assumptions have only drifted

further from physical reality, amplifying the risks of overpromise

and underdelivery.

The US offshore wind case studies (US 1: Atlantic Shores

South, US 2: New York Bight) illustrate a distinct challenge in

translating policy assumptions into project realities. Both pro-

jects initially adopted an assumed capacity factor of 40%, as

calculated by the Bureau of Ocean Energy Management

(BOEM) during the leasing phase, based on a conservative ca-

pacity density of 3 MW/km2 (see Bureau of Ocean Energy Man-

agement,28 Lease Area Descriptions). At this lower density, our

Figure 5. Relationship between the Wind

Farm Wind Factor (ϕWF = Ur=U∞ϵ) and the

wind farm capacity factor (%)

For a Figure360 author presentation of this figure,

see https://doi.org/10.1016/j.crsus.2025.100573.

The theoretical limit (navy-blue solid line) and the

adjusted limit accounting for 10% operational

losses (blue dashed line) are shown alongside

data points representing existing offshore wind

farms (see also Figure 4) and national policy ca-

ses. Circle-shaped markers indicate the published

goals of national policies/projects, while star-

shaped markers represent the theoretical esti-

mate with 10% operational losses. The results

show that several national policies/projects are

significantly above the theoretical limit, high-

lighting potential overestimations in planning. The

results are also expressed in Table 1.
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analytical model predicts capacity factors of 43.3% for US 1 and

41.6% for US 2—slightly above BOEM’s original estimate and

confirming its initial reasonableness. Notably, BOEM had

already acknowledged during the leasing process that actual

projects would likely be developed at higher densities. Indeed,

the final designs for US 1 and US 2 reached 6.9 and 6.8 MW/

km2, respectively—more than double the original planning

assumption. Nevertheless, the policy and publicly communi-

cated capacity factor have remained fixed at 40%, with no

adjustment for the increased aerodynamic losses associated

with such dense layouts. This disconnect highlights a failure to

update initial leasing-phase assumptions in response to proj-

ect-level changes, resulting in unrealistic and overly optimistic

expectations for the ultimate energy yield of these higher-density

projects.

Impact on cost of energy

In this section, we evaluate the LCOE across different national

offshore wind policies, using the capacity factor estimates

derived in the previous section. The methodology for LCOE esti-

mation is detailed in the section on LCOE estimation

methodology. Our model treats capacity factor as the sole vari-

able in determining the LCOE, assuming that all other cost

drivers remain constant.

Figure 6 presents the relationship between LCOE and the Wind

Farm Wind Factor (ϕWF ) and the associated capacity factor. The

blue dashed line represents the LCOE trend assuming an inverse

proportionality to CF with a reference cost of 80€=MWh at CF =

50%, and CF is 90% of the theoretical capacity factor limit. Circle

markers indicate LCOE estimates based on policy-reported CFs,

while star markers represent expected LCOE values assuming

CFs estimated by the model. For comparison with the estimates,

the work of Fuchs et al.20 shows an average 167 USD/MWh (162

€/MWh) of requested strike price for projects in the same region as

the case studies US 1 and US 2.

These results indicate that overestimating a wind farm’s ca-

pacity factor leads to an overestimation of its energy output

and, consequently, to an underestimation of the cost of energy.

Because the calculated LCOE is inversely proportional to the ca-

pacity factor (Table 1), even modest capacity factor errors can

significantly affect project feasibility. This issue is particularly

relevant given the long intervals between initial site studies by

governmental bodies, formal project tenders, and actual

construction.

Impact on the variability of power produced

A central challenge with variable renewable energy is that pro-

duction cannot be provided at will but only when sufficient

wind is available. Consequently, a wind farm capacity factor

not only denotes the average power output during its lifetime,

but it also reflects how the energy is distributed throughout

the year.

Figure 7 illustrates this distribution for a hypothetical 10 GW

offshore wind farm at a capacity factor of CF = 35%. The hours

are sorted in descending order of power output, revealing that

much of the yearly energy is produced in relatively few hours. If

the goal were to supply a near-constant baseline of power, the

system would need flexible demand and/or storage, managing

close to 40% of the energy produced. In this idealized example,

we assume zero curtailment losses, zero storage losses, and no

losses from variable demand.

Because the Wind Farm Wind Factor ϕWF determines the

farm’s capacity factor, we can also track how the distribution

of output changes with ϕWF . Figure 8 plots the fraction of hours

spent at various power levels versus increasing ϕWF . As ϕWF

grows (and CF drops), the power-duration curve becomes

more concave—a larger share of total energy is produced in

fewer high-output hours, leaving more hours at minimal output.

Figure 6. LCOE as a function of the Wind Farm Wind Factor (ϕWF ) and

wind farm capacity factor (%)

The blue dashed-line represents the LCOE trend assuming an inverse pro-

portionality to CF with a reference cost of 80€=MWh at CF = 50%, and CF is

90% of the theoretical capacity factor limit. Circle-shaped markers indicate the

estimates of LCOE based on the capacity factor published as goals of national

policies/projects, while star-shaped markers represent the expected values of

LCOE based on the capacity factor obtained from the model, as shown in

Figure 5 and Table 1.

Figure 7. Ordered annual power-output distribution for a hypothet-

ical 10 GW offshore wind farm with a capacity factor CF = 35%

Colored regions indicate production above the mean power level. Curved

arrows show what fraction of total annual energy is produced above this

baseline, highlighting the need for flexible demand or energy storage. The

example assumes no storage or curtailment losses. Turbine rated wind speed

is Ur = 10:5m=s, average unperturbed wind speed at hub height h = 150m is

U∞ = 10m=s, and the Weibull shape factor is k = 2.4.
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This concentration heightens susceptibility to curtailment, if the

grid or storage cannot absorb surpluses during peak episodes.

At the same time, more turbines must be installed to reach the

same energy target, increasing both total capacity and the risk

of oversupply.

As seen in Figures 4 and 5, new high-density offshore projects

could realistically yield capacity factors around 30%–40%, well

below the 47%–55% range commonly assumed in many integra-

tion studies.3,4,29–31 Consequently, offshore wind’s variability

profile begins to resemble that of onshore wind from a grid inte-

gration perspective, implying that a significant portion of future

energy system costs will hinge on these realistic capacity

factors.2

Impact of turbine size and specific power

In this section, we investigate two key approaches for enhancing

offshore wind farm performance: increasing turbine size (i.e.,

enlarging rotor diameter and raising hub height) and modifying

turbine-specific power. These design choices affect the Wind

Farm Wind Factor, ϕWF , through several channels: (1) the rated

wind speed, Ur , which is directly influenced by the turbine’s spe-

cific power; (2) the unperturbed average wind speed at hub

height, U∞, which is linked to the turbine’s elevation within the

ABL; and (3) the velocity reduction factor, ϵ, which depends on

turbine height, spacing, and wind farm layout.

By comparing different rotor diameters, layouts, and specific-

power configurations, we demonstrate how design choices

aimed at capturing stronger winds aloft or installing more capac-

ity within a given footprint interact with wake dynamics and

boundary-layer constraints, ultimately shaping the achievable

capacity factor.

Figure 9 illustrates the impact of varying rotor diameter on

wind farm performance. As the rotor diameter increases, the

rated power of the turbine increases while the specific power

(and thus Ur ) remains constant. Simultaneously, the increased

hub height elevates U∞ and ϵ, which results in a lower ϕWF and

a higher capacity factor, CF. Our analysis indicates that varia-

tions in ϵ have a more pronounced effect on CF than changes

in U∞.

Figure 10 presents the effect of varying turbine-specific power

(by altering Ur ) under two distinct strategies. In the first strategy,

turbine spacing is held constant (thereby keeping ϵ constant),

while the wind farm’s installed capacity density varies. In the

second strategy, the wind farm capacity density is maintained

constant by varying spacing and therefore ϵ. The average speed

of the unperturbed wind at hub height U∞ remains constant at

10 m/s. The secondary x axis in the figure displays the corre-

sponding CF, while the y axis represents the power density

(i.e., the average power produced per unit area). Marker sizes

and transparencies indicate turbine-specific power values

ranging from 100 to 500 W/m2.

The results reveal that for both strategies, power density ex-

hibits an almost linear relationship with the Wind Farm Wind Fac-

tor. In the constant-turbine-spacing scenario, achieving higher

capacity factors by reducing turbine-specific power is accompa-

nied by a substantial decline in power density, with this decline

occurring at a rate that is slightly more than linear in relation to

ϕWF . Conversely, in the constant-capacity-density scenario, at-

taining both a higher capacity factor and increased power den-

sity is feasible only by reducing the spacing between turbines

(higher turbine density).

Conclusions

This study establishes a physically grounded upper limit on wind

farm performance, demonstrating that aerodynamic constraints

impose a fundamental ceiling on the energy extractable from the

marine ABL. Central to this finding is the Wind Farm Wind Fac-

tor—a dimensionless parameter that concisely captures the

Figure 8. Distribution of hours at various power-output levels as a

function of the Wind Farm Wind Factor ϕWF

The x axis is ϕWF , and the y axis denotes the fraction of hours in the year at the

indicated power levels. Different color bands represent time spent below

power thresholds of 10%, 25%, 50%, 75%, and 100% of rated power. The

secondary x axis indicates the corresponding wind farm CF, taken as 90% of

the theoretical maximum for each ϕWF .

Figure 9. Effect of turbine size (varying rotor diameter and hub

height) on the Wind Farm Wind Factor, ϕWF, and the consequent wind

farm capacity factor (%)

The plot shows the theoretical limit (solid line) and 90% of that limit (dashed

line). The lowest blade-tip height is 30 m, the rotor specific power is 332 W/m2,

the wind farm size is 10 GW, and the average wind speed at the reference

height h = 150 m is U∞ = 10 m/s. Wind farm density is 10 MW/km2 of installed

power.
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influence of wind resource, turbine design, and farm layout on

achievable capacity factor. The sensitivity to the Weibull shape

factor k is shown to be comparatively minor.

The Wind Farm Wind Factor provides an elegant and straight-

forward approach to assessing wind farm performance,

requiring only the local wind speed, the rated wind speed of

the turbine, and a simplified representation of wind farm layout

based on turbine density and frontal distribution. This relation-

ship has been encapsulated in a clear analytical formula.

We validated the developed model extensively using historical

operational data from 72 offshore wind farms, collectively repre-

senting more than 420 years of production records. The valida-

tion results demonstrate excellent agreement with real-world

performance data, reflected in a strong correlation between pre-

dicted and observed production once operational losses are ac-

counted for.

Leveraging the validated model, we evaluated offshore wind

policy targets from several countries, including the UK, France,

Germany, the US, the Netherlands, and Belgium. Our analysis

identified substantial and systematic discrepancies between na-

tional policy projections and the realistic aerodynamic limits.

Notably, the Dutch offshore wind program exhibited the most

significant overestimation, predicting capacity factors nearly

50% above feasible limits. Similar, although less extreme, over-

estimations were observed for France (up to 22%), Belgium

(24%), and the US (13%–20%). Such widespread discrepancies

underscore a global risk of inflated expectations, potentially

leading to misguided investments and infrastructure planning

and failure of energy supply.

An important additional insight from our analysis is that the

most significant reductions in capacity factor occur as wind

farm density increases from isolated to moderate levels (i.e.,

up to 7 MW/km2). Beyond this, further increases in density result

in much smaller incremental losses in capacity factor. Given the

limitations of available marine space, very high-density wind

farms (i.e., above 15 MW/km2) may therefore be desirable,

despite slightly lower individual turbine efficiency. Although

these dense configurations require more materials and pose sys-

tem integration challenges, their benefits for marine space con-

servation could justify the trade-off—particularly in crowded or

ecologically sensitive environments, where maximizing total

yield per unit area must be balanced with the need to protect ma-

rine habitats and biodiversity.

These findings strongly indicate that foreseeable offshore

wind capacity factors will be substantially lower than values

currently assumed in major energy integration and system plan-

ning studies. Recognizing and correcting these biases are crit-

ical to the integrity and effectiveness of energy policy and infra-

structure decisions. The security of energy supply is crucial, and

mistakes in long-lead projects are difficult to correct. Systematic

overestimation of capacity factor risks not only project underde-

livery and financial shortfalls but also threatens energy security,

investor confidence, and the credibility of national decarboniza-

tion strategies. This model provides a clear benchmark that can

be used by system operators, policymakers, planners, and in-

vestors to set physically robust expectations and align invest-

ments with achievable targets.

Our analytical model helped us to carefully examine how

important wind turbine design factors, especially hub height

and specific rotor power, affect performance of and energy

capture in wind farms. This assessment clarifies which design

adjustments yield meaningful improvements in wind farm perfor-

mance and energy capture.

Although primarily developed for offshore conditions, the pro-

posed model is sufficiently general to be directly applicable to

large-scale onshore wind farms as well.

In summary, this study presents and validates a robust, sim-

ple, and physically grounded analytical model for wind farm po-

wer production. By unifying turbine design, wind resource, and

farm layout into a single dimensionless parameter—the Wind

Farm Wind Factor (ϕWF)—this work offers both a scientific

advance and a practical tool. It clarifies the aerodynamic limits

of wind energy while providing planners, policymakers, industry,

investors, and civil society with a transparent and reliable bench-

mark for setting credible, physically achievable expectations.

The model’s accessibility also empowers non-specialists to

independently evaluate proposed projects and challenge unreal-

istic or unsustainable plans, supporting informed debate on

energy security and environmental scrutiny in crowded or

ecologically sensitive marine environments.

METHODS

Previous research on limits of offshore wind

Various research studies have attempted to determine how

much energy can be extracted from the atmospheric wind sys-

tem. Depending on diverse assumptions regarding wind classes,

capacity factors, available areas, and geographic locations, a

wide range of estimates were obtained. In Archer and Jacob-

son32 and Marvel et al.,33 limits to global wind power were inves-

tigated using geophysical considerations. In Adams and Keith,34

Figure 10. Wind farm power density and capacity factor as functions

of the Wind Farm Wind Factor, ϕWF

The black dashed line corresponds to constant-turbine-spacing (5D), while the

blue curve represents the scenario of constant wind farm density (10 MW/

km2). Marker size and transparency denote different turbine-specific power

values. In this analysis, the rotor diameter is D = 240 m, the average wind

speed at hub height (h = 150 m) is U∞ = 10 m/s, and the wind farm size is 10

GW.
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it was shown that previous investigations may have overesti-

mated the available wind power by overlooking large-scale ef-

fects of wind turbines on average atmospheric wind speeds. In

Enevoldsen et al.,35 regional socio-technical restrictions and

regulations were introduced to assess onshore wind power po-

tential in Europe. In Miller et al.,36 an analytical approach was

proposed to determine the maximum wind power available per

unit area, treating the large-scale wind farm as an extra friction

source in the ABL. Assuming the rate of momentum generation

in the ABL remains unchanged by the wind farm, this additional

friction yields a new equilibrium of the momentum equation at

lower wind speeds near ground and wind farm heights. This

reasoning is similar to that of Frandsen,13 which uses the

geostrophic wind speed as the unperturbed term. The later

work by Miller et al.37 employs a large-scale regional atmo-

spheric weather model with wind turbine parametrization to

study global wind limits, further investigating how wind farm den-

sity affects the capacity factor—showing substantial efficiency

reductions when density (and thus wake interactions) increases.

The relationship between wind farm capacity factor and power

density was also demonstrated numerically by Pryor et al.38 for

US offshore wind farms, who compared their results with the

trends reported in Agora Energiewende et al.8 for German

offshore wind farms. Notably, the results from our analytical

model align closely with both the findings of Pryor et al.38 and Ag-

ora Energiewende et al.8

The work of Kirby et al.39 developed a model to estimate the

power output along the length of a two-dimensional wind farm

by using a boundary-layer approach, in which the evolution of

the boundary-layer height governs turbulent entrainment and

pressure gradient. This framework considers momentum ex-

change at two distinct scales: those caused by turbine-wake in-

teractions within the farm and those caused by the interaction of

the entire wind farm with the ABL. The analytical model captures

the evolution of momentum exchange throughout the depth of

the wind farm, providing a practical solution for finite-size farms.

It builds directly on the two-scale theory proposed by Nishino

and Dunstan.40 Similarly, Luzzatto-Fegiz and Caulfield41 adop-

ted a related formulation, providing a more detailed description

of the two-dimensional boundary layer, particularly the wake

system at the edge of the actuator-disk array representing the

turbines, while also incorporating the effects of ABL stability.

Building on these developments, the analysis in Kirby et al.42

decomposed wind farm performance into the two components

of turbine-wake and farm-atmosphere losses and validated

this approach against large-eddy simulations of finite-size farms.

Their analysis showed that losses from turbine-wake interactions

are nearly insensitive to atmospheric conditions, while losses

caused by farm-atmosphere interactions depend strongly on

boundary-layer stratification but not on turbine layout. For stag-

gered layouts, which are the most common configuration of real

wind farms, efficiency losses at the turbine-wake scale were

negligible, meaning that the exchange at the turbine-wake scale

was rapidly transferred through momentum exchange to the at-

mospheric scale, where virtually all efficiency reductions were ul-

timately observed. Even in the less common aligned configura-

tion, the dominant reduction in performance was still due to

the farm’s impact on the atmosphere. Furthermore, the effi-

ciency associated with atmospheric interaction predicted by

their analytical model agreed with simulation results to within

about 5%–6%. Their study also demonstrated that the conven-

tional division into wake and blockage losses is not an effective

framework for explaining farm performance. This also helps to

explain our own policy analysis results in the section on

evaluation of national offshore wind policies, where the largest

errors were linked to policy/project estimates based on models

that emphasized turbine-wake losses while largely ignoring the

ABL interaction. Only for some of the study cases was it possible

to determine the source for the policy or project estimate; in

other cases, values were simply stated in official publications

without reference to a methodology.

While the models in Kirby et al.,39 Nishino and Dunstan,40

Luzzatto-Fegiz and Caulfield,41 and Kirby et al42 largely neglect

the properties of the broader atmosphere (such as geostrophic

wind speed and Coriolis forces), the work in Antonini and Cal-

deira43 explores the opposite end of the spectrum, evaluating

the global limits of wind energy extraction by explicitly account-

ing for Coriolis forces, geostrophic wind speed, and available po-

wer density over the globe. From an ABL perspective, the work

of Wang et al.44 provides valuable insights into how clusters of

wind farms interact aerodynamically, gradually merging to form

a continuous large-scale wind farm system.

The work of Frandsen et al.45 sought to combine modeling at

the intra-wind farm scale (using wake models) with the atmo-

spheric scale, as formulated by Frandsen.13 In line with these for-

mulations of wind farms within the ABL, the foundational studies

by Templin46 and Newman47 should also be acknowledged. This

progression leads to the models employed in the present study.

Derivation of the theoretical upper limit for the

production of a wind farm

The derivation of the theoretical upper limit for the production of

a wind farm builds upon the formulation presented by Sørensen

and Larsen14 and Sørensen et al.,48 based on the wind farm ve-

locity models by Frandsen,13 Templin,46 and Emeis and Frand-

sen.49 We derive a closed-form expression for the maximum

achievable capacity factor by considering (1) the aerodynamic

interactions in an infinite wind farm, (2) a simplified power curve,

and (3) a two-parameter Weibull distribution for wind speeds. We

then extend this derivation to finite wind farms.

To arrive at an upper limit, we assume the turbine cut-in wind

speed to be 0m=s and the cut-out wind speed to be infinite. This

slightly overestimates real production but is consistent with our

approach to bounding the maximum capacity factor. With this

assumption, we define the power curve P of the wind farm as a

function of the wind speed U inside the wind farm at the height

of the wind turbine hub, as

P(U) =

⎧
⎪⎨

⎪⎩

Pr

(
U

Ur

)3

for U ≤ Ur

Pr for Ur ≤ U ≤ + ∞
(Equation 1)

Once the rated power Pr and rated wind speed Ur are defined,

we need to estimate the wind velocity at hub height inside the

wind farm. The presence of the wind farm adds flow resistance
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to the lower regime of the ABL, thus changing the velocity profile.

The velocity at hub height in the infinite wind farm is defined, as

derived by Frandsen,13 Templin,46 and Frandsen, 50 on the

assumption that the wind field inside the wind farm is in equilib-

rium with the flow field of the ambient ABL. The following is spe-

cifically assumed:

• the velocity profile, describing the horizontal mean velocity

component within and above the wind farm, is continuous

along the height;

• the wind farm is infinite, meaning it is large enough for the

vertical wind profile to be horizontally homogeneous;

• the horizontally homogeneous vertical wind profile is loga-

rithmic both below and above hub height (logarithmic wind

speed profiles implicitly imply an assumption of neutral

ABL stratification);

• the height of the planetary boundary layer is considerably

larger than the wind turbine hub height; and

• turbulent wind speed fluctuations are horizontally homo-

geneous.

Referring to Frandsen13 and Sørensen and Larsen,14 the ve-

locity at hub height inside the infinite wind farm is given by

Uh =
G

1+
1

κ
ln

(
G

f ′h

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ct+

(
κ

ln(h=z0)

)2
√ (Equation 2)

with the wind farm thrust coefficient, ct, defined as

ct : =
π
8

CT

S2
(Equation 3)

where CT is the wind turbine thrust coefficient, and S is the

average distance between the wind farm turbines measured in

turbine diameters (see Sørensen and Larsen14).

Equation 2 expresses the wake-reduced wind farm mean wind

speed, Uh, at hub height, assuming an equilibrium ABL account-

ing for the wake effects within an assumed infinite wind farm.

This formulation considers the wind speed reduction due to

wake effects as a function of ct, the hub height h, and the

geostrophic wind speed, G. In our methodology, the geostrophic

wind speed at each wind farm location is inferred from the local

unperturbed mean wind speed at hub height U∞. Specifically, we

use the wind profile equation for Uh with the thrust coefficient ct

set to zero (i.e., no wind farm effect), allowing us to solve for G

using the site-specific hub height, surface roughness, and lati-

tude. This ensures that the vertical wind profile in the model re-

flects the actual atmospheric conditions at each location. We as-

sume a logarithmic wind profile, with z0 being the surface

roughness length and κ being the von Kármán constant (typically

taken as ≈ 0.4). The geostrophic wind speed is influenced by the

Coriolis force, where f = 2Ω sin θ is the Coriolis parameter, in

which Ω denotes the rotational speed of the earth, and θ is the

latitude. For convenience, we have defined f ′ = feA∗

, in which

the constant A∗ = 4 at latitude 55∘. Figures 11 and 12 show

graphical representations of the model. For more information,

we refer to Frandsen,13 where the model is described in more

detail.

Wind resource and production model

To estimate the wind farm power production, we need to

model the convolution of the wind speed distribution with

the power curve of the wind farm/turbine. We follow the

approach presented in Sørensen and Larsen,14 using a two-

parameter Weibull distribution model for the wind speed at

a given height.

f(x; k; λ) =

⎧
⎪⎪⎨

⎪⎪⎩

k

λ

(x

λ

)k − 1

e
−

(
x
λ

)k

for x ≥ 0;

0 for x < 0

(Equation 4)

Equation 4 describes the Weibull probability density

function, which is widely used to model wind speed

distributions. Here, x represents the wind speed, k is the

distribution shape parameter, and λ is the distribution scale

parameter.

The maximum possible yearly energy production PWF;y from

an infinite wind farm wind turbine is obtained by convoluting

the turbine power curve P(U) over the total range of wind farm

wind speeds—thus ignoring both turbine cut-in and cut-out

wind speeds—with the Weibull distribution of wind farm wind

speeds as follows:

PWF;y =

∫ +∞

0

P(U)f(U; λ; k)dU

= Pr

∫ Ur

0

(
U

Ur

)3

f(U; λ; k)dU + Pr

∫ +∞

U

f(U; λ; k)dU

(Equation 5)

Geostrophic wind speed U(z>H)=G

Figure 11. Representation of the velocity profile of the ABL inside

the wind farm (green) and in the absence of the wind farm (orange),

up to the geostrophic wind speed
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Equation 6 defines ϵ, which is the ratio between the wind

speed in the infinite wind farm and the unperturbed ambient

wind speed at hub height, up to rated wind speed. The param-

eters γ and δ are defined by Equation 7 as follows:

ϵ : =
U

U∞
=

1+
γ
δ

1+
γ
κ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
πCT;rated

8S2
+
(κ

δ

)2
√ (Equation 6)

where

γ : = ln

(
G

f
′
h

)

; δ : = ln

(
h

z0

)

(Equation 7)

With reference to Sørensen and Larsen14 and taking the cut-

out wind speed as infinity, Equation 5 can finally be written as

Equation 8, which gives a closed-form expression for the

average annual energy production of Equation 5, using the

(lower) incomplete gamma function Γic(⋆;⋆):

PWF;y =
Pr

U3
r

(ϵλ)3Γic

(
3+k

k
;

(
Ur

ϵλ

)k)

+ Pre
−

(
Ur

ϵλ

)k

(Equation 8)

Definition of the Wind Farm Wind Factor. The description of a

wind farm is characterized by several variables; some define the

shape and dimensions of the wind farm (e.g., spacing between

wind turbines), others the local wind resource (e.g., shape and

scale factors of the wind speed distribution), others the properties

of the wind turbines (e.g., rated wind speed, hub height), and still

others the load that the wind farm exerts on the atmosphere. The

diverse range of variables makes each wind farm unique. Further-

more, these variables collectively influence the wind farm’s ca-

pacity factor CF, meaning the average power produced over the

power installed. Consequently, the problem manifests itself as

multi-parametric. However, for simplicity, we aim to transform it

into a predominantly one-parameter problem, where the capacity

factor is principally determined by a single variable. In Equation 8,

the key quantity governing the power of the wind farm is the ratio

Ur=(ϵλ). For clarity and practical relevance, we instead express

this ratio in terms of the unperturbed mean wind speed at hub

height, U∞, which is directly related to λ through the properties

of the Weibull distribution. This choice facilitates interpretation

and comparison across different sites and conditions, and it forms

the basis for the definition of the Wind Farm Wind Factor used

throughout this study. We define this ratio as the Wind Farm

Wind Factor ϕWF , expressed by Equation 9:

ϕWF : =
Ur

U∞ϵ
(Equation 9)

where Ur is the rated wind speed of the turbine model used in the

wind farm; U∞ is the average speed of the unperturbed wind at

the location of the wind farm (in the absence of the wind farm),

at hub height. Expressed in terms of the Weibull distribution, it

is defined as

U∞ : = λ⋅Γ
(

1+k

k

)

(Equation 10)

where Γ(⋆) is the gamma function.

We can define an upper limit for the maximum capacity factor

CFmax as

CFmax : =
PWF;y

Pr

= ϕ− 3
WFΓ

(
1+k

k

)− 3

Γic

(
3+k

k
;ϕk

WFΓ
(

1+k

k

)k)

+ e
− ϕk

WF
Γ

(
1+k

k

)k

(Equation 11)

Equation 11 shows that the maximum capacity factor is just a

function of the Wind Farm Wind Factor and the shape factor of

the Weibull distribution. The moderate sensitivity of the maxi-

mum capacity factor to the Weibull shape factor is illustrated in

Figure 13.

The upper limit capacity factor formulated in Equation 11 relates

to an infinite wind farm, with ABL flow field being in equilibrium with

the wind farm flow field. Real wind farms, however, are finite in size,

Uh z=h

U

z=H

Geostrophic wind speed U(z>H)=G

ln(z)

Figure 12. Log-scale representation of the velocity profile of the ABL

inside the wind farm (green) and in the absence of the wind farm

(orange), up to the geostrophic wind speed

Scales are not proportional.

Figure 13. Limit of the capacity factor CFmax
as a function of Wind

Farm Wind Factor ϕWF = Ur

U∞ϵ
and the shape factor k of the Weibull

distribution of the wind speed (color range)
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and turbines at the upwind edges experience less wake interaction

and therefore higher wind speeds. This effect is, in Sørensen and

Larsen14 and Sørensen et al.,51 handled by suitable weighting of

production from turbines operating under fully developed wind

farm conditions and those operating under unperturbed inflow

conditions. Introducing weighting factors wF and wS for turbines

operating under, respectively, wind farm and solitary conditions,

the finite farm upper limit capacity factor can be expressed as

CFFmax = wF

⎡

⎢
⎢
⎣Φ− 3

WF Γ
(

1+k

k

)− 3

Γic

(
3+k

k
;Φk

WF Γ
(

1+k

k

)k
)

+ e
− Φk

WF
Γ

(
1+k

k

)k
⎤

⎥
⎥
⎦+ wS

⎡

⎢
⎢
⎣

(
Ur

U∞

)− 3

Γ
(

1+k

k

)− 3

Γic

(
3+k

k
;

(
Ur

U∞

)k

Γ
(

1+k

k

)k
)

+ e
−

(
Ur

U∞

)k

Γ

(
1+k

k

)k
⎤

⎥
⎥
⎦

(Equation 12)

which can be recast as

CFFmax
= wF
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where the weighting factors are defined by, respectively

wF : = 1 −
a
̅̅̅̅̅̅
NT

√ and wS : =
a
̅̅̅̅̅̅
NT

√ (Equation 14)

with NT being the number of wind farm turbines, and a = 5:351

(in Sorensen and Larsen14 a = 3). Figure 14 illustrates the effect

of the weighting factors.

These weighting factors are based on the assumption of a

squared wind farm layout and uniform wind direction, providing

a general estimate for the proportion of edge versus interior tur-

bines (an illustration of the power distribution within squared

wind farms can also be found in Wu et al.52).

However, for the wind farms in our validation database and

case studies, we refined this approach; rather than applying a

fixed formula, we considered each wind farm’s specific layout,

including aspect ratio, dominant wind direction, and the influ-

ence of neighboring wind farms, to determine the number of tur-

bines experiencing unperturbed inflow. In practice, this meant

defining the edge region as a context-dependent number of

rows or turbines at the perimeter. This individualized method al-

lows for a more realistic assignment of edge and interior tur-

bines, thereby improving the fidelity of our performance predic-

tions. The resulting values for each wind farm are provided in

Simão Ferreira.15 It should be noted that for very large wind

farms, even turbines at the upwind edge may experience some

reduction in wind speed due to farm-scale induction effects;

however, this effect is typically small compared with the wake

and layout influences already accounted for in our model, and

it is therefore neglected for simplicity.

An equivalent Finite Wind Farm Wind Factor ϕFF for the finite-

size wind farm can be defined as

ϕFF : =
Ur

U∞ϵeq

(Equation 15)

where ϵeq denotes the equivalent finite wind farm value of the in-

finite farm velocity reduction factor ϵ. Using Equation 13, ϕFF is

obtained from numerically solving the transcendental Equation 16
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Figure 14. Effect of wind farm size on non-dimensional CF, based on

Equations 13 and 14

The wind farm size is expressed in GW, assuming a turbine rating of 15 MW. As

wind farm size increases, the proportion of turbines operating under unper-

turbed (edge) conditions decreases, and the average capacity factor ap-

proaches the limit for an infinite wind farm. The upper left tends to be isolated

turbine conditions, while the lower right approaches the fully developed wake

regime of a very large farm.
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from which the equivalent finite wind farm velocity reduction fac-

tor, ϵeq, readily follows from Equation 15.

Wind farm data collection

Wind farm data for this study were collected from a variety of

public, verifiable sources to ensure a comprehensive dataset

that covers 72 offshore wind farms, represented by 71 data

points (the two Trianel wind farms are analyzed as one data point

in the present study, due to their combined layout), and that uses

over 420 years of data in total. The dataset is publicly available

and can be accessed in Simão Ferreira.15 Data for each wind

farm were collected from multiple platforms, including industry

reports, renewable energy databases, government and regulator

publications, and study reports (see, e.g., Borrmann,53 Belgian

Offshore Platform,54 Vattenfall,55 and Nordsee One GmbH56).

The data sources for the estimation of the wind farm capacity

factor, including the years considered, are also presented in Si-

mão Ferreira.15

For wind farms equipped with more than one turbine model,

we derive an equivalent rotor diameter using a capacity-

weighted average of the specific power of the turbines. This en-

sures that each wind farm can be described by an ‘‘equivalent’’

turbine rating and rotor size. The location of the wind farms is

shown in Figure 1. Figure 2 shows the distribution of the wind

farm size in MW and the wind farm density in MW/km2 of the da-

taset, where the marker size is proportional to the rotor size, and

lists the wind farms as described in Simão Ferreira.15

The wind farms included in our validation dataset were

selected based on the availability of public data, specifically

requiring complete annual production records and information

required for the model. Of the 72 wind farms in the dataset,

only 5 have fewer than 30 turbines, ensuring that the sample is

representative of small-scale to large-scale, commercial offshore

wind projects. This selection minimizes potential biases associ-

ated with very small demonstration or pilot-scale wind farms.

We collected several key parameters for each farm, including

total installed capacity (in megawatts, MW), the area covered by

the wind farm (in square kilometers, km2), the number of wind

turbines, the rated power of each turbine (in MW), the diameter

of the rotor D (in meters, m), and the height of the nacelle h

(m). For each wind farm location, the average annual unper-

turbed ambient wind speed at a given reference height (hw)

was recovered from Technical University of Denmark.21 The

wind speed distribution is assumed to follow a Weibull distribu-

tion, with the shape parameter k = 2.4 considered to be repre-

sentative for all locations.48 With this assumption, we determine

the scale parameter λ for each location from the annual mean

wind speed. The simulations assume a surface roughness

z0 = 10− 4m, which is considered representative for offshore

conditions.48 The power coefficient and thrust coefficient at

wind speeds below rated are assumed to be the same for all tur-

bines CP = 0:46 and CT = 0:75.

While the dataset used for model validation is geographically

focused on the Baltic, North, and Irish Seas, the underlying phys-

ical principles and validation results are broadly applicable to

offshore wind farms in other regions. Some variations may occur

in wind farms situated in areas with strongly accelerated flows,

such as those influenced by complex coastal or island topog-

raphy. Furthermore, the variation of the geostrophic drag law

with respect to latitude has been examined in previous studies,

e.g., Antonini and Caldeira.43

Descriptions of case studies of policy goals

In addition to validating our model with historical wind farm data,

in the section on evaluation of national offshore wind policies, we

examine large-scale offshore wind projects and national policy

targets (summarized in Table 1) to evaluate how their planned

capacity factors compare against our theoretical limit. Here,

we provide further details on these planned offshore wind devel-

opments. Specifically, we describe the site locations, the

assumed turbine sizes and ratings, and the overall project lay-

outs adopted in our simulations.

UK

This case study is based on the planned Hornsea 3 wind farm in

the North Sea (53.8◦N, 2.5◦E), intended to expand the UK’s

offshore wind capacity. Current publicly available descriptions

indicate a project range of around 211–231 turbines, each

assumed to be rated at 14 MW with a 236-m rotor diameter.

For the simulations in this study, we considered 211 turbines

(14 MW, D = 236 m), yielding a total installed capacity of 2,955

MW across 696 km2, corresponding to 4.25 MW/km2.57–60

FR 1

This case study examines the planned Centre Manche wind

farms (I and II) in the Channel region of France (49.9◦N, 0.7◦W).

Public project outlines describe approximately 107 turbines,

each assumed to be rated at 23.3 MW with a 300-m rotor diam-

eter. For our modeling, we use these nominal values to represent

a total of 2,497 MW across 453 km2, achieving 5.51 MW/

km2.61–66

FR 2

Based on early planning for Oléron I (45.8◦N, 1.8◦W) off France’s

Atlantic coast, projections suggest around 51 turbines, nominally

23.3 MW each with a 300-m rotor diameter. We adopt these fig-

ures in our simulations, giving a total of 1,200 MW over 180 km2

corresponding to 6.67 MW/km2.61,67,68

DE 1

For the German North Sea (56.0◦N, 6.3◦E), the planned N11–13

wind farm areas might ultimately feature a range of turbine

numbers and sizes. We model a scenario of 545 turbines at 22

MW, 290-m rotors for a total of 12,000 MW over 1,157 km2, re-

sulting in 10.37 MW/km2.69–73 Proposed N-12.4-.5 exten-

sions74–77 (an additional 4,000 MW) lie outside our study scope

and would further reduce capacity factors.77

DE 2

Similarly, the N9 area (54.5◦N, 5.8◦E) in the German North Sea is

projected to have about 367 turbines. For this analysis, we use

15-MW rated turbines with a 240-m rotor, totaling 5,500 MW

across 421 km2 (13.06 MW/km2).69–73 Extensions N-9.4-.574–77

(2,000 MW) east of N9 are excluded but would diminish capacity

factors further.77 The analysis in Vollmer and Dörenkämper78 ap-

plies an updated version of their model (see Vollmer et al.79),

yielding alternative energy production estimates about 6%–8%

higher. While these revised results align more closely with our

model predictions, in this study, we rely on the earlier outcomes

of Vollmer and Dörenkämper,69 since the approach in Vollmer
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et al.79 has so far only been validated at the single-turbine scale.

This is also true for study case DE 1.

US 1

The Atlantic Shores South zone, off New Jersey (39.3◦N,

74.1◦W), is our first US case study. We simulate 189 turbines

at 15 MW with 236-m-diameter rotors, giving 2,836.6 MW across

413.3 km2 (6.86 MW/km2).80–85

US 2

The New York Bight (39.53◦N, 73.32◦W) offshore region is slated

for multiple wind projects, including Atlantic Shores Offshore

Wind Bight, Leading Light Wind, Community Offshore Wind,

and Attentive Energy.28,83–86 Current plans suggest roughly

643 turbines at 15 MW each and 236-m-diameter rotors, deliv-

ering 9,646 MW over 1,413 km2 (6.82 MW/km2), a scenario we

adopt in our simulations.

NL

The Dutch North Sea Program (53.3◦N, 5.8◦E) calls for various

possible layouts; our study adopts 667 turbines at 15 MW,

each with a 240-m rotor diameter. This leads to a total of

10,000 MW on 1,000 km2, or 10 MW/km2.19,24–27 For the

Netherlands, our analysis is based on spatial planning data

and power density assumptions from the original North Sea

Programme 2022–2027 and the corresponding wind energy

infrastructure planning prior to July 2025. In July 2025, the Dutch

government published an updated Windenergie Infrastructuur-

plan Noordzee and an accompanying letter to parliament,

revising national targets and providing a more adaptive, phased

approach to future offshore wind roll-out.22,23 The updated plan

reflects more realistic projections for supply chain constraints,

and ecological limits, and increases the official reference power

density for future area calculations to 10.5 MW/km2; however, it

projects higher capacity factors than the original North Sea Pro-

gramme 2022–2027. For consistency and since the July 2025

update raises assumptions to levels even further beyond

theoretical limits, we use the values for the power density and ca-

pacity factor from the original North Sea Programme 2022–2027

(pre-July 2025) as our benchmark.

BE

Finally, the Princess Elisabeth Zone in the Belgian North Sea

(51.6◦N, 2.6◦E) is planned to comprise about 219 turbines rated

at 16 MW each, with 243-m-diameter rotors, for a total of 3,500

MW over 255.8 km2. We use these values in our simulations,

yielding 13.68 MW/km2.87–89

LCOE estimation methodology

As discussed in the section on impact on cost of energy (see

also Figure 6), the LCOE provides a convenient metric for

assessing the economic feasibility of offshore wind farms,

particularly when evaluating how errors in capacity factor esti-

mates affect overall project costs. Formally, the LCOE is

given by:

LCOE =
Total Cost

Energy Output
(Equation 17)

which can be approximated as inversely proportional to the wind

farm capacity factor under the assumption that other cost com-

ponents remain constant.

However, establishing a precise reference LCOE as a function

of capacity factor is challenging, because bottom-fixed offshore

wind farm costs vary significantly due to factors such as water

depth, distance to shore, supply chain logistics, and cost of cap-

ital. After a period of steady decline until around 2018–2019,

offshore wind costs have reportedly seen a 30%–60% increase

over the past 4 years.6,7 Furthermore, published LCOE estimates

for offshore projects can differ widely, even within the same re-

gions and time frames.6,10,20,90–104

By way of illustration, Lazard10 estimates an LCOE of 75–

139 USD/MWh for CF of 45%–55% in US waters, while Stehly

et al.96 reports an average of 117 USD/MWh in 2023 for a 49%

capacity factor. The same reference 96 projects a lowest LCOE

of 129 USD/MWh by 2025 for the North-Central Atlantic coast

at 48% capacity factor. Similarly, Kost et al.99 finds 55–103

€/MWh in the German North Sea for CF of 37%–51%. On a

global scale, DNV6 reports 133 USD/MWh in 2023, whereas

the International Renewable Energy Agency102 estimates

75 USD/MWh for the same year. In short, definitive consensus

on current offshore wind costs remains elusive.

To enable straightforward comparisons within our study, we

adopt a reference LCOE of 80 €/MWh at a 50% capacity factor.

Recognizing that this figure lies toward the lower end of the

documented ranges, we treat it as a baseline. The capacity fac-

tor sensitivity is then modeled as

LCOE(CF) = 80 ×
50%

CF
(€ =MWh): (Equation 18)

This simplified proportional model allows us to compare

different national policy targets and theoretical wind energy

limits (section on impact on cost of energy; Figure 6), while

acknowledging that real-world LCOE can vary substantially

from site to site.
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Endbericht: Flächenentwicklungsplan 2023 Beratung – Weiterent-

wicklung der Rahmenbedingungen zur Planung von Windenergieanlagen

auf See und Netzanbindungssystemen. Bundesamt für Seeschifffahrt

und Hydrographie (BSH). 78, D-20359. https://www.bsh.de/DE/

THEMEN/Offshore/Meeresfachplanung/Flaechenentwicklungsplan/_

Anlagen/Downloads/FEP_2023_1/Endbericht_FEP_2023_Beratung.pdf.
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