
 
 

 Ricardo Confidential i 

 

  

Assessment of the Offshore Wind Potential 
in Bermuda 

Report for the Regulatory Authority of Bermuda 

 

18/08/2021 

 



 
 

 Ricardo Confidential ii 

 
 

 

 

 

 

 

 

 

  

Confidentiality, copyright and reproduction: 

This report is the Copyright of the Regulatory Authority of Bermuda and has been prepared by 
Ricardo Energy & Environment, a trading name of Ricardo-AEA Ltd under contract ED13478 dated 
18/08/2021. The contents of this report may not be reproduced, in whole or in part, nor passed to any 
organisation or person without the specific prior written permission of NIE Networks. Ricardo Energy 
& Environment accepts no liability whatsoever to any third party for any loss or damage arising from 
any interpretation or use of the information contained in this report, or reliance on any views 
expressed therein, other than the liability that is agreed in the said contract. 



 
 

 Ricardo Confidential iii 

Table of Contents 
1 Introduction .................................................................................................................................... 10 

2 Offshore wind procurement process .............................................................................................. 11 

3 Site screening ................................................................................................................................ 12 

3.1 Seabed around Bermuda ...................................................................................................... 12 

3.2 Environmental constraints ..................................................................................................... 14 

3.2.1 Marine protected areas ..................................................................................................... 14 

3.2.2 Marine areas with significant coral cover .......................................................................... 15 

3.2.3 Marine areas with seagrass cover .................................................................................... 16 

3.3 Aviation constraints ............................................................................................................... 16 

3.4 Underwater infrastructure and naval vessel routes ............................................................... 17 

3.5 Visual impact ......................................................................................................................... 18 

3.6 Areas designated for commercial and recreational activities ................................................ 19 

3.7 Wind class around Bermuda ................................................................................................. 20 

3.8 Site screening results ............................................................................................................ 21 

3.9 Limitations of the site screening ............................................................................................ 23 

4 Technology review ......................................................................................................................... 25 

4.1 Introduction ............................................................................................................................ 25 

4.2 Wind turbines ........................................................................................................................ 25 

4.2.1 Wind turbine classes ......................................................................................................... 26 

4.2.2 Alternative designs ............................................................................................................ 27 

4.2.3 Summary ........................................................................................................................... 29 

4.3 Foundations ........................................................................................................................... 30 

4.3.1 Fixed foundations .............................................................................................................. 30 

4.3.2 Floating platforms .............................................................................................................. 33 

4.3.3 Summary of foundations ................................................................................................... 34 

4.4 Electrical equipment .............................................................................................................. 35 

4.4.1 AC infrastructure ............................................................................................................... 36 

4.4.2 Indicative cabling layout .................................................................................................... 36 

4.4.3 Cable losses ...................................................................................................................... 37 

4.5 Recommendations on equipment ......................................................................................... 38 

4.6 Wind farm layout ................................................................................................................... 39 

5 Yield assessment ........................................................................................................................... 44 

5.1 Methodology .......................................................................................................................... 44 

5.1.1 NDBC data ........................................................................................................................ 44 

5.1.2 GWA data .......................................................................................................................... 45 

5.1.3 Parallel use of GWA and NDBC data ............................................................................... 45 

5.1.4 HOMER Pro © simulation ................................................................................................. 46 

5.2 Yield assessment results ...................................................................................................... 47 



 
 

 Ricardo Confidential iv 

6 Economic assessment ................................................................................................................... 49 

6.1 Costs ..................................................................................................................................... 49 

6.1.1 CAPEX excluding export cables ....................................................................................... 49 

6.1.2 Export cable CAPEX and OPEX ....................................................................................... 51 

6.1.3 Anticipated cost reductions ............................................................................................... 51 

6.1.4 OPEX ................................................................................................................................ 51 

6.1.5 Summary of of costs ......................................................................................................... 52 

6.2 Levelised cost of electricity ................................................................................................... 52 

6.2.1 Economic assessment results ........................................................................................... 53 

6.3 Conclusions, recommendations and next steps ................................................................... 55 

 

  



 
 

 Ricardo Confidential v 

Acronyms 
Acronym Definition 

$/kWh Dollars per kilowatt hour 

AC Alternating Current 

BELCO Bermuda Electric Light Company Limited 

BG Bulk Generation 

BGPR Bulk Generation Procurement Rules 

BOOT Build-Own-Operate-Transfer 

BOPP Bermuda Ocean Prosperity Programme 

CAPEX Capital Expenditure 

DBO Design-Build-Operate 

DC Direct Current 

EIA Environmental Impact Assessment 

EOI Expression of Interest  

EPC Engineering Procurement Construction 

FLS Fatigue Limit States 

GWA Global Wind Atlas 

GWh Gigawatt hour 

GWh/year Gigawatt hours per year 

HFO Heavy Fuel Oil 

ICAO International Civil Aviation Organisation 

IEC International Electrotechnical Commission 

IRENA International Renewable Energy Agency 

IRP Integrated Resource Plan 

ITQ Invitation to Qualify 

ITT Invitation to Tender 

km Kilometer 

kV Kilovolts 

kWh Kilowatt hour 

LCOE Levelised Cost Of Electricity 

LFO Light Fuel Oil 

LNG Liquefied Natural Gas 

LPG Liquefied Petroleum Gas 



 
 

 Ricardo Confidential vi 

Acronym Definition 

m Meter 

m/s Meters per second 

Mhos/km Siemens per kilometre 

MW Megawatt 

NDBC National Data Buoy Center 

NOAA National Oceanic and Atmospheric Administration 

NREL National Renewable Energy Laboratory 

NWS National Weather Service 

O&M Operation & Maintenance 

Ohms/km Ohms per kilometre 

OPEX Operational Expenditure 

OSW Offshore Wind 

PM Project Management 

PPA Power Purchase Agreement 

PPP Public-Private Partnership  

PSR Primary Surveillance Radar 

PV Photovoltaic  

RA Regulatory Authority of Bermuda 

SLS Service Limit States 

SPAR Single Point Anchor Reservoir 

SSR Secondary Surveillance Radar 

TD&R Transmission, Distribution and Retail 

TLP Tensioned Leg Platform 

UK United Kingdom 

ULS Ultimate Limit States 

WACC Weighted Average Cost of Capital 

 
  



 
 

 Ricardo Confidential vii 

Executive summary 
The 2019 Integrated Resource Plan (IRP) published by the Regulatory Authority of Bermuda (RA) 
envisages 60MW of offshore wind being installed in the waters off Bermuda by 2027. The RA is now 
looking to support the development of the offshore wind project identified in the IRP. Ricardo was 
appointed to carry out this initial offshore wind assessment, which considers a procurement road map 
using a three stage procurement process, a site selection process, a technology review, a yield 
assessment and an levelized cost of electricity (LCOE) assessment. 

Site screening 

A site screening was carried out on seabed characteristics, environmental constraints, infrastructure 
constraints and other uses of the sea that could conflict with offshore wind development. As a result of 
the site screening three potential sites were identified: 

Figure 1 Site screening results 

 
• Site 1 is within the Lagoon and is located around 5km from the shore of Bermuda. 
• Site 2 is the Main Terrace located 12km from shore on of the Bermuda pedestal  
• Site 3 is Challenger Bank located 25km offshore. This is a floating site due to depth and 

uncertainties around the seabed. 
The performance of each site against the selected set of criteria is presented in Table 1. 

Table 1 Summary of site screening results 
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A technology review was carried out to assess the state of the art in offshore wind and to make initial 
recommendations on equipment. A 3.6MW Siemens turbine resting on monopile foundations in the 
fixed foundation configuration and a SPAR buoy for the floating configuration were selected for 
simulations. A total of 17 turbines were considered – meaning that the total installed capacity for all 
three sites is 61.2 MW. It was also assumed that electricity exports onshore could occur via two 36kV 
AC cables to avoid the need for step-down transformation onshore. Resulting CAPEX and OPEX 
assumptions were derived from NREL reports and other relevant information sources discussed 
throughout the report and are presented in Table 2. 

Table 2 Summary of CAPEX and OPEX assumptions 

Site Total CAPEX  Total OPEX per year 

 $/kW Total $/kW Total ($m) 

Site 1 – The Lagoon $3,258/kW $199.4 $213/kW $13.1 

Site 2 – Main Terrace $3,516/kW $215.2 $220/kW $13.5 

Site 3 – Challenger 
Bank $5,420/kW $331.7 $279/kW $17.1 

 

Yield assessment and LCOE analysis 
The yield assessment was carried out on the basis of the specifications of the selected equipment, 
available modelled average wind speeds from the Global Wind Atlas (GWA) and available measured 
wind speeds from the National Data Buoy Centre (NBDC). The LCOE assessment was carried out 
using a real discount rate of 10% as per the IRP, the calculated yield and the estimated costs. The 
results are presented in Table 3. 

Table 3 Yield assessment and LCOE results 

Site Expected annual 
energy production Plant factor LCOE  

The Lagoon 184 GWh/year 34.3% 18.2 c$/kWh 

Main Terrace 179 GWh/year 33.4% 19.8 c$/kWh 

Challenger Bank 173 GWh/year 32.2% 29.6 c$/kWh 

 

Conclusions and next steps 
In light of the analysis carried out in this report, it is clear that the range of environmental, topological, 
commercial, and practical constraints considered throughout the analysis, combined with limited wind 
resources, diseconomies of scale and the need for any infrastructure to be resilient to frequent extreme 
weather events, would make any offshore wind development particularly challenging. 

Each of the three sites considered presents, to at least some extent, features that would either add 
additional technical (e.g. cable layout, need for floating foundations) or practical challenges (e.g. 
intersection with marine route, overlap with fishing areas, visual impact) that would impede project cost, 
acceptance or even feasibility even further.  

After factoring in the additional constraints highlighted by this study, the LCOE results increase 
significantly compared with the cost assumptions from the Bermuda IRP at 14.9 c$/kWh (already well 
above market average) – the increase is in excess of 20% across fixed foundation sites 1 (Lagoon) and 
2 (Main Terrace), and 100% for the floating site 3 (Challenger Bank). 
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Given the results for the site 3, it appears very unlikely that a floating offshore wind farm project would 
be financially or even economically competitive with other generation technologies previously 
considered in the Bermuda IRP. 

However,  LCOEs calculated for sites 1 and 2 remain more economically attractive than those 
calculated in the IRP for alternative technologies including those relying on heavy fuel oil (HFO) 
(20.7c$/kWh), biomass (20.8c$/kWh), and light fuel oil (LFO) (29.2c$/kWh). As such, despite poorer 
economic performance than that assumed LCOE of 14.9 c$/kWh in the Bermuda IRP, both sites 1 and 
2 display reasonably good potential to contribute to Bermuda’s decarbonisation agenda. 

This study cannot firmly confirm feasibility for either site as significant uncertainty remains, including: 
agreement to proceed or support from key stakeholder groups for locations identified, the lack of 
previous studies focusing on the exact nature of seabed composition, or the absence of “bankable” 
wind measurements for the sites selected. 

The following actions should be considered for imminent implementation in order to further demonstrate 
project feasibility and contribute to de-risking project development– both of which are seen as essential 
to attract developers and minimise future electricity prices: 

1. A consultation process should be started with relevant stakeholders. 
2. A detailed assessment of the seabed in the proposed sites should be carried out. 
3. A wind measurement campaign should be carried out. 
4. An update of the 2019 IRP should be initiated at the earliest opportunity. 
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1 Introduction 
The 2019 Integrated Resource Plan (“IRP”) published by the Regulatory Authority of Bermuda (the 
“RA”) plans to have installed approximately 60 MW of offshore wind by 2027. The RA is now looking to 
support the development of the full capacity of this generation mode identified in the IRP and this study 
aims to provide an initial assessment of the technical and financial viability. 

 
Ricardo E&E have been appointed to carry out an offshore wind assessment which first focuses on 
identifying suitable sites, and to advise on next procurement steps, accounting for environmental, 
technical and financial considerations.  

This assessment is entirely desk based. It rests on publically available information about the sea bed 
around Bermuda, available technologies and their costs. Additionally, discussions have been held with 
the RA, representatives of the government of Bermuda and BOPP to attempt to gather information 
additional relevant information and to gauge the attitude of these stakeholders. 

This report provides a summary of the environmental, technical and financial pre-feasibility 
assessments carried out for the sea around Bermuda. It includes: 

• Procurement roadmap. 
• Site screening 

o Identification of constraints to siting offshore wind farms 
o Identification of potential sites with minimal impact 

• Technology review 
o A review of the available offshore wind technologies and their costs 
o Comments on their suitability in the context of Bermuda 

• Yield and economic assessment 
o Projections of the energy production expected from an offshore wind farm 
o Projections of the expected LCOE 

• Recommendations and next steps for procurement. 
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2 Offshore wind procurement process 
As part of the initial assessment of an offshore wind farm in the waters off Bermuda, Ricardo Energy & 
Environment has been commissioned to develop a high-level procurement roadmap. A three-stage 
procurement process is recommended as per the guidance in the Bulk Generation Procurement Rules 
(BGPR)1.  

The Bulk Generation Procurement Guidelines establish two different types of open competitive 
procurement procedures and one restricted procedure. Similarly to the solar PV procurement 
recommendation, an open three-stage procedure is recommended for offshore wind procurement, 
which comprises the following stages:  

1. Expression of Interest (“EOI”) Stage;  
2. Qualification Stage (“ITQ”); and  
3. Tender Stage (“ITT”). 

 

The activities that are part of the procurement process are split into three workstreams: 

• Workstream A - Pre-procurement. 
• Workstream B - Competitive Procurement Process. 
• Workstream C – Post-procurement. 

 

An indicative point at which the pre-procurement, procurement and post-procurement processes would 
be completed and the wind farm would be commissioned was identified in 2028. 

 
1 Bermuda Bulk Generation Procurement rules, RA, 2020 
(https://www.ra.bm/documents/2020-10-27-bulk-generation-procurement-rules-
order_schedule/?ind=0&filename=1603977775wpdm_2020%2010%2027%20Bulk%20Generation
%20Procurement%20Rules%20Order_Schedule.pdf&wpdmdl=15966&refresh=6113c013b6ad8162
8684307) 
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3 Site screening 
3.1 Seabed around Bermuda 
Bermuda is located on top of a volcanic peak also known as the Bermuda pedestal, which encompasses 
the island itself and the surrounding shallow waters. The pedestal extends for about one kilometre to 
the south-east and up to 15 kilometres to the west of the island before it starts sloping into deep waters. 
There are three main areas in the waters over the pedestal – the lagoon (within the rim shown in purple), 
the rim (shown in purple) and the main terrace (shown in orange and yellow) (see Figure 2). 

Figure 2 Map of the Bermuda pedestal 

 
 

The Lagoon is characterised by multitude of coral reefs, variable depth and complex underwater 
topography. Due to this complexity, most of the Lagoon would likely be unsuitable for offshore wind 
development. However, an area to the north/north-west of the coast of St George’s Island offers a flat 
seabed with no underwater reefs2. 

2. 

 
2 Reef zones on the Bermuda Platform. Bermuda Zoological Society, 2009. 
(https://www.researchgate.net/publication/256536307_Introduction_to_Bermuda_Geology_Oceanogr
aphy_and_Climate) 



Assessment of the Offshore Wind Potential in Bermuda 
Ref: ED13456  |  Issue number 1  |  18/08/2021 
 

Ricardo Confidential 
 13 

The Main Terrace is a relatively flat area of the Bermuda pedestal that extends from the Rim to the fore-
reef slopes. The Main Terrace is wides on the western side of Bermuda and has water depths of 15-
20m 2Error! Bookmark not defined.. 

No comprehensive study of the seabed characteristics around Bermuda was found. There are studies 
in isolated locations that allow some preliminary conclusions to be drawn3: 

• The seabed is made up of sandy aeolian and coralline sediments resting on top of volcanic rock. 
• The structural properties of the sediments vary. The coralline deposits range from unconsolidated 

to highly cemented and recrystalised. 
• The thicknes of the sediment cover could vary between 25m and 100m at the sites that have been 

explored, below which the volcanic rock is reached. 
 
Geotechnical inspection will be necessary for any proposed sites to provide a thorough study of the 
depth, characteristics and strength of the sediments. 

Further two shallow sites are present to the south-west of the Bermuda pedestal. Challenger Bank and 
Plantagenet Bank are two underwater plateaus with depths of around 50m. Challenger bank and 
Plantagenet bank are located approximately 20km and 30km from the west coast of Bermuda 
respectively (see Figure 3). 

Figure 3 Bathymetry of the seas around Bermuda 

 

 
3 Study of Bermuda’s Shipping Channels to Accommodate Larger Cruise Ships. Ministry of 
Transport, Department of Marine and Port Services, 2011.  
(https://static.squarespace.com/static/501134e9c4aa430673203999/53d1249be4b0c88eff1f0577/53
d1249ee4b0c88eff1f11ca/1346261629093/BAMZ%202497%20-
%20Ministry%20of%20Transport%202011.pdf) 
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These two sites may offer some potential for floating development. Floating wind is technically feasible 
at depth of up to approximately 100m which limits viable locations to the waters around Challenger and 
Plantagenet Banks4 5. 

A potential challenge would be the cable routing. There are existing technologies which allow for 
dynamic (non-trenched) cables to be used. Alternatively, it is feasible to trench a cable at significant 
depth – a planned project at the Mediterranean that is planned to connect Cyprus and Israel will reach 
2700m depth6. 

3.2 Environmental constraints 
In this section the environmental constraints present in the seas around Bermuda were analysed. An 
analysis of the environmental constraints associated with the shoreline was omitted as a sufficient 
proportion of the shore line has a low protection status that would allow for export cable landing7. 

3.2.1 Marine protected areas 
The seas around Bermuda are home to a variety of species including a diverse range of coral and 
multitude of fish species. In addition, there are important bird areas and protected dive sites that are 
home to shipwrecks. As a result, a significant proportion of the sea of the Bermuda pedestal falls within 
marine protected areas that aim to provide reserves, to limit fishing or to protect historic locations. The 
designated protected areas by the government of Bermuda are presented in Figure 4. 

Figure 4 Marine protected areas7 

 
 

 
4 The future of offshore wind is afloat, Equinor, 2021, (https://www.equinor.com/en/what-we-
do/floating-wind.html) 
5 Floating offshore wind market gathers momentum, Offshore magazine, 2020 
(https://www.offshore-mag.com/renewable-energy/article/14181591/floating-offshore-wind-market-
gathers-momentum) 
6 Longest and deepest subsea power cable to be connected between Cyprus, Greece, and Israel, 
DW, 2021, (https://www.dw.com/en/longest-and-deepest-subsea-power-cable-to-be-connected-
between-cyprus-greece-and-israel/a-56809996) 
7 Map of marine protected areas in Bermuda 
(https://www.arcgis.com/apps/webappviewer/index.html?id=297745bf0a6c427e935d74ef574ef81c) 

https://www.arcgis.com/apps/webappviewer/index.html?id=297745bf0a6c427e935d74ef574ef81c
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Marine protected areas were generally considered as a major obstacle for offshore wind development. 
An exception was made for the seasonally protected areas, which act as fish spawning grounds. While 
the impact that an offshore development would have on this site is recognised, the negative effect would 
only last during construction. Subsequently, the seasonally protected areas would be able to support 
the fish spawning grounds the same ways as pre-development.  

A study in Denmark concluded that offshore wind farms do not have any observable effect on fish. It 
was even expected that wind turbines would lead to colonisation by fish and increase the population as 
a result of biomass increases, however, this was not observed in the first two years of operation of the 
studied wind farms8. Furthermore, the same study concluded that the effects of offshore wind 
developments on marine mammals are largely limited to the construction stage of the project, while no 
effect of the operation was observed. 

3.2.2 Marine areas with significant coral cover 
Beyond the designated marine protected areas, there are other sensitive areas that also need to be 
considered.  

There is extensive coral cover in multiple locations on the Bermuda pedestal, especially on the Rim and 
Main Terrace (see Figure 5). 

Figure 5 Coral cover on the Bermuda pedestal 

 
Within the lagoon, there is a gap in the coral cover off the coast of St. George’s island and on the Main 
Terrace, the western side of the pedestal has lower percentage cover. Also the coral on the western 
side of the pedestal has lower diversity and the lowest protection rating9. This creates two potential 

 
8 Danish Offshore Wind Key Environmental Issues. Dong Energy, Vattenfallm Danish Energy, 
Authority & Danish Forest and Nature Agency, 2006. 
https://tethys.pnnl.gov/sites/default/files/publications/Danish_Offshore_Wind_Key_Environmental_Is
sues.pdf 
9 Bermuda Marine Spatial Planning, Seasketch, 
(https://www.seasketch.org/#projecthomepage/520d37a7674659cb7b33c1ba) 
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gaps where development could be possible. However, any development on the Main Terrace will lead 
to destruction of coral, which should be carefully assessed. 

3.2.3 Marine areas with seagrass cover 
A further constraint to be considered is the presence of seagrass in various location on the Bermuda 
pedestal. Seagrass provides a habitad for seaturtles and fish and as a result, the locations where it is 
present are sensitive (see locations in Figure 6). 

Figure 6 Seagrass cover on the Bermuda pedestal  

 
Seagrass can be found in multiple locations within the Lagoon and on the Rim, however the sample 
location on the Main Terrace do not show presence. Similarly to coral, there could be a gap within the 
lagoon off the shore of St. George’s island. 

3.3 Aviation constraints 
The development of sites for wind turbines pose challenges to the civil aviation. It has the potential to 
cause a variety of negative effects on civil aviation such as radar interference and physical obstruction.  

Wind turbines can affect both primary surveillance radar (PSR) and secondary surveillance radar (SSR). 
PSR, which is typically used by the armed forces, transmits a pulse of energy that is reflected to the 
radar receiver by an object. The proximity and size of the wind turbines increase the chance of an 
unwanted return (i.e. returns that are not aircraft) called 'clutter'. SSRs transmit a signal to any detected 
object requesting a dedicated response. Wind turbines close to the SSR could reflecting the signals 
and create a phantom return on the radar. To mitigate these effects, radars could be relocated, or the 
location of the wind turbines could be block out from the radar.  Potentially, a radar for cross reference 
could be added but it is an expensive measure. 
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By virtue of their height, wind turbines and tall measurement equipment could pose an obstacle to 
aviation if they are close to the flight path or withing the exclusion zone of the airport. 

In order to protect aircraft against potential collision risk, Airport Control Protection Areas in Bermuda 
incorporates the International Civil Aviation Organisation (ICAO) regulations and has introduced 
obstacle limitation surfaces surrounding the airport.. These surfaces are imaginary planes defined in 
three dimensions around the aerodrome which must not be infringed. 

In the context of the Bermuda airport, the following definitions to the relevant surfaces as defined by the 
Department of Planning of the Bermuda Government apply10: 

• An approach surface is established for both runway direction. It is a wedge-shaped surface that 
slopes upwards in stages from the end of the runway. The first section of the approach surface is 
a trapeze. At its start on the runway edge, the section is 280m wide and 5.5m high. At the end of 
the second section (6.6km from the runway edge) the surface is 155.5m high and over 2km wide. 
Then, on a horizontal plane still at en elevation of 155.5m, the surface extends to a length of 8400m 
from the end of the second section. 

• The take-off climb surface is a surface narrower than the approach surface. It is also established 
at each ends of the runway strips. It is a trapeze starting at an elevation of 5.5 meters with an inner 
edge of 180m, the outer edge 1200m long. The surface extends 15km and slopes up by 2%. 

• The inner horizontal surface is an imaginary flat plane that is established around every licensed 
aerodrome and contained in a horizontal plane. It can be circular or oval shaped depending on the 
technical details of the runway. In the Bermuda Airport, the inner horizontal surface is a circular 
surface of radius 4000 meters centered on each end of the runway strip at an elevation of 50.5 
meters. 

• A conical surface extends upward and outwards from the periphery of the inner horizontal surface. 
In the Bermuda Airport, the conical surface extends from the inner horizontal surface to a height of 
155.5 meters above the runway strip. Its outer edge is a circular surface of radius 6100 meters 
centered on each end of the runway strip. 

• The outer horizontal surface is an imaginary circular flat plane that is established around large 
aerodromes.In Bermuda, the outer horizontal surface is a circular surface of radius 15000 meters 
centered on the centre of the runway strip at an elevation of 150 meters.  

 
As a result, any wind energy development that falls within the obstacle limitation surfaces of the airport 
would need to comply with maximum height restrictions. 

3.4 Underwater infrastructure and naval vessel routes 
Underwater infrastructure located either at a proposed site for wind development or on a potential cable 
laying route could pose an obstacle to development. The infrastructure around Bermuda is not extensive 
and comprises of several sewage and water outfalls that only extend a short distance offshore (red and 
blue cyrcles respectively in Figure 7). Additionally, there are communication cables that extend to the 
south/south-east  of the island (see punctuated black line in Figure 7). Both of these are outside any 
potentially suitable zones for development, but need to be factored in when routing the export cable. 

Both local ferry traffic and international cargo/cruise ship traffic have predetermined routes within the 
lagoon. These lanes of heavy traffic are seen as an obstacle, but not necessarily as a critical factor 
preventing development. Naval vessel traffic extends into naval corridors to the east/north-east and 
south-west, similarly perceived as an obstacle, but not as major obstacles precluding development. 

 
10 The Bermuda Plan. Government of Bermuda, Department of Planning, 2018. ( 
(https://planning.gov.bm/index.php/bermuda-plan-2018/) 



Assessment of the Offshore Wind Potential in Bermuda 
Ref: ED13456  |  Issue number 1  |  18/08/2021 
 

Ricardo Confidential 
 18 

Figure 7 Underwater infrastructure and naval routes7 (© Bleu Prosperity Initiative) 

 

3.5 Visual impact 

Modern wind turbines can reach heights of up to 260 metres with even moderately sized turbines 
reaching hights of over 100m. The movements of the blades, the contrasting colour of the turbines 
agains clear skies and the flashing of the red aviation obstruction lighting at night contribute to the 
facilities’ visibility over significant distances. As a result, offshore wind farms become a feature of the 
seascape, unless located sufficiently far from the shore. 

An effective way of reduce the impacts in a seascape is to site the facilities away from sensitive areas 
and viewing locations. Also, it is important to ensure acceptance from the population and communicate 
well the necessity for an offshore wind facility. Photomontages that depict how a potential wind farm 
would look are also a necessary part of the assessment process. 

A quantification methodology for the assessment of visual impact based on the US Bureau of Land 
Management’s Visual Resource Management system has been use to assess wind farms in the UK11. 
The methodology proposes a rating system of 1 to 6: 

• 1 – Visible only after extended close viewing. 
• 2 – Visible when scanning in the general direction of the object, otherwise likely to be missed. 
• 3 – Visible after a brief glance in the general direction of the object and unlikely to be missed. 
• 4 – Plainly visible but unlikely to draw attention. 

 
11 Offshore Wind Turbine Visibility and Visual Impact Threshold Distances. Robert G. Sullivan, 
Leslie B. Kirchler Jackson Cothren & Snow L. Winters, 2013. 
(https://www.researchgate.net/publication/259431883_RESEARCH_ARTICLE_Offshore_Wind_Tur
bine_Visibility_and_Visual_Impact_Threshold_Distances) 
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• 5 – Strongly attracts attention. 
• 6 – Dominates the landscape. 
 
Examples photographs of different visual impact scores can be found in the original paper11. 

Visual impact is a function of the distance from shore and the size of the turbines. However, light 
conditions also play a significant role. A wind farm could blend with the seascape in overcast wheather 
when the sky is grey or stand out in sunny weather with clear skies. Additionally the angle of the Sun 
plays a role in the perceived visual impact.  

Usually, high visual impact of five or six can be expected at distances of up to around 15km, however 
at the higher end of this range the impact is very dependent on light conditions and could be as low as 
three. 

In the case of Bermuda, visual impact can be expected to be consistent with the higher ratings for a 
given distance, due to the predominantly good weather and the latitude which means that the sun stays 
relatively high in the sky year round. 

3.6 Areas designated for commercial and recreational activities 
The sea around Bermuda is supporting commercial activities like fishing and recreational activities like 
lobster and spear fishing among others. 

A survey of the reach of commercial fishers was conducted, where the fishers were asked to indicate 
both use and value in their responses. The heat map provides a visual representation of the weighted 
answers provided fishermen (see Figure 8). 

Figure 8 Heat map of commercial fishing activities12 

 

 
12 Ocean Use Survey on Commercial Fishing Heatmaps, Bermuda Ocean Prosperity Programme, 2021 
(https://storymaps.arcgis.com/stories/5f3dc35803d246bfae5016d3f1d35067) 
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It indicates that the waters immediately off the shore of Bermuda are the most valuable. However, the 
entire Bermuda pedestal is used for fishing and also has a very high value to the fishing community – 
we understand that Challenger Bank is also an active fishing area. 

Additionally, the waters around Bermuda are extensively used for fishing.Two popular forms of fishing 
are lobster fishing and recreational spear fishing. Density map on top indicates use in the period 2007-
2013). 

Figure 9 Density maps for lobster fishing (right) and recreational spear fishing (left)13 

 
These density maps indicate that the lagoon and rim are in heavy use for these activities, which is an 
additional factor that poses an obstacle to development.  

3.8) 

3.7 Wind class around Bermuda  
The wind regime in Bermuda is characterised by moderate to good average wind speeds, but the island 
is also located in a hurricane prone location. The average annual wind speed of 7.79 m/s14 at 100.  
suggests that wind developments in Bermuda would benefit from wind turbine designs with larger rotors, 
that are capable of maximising the energy production. However, historic data shows that category 4 
hurricanes have occurred in the vicinity of Bermuda. Furthermore, the tendency of hurricanes to 
increase their severity due to climate change means that the past ocurrances are not necessarily a 
good predictor of the future, and category 5 hurricanes are a possibility which should be considered in 
the design. Figure 10 show the path of category 5 hurricanes in the Atlantic. 

 
13  Bermuda Marine Spatial Planning 
(https://www.seasketch.org/#projecthomepage/520d37a7674659cb7b33c1ba) 
14 Average calculated in 5 Yield assessment section. 
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Figure 10 Map of categoty 5 hurricanes in the Atlantic ocean15 

 
 

16. The risk of 
extreme weather, however, means that the selection of turbines should should be carried out 
accordingly and will translate in smaller rotors that would result in reduced energy production. 

3.8 Site screening results 
The compounded effect of all the limitations discussed in this section have been used to identify 
potentially suitable sites for development 

Figure 11 Compounded effect of site selection constraintspresents an illustration of the combined 
constraints alongside potentially suitable sites for development. 

 
15 List of category 5 Atlantic hurricanes 
(https://en.wikipedia.org/wiki/List_of_Category_5_Atlantic_hurricanes) 
16 Floating wind offers Taiwan opportunitytolead Asia Pacific offshore wind power. InfoLink, March 
2021. (https://www.infolink-group.com/en/wind/wind-market/Floating-wind-offers-Taiwan-
opportunity-to-lead-Asia-Pacific-offshore-wind-power) 
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Figure 11 Compounded effect of site selection constraints 
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Three potential sites emerge in the gaps left by the constraints. 

The first site is within the lagoon and is located around 5km to the north-west of St.George’s Island. 
The site is located near enough the shore to result in a significant visual impact. It is also located on an 
active shipping route which would require certain mitigation measures at least for the duration of 
construction, and it is withing areas used for commercial and recreational fishing. While these are 
recognised as significant obstacles, they were not deemed to be precluding development. 

A second site might be possible at the western edge of the main terrace 12km from the shore. The site 
would benefit from potentially favourable topography and a suitable distance from shore. However, it 
will infringe on the seasonally protected areas that act as fishing grounds and would likely result in the 
destruction of coral (albeit in a location with limited cover and low protection index). These are serious 
concerns, and that site would only be viable if an authorisation from the Government of Bermuda is 
obtained. 

The third site is located in the waters of Challenger bank and is 25km from the shore. This would need 
to be a floating site as the depths are on the edge of fixed foundation viability and the topography and 
marine life are likely to present further obstacles. We also understand this area to be an active fishing 
area, which would be an obstacle to development. In addition, the site poses significant technical 
challenges from the perspective of cable routing, which will need to span an underwater col reaching 
depths of around 1600 metres13. 

A summary of the site screening results and the particular constraints that each site satisfies or 
breaches are presented in  Table 4. 

Table 4 Summary of site screening results 

 

Se
ab

ed
 

su
ita

bi
lit

y 

Pr
ot

ec
te

d 
ar

ea
s 

an
d 

di
ve

 s
ite

s 

A
vi

at
io

n 
co

ns
tr

ai
nt

s 

U
nd

er
w

at
er

 
in

fr
as

tr
uc

tu
re

 

Sh
ip

pi
ng

 

Vi
su

al
 im

pa
ct

 

Fi
sh

in
g 

zo
ne

 

R
ec

re
at

io
n 

zo
ne

s 

Sh
or

e 
pr

ot
ec

te
d 

ar
ea

s 

St
an

da
rd

 e
xp

or
t 

ca
bl

e 
la

yo
ut

 

Site 1 

The Lagoon 
          

Site 2 

Main Terrace 
          

Site 3 
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3.9 Limitations of the site screening 
This site screening was largely based on publicly available information about different types of 
constraints that will be present. Additionally, the information from representatives of the Government of 
Bermuda and the Bermuda Ocean Prosperity Programme (BOPP) were collated as well as information 
that the RA kindly provided. 

However, there are significant limitations to this site screening process. Some aspects would require 
further study and analysis. 

• Seabed characteristics: 
o A detailed study is necessary to determine the sediment depth and shear strength and, 

hence, the suitability for fixed foundations. 
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o A detailed topographic study would be required to map topographic features not 
captured on bathymetric maps that can present obstacles to siting and cable routing. 

• The acceptance of environmental and tourist organisations and of the general public 
should be sought. Resistance to potential developments is likely from the following: 

o The fishing industry is likely as the pedestal is used extensively for fishing. Challenger 
Bank is also an active fishing zone. 

o Local population and tourist organisations to siting the wind farm in areas used for 
recreation. 

o Local population and tourist organisations due topotential visual impact. 

• Floating wind: 
o Some significant uncertainty remains around the technical feasibility of cable laying 

arrangements. The technical/financial viability of not just the wind farm itself, but also 
the cable laying the proposed site should be further assessed by offshore cabling 
experts before proceeding any further. 
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4 Technology review 
4.1 Introduction 
Siting wind farms offshore offers significant advantages in terms of wind regime and visual impact, 
which come with the trade-off of a more challenging environment for development. 

Initially offshore wind farms were small scale and constructed with the same type of wind turbines used 
onshore. The first offshore wind farm was Vindeby in Denmark, which was commissioned in 1991 and 
had 11 turbines and a total capacity of 5MW17. Gradually the technology for offshore wind farms has 
become more distinctive. The turbines have become taller and with larger diameter rotors to take 
advantage of the generally more favourable wind regime. A recent example is the launch of a 15MW, 
236m diameter turbine by Vestas18. 

Offshore wind developments followed a trend of increasing size of developments, increasing distance 
from shore and icreasing water depth. 

There are also different types of fixed foundations that can be used at depths of up to 70m and most 
recently, floating wind farms have been developed that open up regions with deeper seas for 
development. 

This section aims to provide an overview of the equipment used in the development of offshore wind 
farms with focus on four broad categories: 

• Wind turbines 
• Foundations 
• Electrical equipment 
• Construction 
 
Additionally, a breakdown of the cost of offshore wind equipment is presented. 

4.2 Wind turbines 
The dominant wind turbine design is a three-bladed, upwind configuration (with the rotor positioned 
before the tower in relation to the wind), and offshore turbines follow that trend (see Figure 12). 

 
17 1991-2001 The first offshore wind farms. Orsted. https://orsted.com/en/about-
us/whitepapers/making-green-energy-affordable/1991-to-2001-the-first-offshore-wind-farms 
18 EnBW First to Select Vestas 15 MW Offshore Wind Turbine, Offshorewind.biz, 2021 
(https://www.offshorewind.biz/2021/07/09/enbw-first-to-select-vestas-15-mw-offshore-wind-turbine/) 
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Figure 12 Example of three blade upwind turbines located offshore19 

 
Offshore wind turbines are designed to operate in a wind regime that is characterised by: 
• More consistent winds with higher average speeds. 
• Lower differential between the wind speed at the bottom and the top of the turbine rotor, known as 

wind shear. 
• Lower turbulence intensity, defined as the variations in wind speeds, typically in a 10 minute interval. 

The major contributor to turbilence is obstacles which can disrupt the air flow. 

The first offshore wind farm was in Denmark, on the Vindeby17 site in 1991. It was a 5 MW facility 
supplied by eleven wind turbines installed 2.5 km from the coast. The first offshore wind turbine 
prototypes were simple copies of onshore wind turbines, but the technology has gradually been adapted 
to the wind regime at sea.  
 
Current offshore wind turbines have undergone significant evolution. Due to the lower wind shear and 
the lower turbulence intensity, the need for reinforcement of the blades is significantly reduced, and as 
a result, their rotor sizes can be increased. Offshore turbines can also be run at higher rotor speed as 
there are no noise regulations. These factors result in turbines with significantly higher ratings than their 
onshore counterparts. For example, Siemens Gamesa in May 2020 announced it was working on 
developing wind turbines with up to 15MW capacity and a 222-meter rotor. Vestas joins the competition 
recently by announcing the development of a 15MW turbine20 with a rotor diameter of 236 m. 
 
4.2.1 Wind turbine classes 
One of the major factors that governs offshore wind turbine selection is the site specific wind conditions. 
The International Electrotechnical Commission (IEC) sets international standards wind characteristics 
a turbine is designed for. The three key parameters are: 

• Average wind speed 
• Extreme 50-year gust 
• Turbulence intencity 

 
19 Siemens Gamesa to deliver new 8-MW offshore wind turbine, Wind power engineering, 2017 
(https://www.windpowerengineering.com/siemens-gamesa-deliver-new-8-mw-offshore-wind-
turbine/) 
20 V236-15.0 MWTM. Vestas. 
(https://www.vestas.com/~/media/vestas/mvow/documents/v236150mw%20brochure%20spreads.p
df)  
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The power in the wind is proportional to the cube of the velocity, which means that small increases in 
the wind speed result in significant increases in the thrust and loads that the rotor experiences. Higher 
loads result in an increased wear in the turbine components, which the turbine needs to withstand 
during its lifetime. 

The extreme 50-year gust is an indication of the harshest conditions that the wind turbine will need to 
withstand. The extreme 50-year gust is crucial as both the rotor of the turbine and the turbine structure 
itself need to be able cope with the structural loads resulting from it. 

Turbulence, perceived by the wind turbine as rapid changes in the wind velocity, results in fatigue loads 
in the blades due to repeated deflection across the plane of the rotor.  

The IEC wind turbine generator classes are presented in Table 5. 

Table 5 Wind Turbine Generator classes by the IEC21 

Wind Class Turbulence % Average annual wind 
speed Extreme 50-years gust 

Ia (High wind) 18% 10.0 m/s 70.0 m/s 

Ib (High wind) 16% 10.0 m/s 70.0 m/s 

IIa (Medium wind) 18% 8.5 m/s 59.5 m/s 

IIb (Medium wind) 16% 8.5 m/s 59.5 m/s 

IIIa (Low wind) 18% 7.5 m/s 52.5 m/s 

IIIb (Low wind) 16% 7.5 m/s 52.5 m/s 

IV (Very low wind) 6.0% 6.0 m/s 42.0 m/s 

 

Wind turbines have specific designs that correspond to the wind speeds and characteristics. 

Wind Classes III and IV turbines are designed for an average wind speeds up to 7.5 m/s. These turbines 
typically have large rotors to allow them to capture as much energy as possible from the lower wind 
speeds they are subjected to. The low 50-year extreme gust means that these turbines do not need 
very high levels of reinforcement, which helps to keep their weight down. This also applies for designs 
for low turbulence intensities, where the reinforcement requirements in the blades are lower still.  

Wind Class II turbines are for windier sites up to 8.5 m/s average and are the most common class of 
wind turbines available. The rotors of these turbines are smaller and their blades have a stronger 
structure than their Class III and IV counterparts.  

Wind Class I turbines are designed to cope with the toughest operating conditions experienced at sites 
with average wind speeds above 8.5 m/s. Typically these turbines have smaller rotors (i.e. shorter 
blades) and are on shorter towers to minimise structural loads. They are also heavier duty in design, 
which makes them more expensive. 

4.2.2 Alternative designs 
The two main categories of wind turbine designs are horizontal axis turbines and vertical axis turbines. 

Vertical axis turbines are characterised by blades that are positions on the sides of a vertical rotor. 
These turbiens can capture energy from the wind regardless of the wind direction – they do not need 
to face the wind. An example of a vertical axis turbine called a Darrieus rotor is presented in Figure 13 

 
21 IEC 61400-1:2019. IEC, 2019. 
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Figure 13 Vertical axis wind turbine 

    
Vertical axis turbines suffer from performance issues when compared to their horizontal axis 
counterparts22. The dynamics and control of these devices has proven to be more problematic. 

Horizontal axis wind turbines are currently the industry standard. 

The three-bladed upwind design currently offers the best performance in combination with the least 
number of components and with the least amount of drawbacks.  

However, downwind machines (see Figure 14) have also been explored for commercial applications 
due to the distinct advantages they offer.  

 
22 Wind explained, Types of wind turbines. Energy Information Administration. 
(https://www.eia.gov/energyexplained/wind/types-of-wind-turbines.php) 
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Figure 14 Schematic of a downwind turbine 

  
Downwind turbines have their rotor placed in the lee of the tower. Therefore, during operation the blades 
deflect backwards and away from the tower, which eliminates the risk of tower strike. As a result, blades 
can be made lighter and more flexible. This design feature has the potential to increase the potential 
size limit for wind turbines as the lighter blades would translate in lower structural loads23Error! Bookmark n

ot defined.. Further benefits could be the opportunity to install upwind measurement device which could 
feed wind speed data to the controller in real time (although LIDAR solves this issue for upwind 
machines) and the potential opportunity to eliminate the active yaw mechanism as the turbine naturally 
turns to face the wind (although this comes with increase complexity in managing cable twisting within 
the nacelle)24 25. 

The most significant drawback of downwind machines is the presence of a “tower shadow” through 
which the blades pass with each rotation. The lee of the tower would have a lower speed, higher 
turbulence wind, resulting in a power dip that each blade experiences as it passes behind the tower. 
This results in a sudden deflection forward, which generates a significant fatigue load over the lifetime 
of the turbine as well as additional noise26. 

4.2.3 Summary 
In summary, the prevalent three-blade, upwind rotor design would be the recommended design for 
Bermuda. Given the size of the development that is being explored in this study, the size of the turbines 
that will be necessary falls well within the range of established technologies which are exclusively 

 
23 Pre-aligned downwind rotor for a 13.2 MW wind turbine, Carlos Noyes et. al., 2018 
(https://www.sciencedirect.com/science/article/abs/pii/S0960148117309801) 
24 Wind Turbines: Upwind or Downwind Machines? Danish Wind Industry Association. 
(http://drømstørre.dk/wp-content/wind/miller/windpower%20web/en/tour/design/updown.htm) 
25 Downwind rotor. Hitachi. 
(https://www.hitachi.com/products/energy/wind/products/htw2000_80/rotor/index.html) 
26 Tower shadow induced blade loads for an extreme-scale downwind turbine. Carlos Noyes, Chao 
Qin & Eric Loth, 2019. (https://onlinelibrary.wiley.com/doi/epdf/10.1002/we.2415) 
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upwind. The potential benefit that downwind machines would offer become relevant at the size limit of 
upwind machines, however, this limit is being continuously increased with 15MW being the largest 
commercial wind turbine available. At the same time downwind machines are characterised by 
significant drawbacks which have prevented them of gaining any significant market share. 

Due to the nature of the wind regime in Bermuda, where extreme weather events can be expected over 
the lifetime of an offshore wind farm, Class I turbines should be considered. The aim of developing 
approximately 60MW wind farm suggests that individual turbine capacities will fall comfortably within 
the currently available range of turbines. Therefore, alternative designs will not offer any benefits over 
the commercially established three-blade, upwind machines. 

 

4.3 Foundations 
Offshore wind turbines share most components with their onshore counterparts, albeit with differences 
in design to account for the different wind regimes. Foundations for offshore wind turbines, however, 
have to contend with a markedly different environment and as a result have their own distinct designs.  

An offshore wind turbine can be installed using two broad categories of foundations: 

• On a fixed foundation that lays on the seabed 
• On a floating platform that is moored to the seabed 

 
The choice of substructures and foundations requires a multi-criteria selection process taking into 
account considerations such as the wind regime, turbine size, water depth and seabed type. 

4.3.1 Fixed foundations 
There are The most common fixed wind turbine foundations are: 

Monopiles 
These are cylindrical structures that are driven into the seabed. A tubular transition piece that supports 
the wind turbine is then mounted onto the monopile. Monopiles are a cost effective solution which is 
suitable for sea depths of up to 40 metres. Their suitability is dependent on the characteristics of the 
seabed and more specifically, the ability of the seabed to provide the necessary stability or the suitability 
of the seabed for driving the monopile. Figure 15 shows a schematic of a monopile. 
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Figure 15 A schematic of a monopile foundation 

  
 
Jackets 
These are steel support structures in the form of a tubular lattice tower typically on three or four metal 
legs. Jackets are common in the oil and gas industries. The jacket legs themselves are not buried but 
are fastened to the bottom by piles driven through them and into the seabed. They are also used as 
foundations for structures supporting ancillary equipment (substations, weather masts, etc.). They are 
suitable for depths of 50m to 70m. Figure 16 shows a schematic of a a jacket foundation. 
 
Figure 16 Schematic of a jacket foundation 

  
 
Gravity foundations 



Assessment of the Offshore Wind Potential in Bermuda 
Ref: ED13456  |  Issue number 1  |  18/08/2021 
 

Ricardo Confidential 
 32 

These are foundations used in shallow waters and consist of a concrete slab that is laid on the seabed. 
There is no fastening to the seabed and stability is ensured purely by the weight of the foundation. Their 
diameter is typically around 20 m to 35 m. They are laid on a base course or slightly buried. Typical 
depths for gravity foundations are up to 30m. Figure 17 shows a schematic of a gravity foundation. 
 
Figure 17 Schematic of a gravity foundation 

  
4.3.1.1 Monopiles 

Monopiles are the most widely used foundation type for offshore wind turbines due to their relative 
simplicity of design and cost-competitiveness in the range of water depths of wind farms. The diameters 
of monopiles are commonly 6m to 8m for projects currently under development27. Increasing water 
depths for future wind farms, increasing turbine power, and the development of production processes 
and capacity mean that even larger diameters of monopiles, up to 10m, can be manufactured. 

A monopile weighs from 500 tonnes to over 1,000 tonnes and is typically used in depths of up to 40m. 
Examples include Horns Rev 2 and Gode Wind farm (Germany). 

The most common methods of installing monopiles are driving and, in the case of rocky soils, drilling. 
However, depending on the soil conditions encountered, other installation methods such as vibro-
drilling may be possible. 

4.3.1.2 Gravity-based structure 

Gravity-based foundations achieve stability from their own weight and the weight of the supported 
elements.  They are large concrete or steel base designed to rest on the seabed. They have little or no 
embedding in the ground but they are heavy enough to remain in place even in extremely rough sea 
conditions. The invert, the base of the foundation, is usually circular. It can also be octagonal, square 
or rectangular. The diameter (or width) of the invert is in the range of 20 m to 35 m. On top of the invert, 
a transition piece is installed that supports the turbine. The gravity-based foundations are suitable for 
water depths between 0 and 30 meters28. 

The gravity foundation can be equipped with relatively short (less than 3 m) skirts penetrating the 
ground. Placed at the periphery, these skirts can provide protection against scour or prevent pumping 
erosion effects under the footing associated with foundation movement.  

The design of the gravity foundation should take into account the morphological characteristics of the 
seabed, in particular its slope and possible irregularity. In order to ensure that contact is distributed over 

 
27 Monopiles in offshore wind: Preliminary estimate of main dimensions. Vicente Negro &Co, 2017. 
(https://www.sciencedirect.com/science/article/abs/pii/S0029801817300690)  
28 Design of Offshore Wind Turbine Structures DNV OS J101. DNV-GL, 2014. 
(https://www.isrs2019.info/dnv-os-j101-14/)  
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the entire surface of the foundation, consideration should be given to whether or not it is necessary to 
create an artificial flat platform. In some cases, the removal and/or replacement of heterogeneous 
surface sediments or sediments with poor properties may be considered. 

Gravity foundations are used in Thanet Park in the UK. Usually, they are prefabricated onshore and 
transported to the location of the offshore array. The foundation is then lowered onto the seabed after 
which the transition piece and turbine are mounted on top. An example of a consideration during 
installation is horizontal currents. When approaching the seabed, horizontal currents are generated, 
linked to the speed of descent of the foundation. It is necessary to determine the maximum speed of 
descent to avoid the associated erosion phenomena which could compromise the flatness of the contact 
area.29 

4.3.1.3 Jackets 

Jackets foundations are lattice structures with multiple legs, topped by a platform serving as a transition 
piece between the foundation and the wind turbine tower. The jackets are placed on the seabed, with 
their legs connected to piles that are driven in the seabed and anchor the construction. This design 
should, among other things, allow the structure’s forces to be better distributed and offer a construction 
that allows the waves to pass through it with minimal resistance. 

Jackets are typically used at depths of around 50m and are the foundations used by Iberdrola in 
the Wikinger (Germany), East Anglia ONE (United Kingdom) and Beatrice (Scotland) offshore wind 
farms. In the German wind farm, the jackets have four legs, with a 59-metre length and 625-ton weight. 
The wind turbines of the East Anglia ONE offshore wind farm are supported by three legs an engineering 
design that allows the company to save costs and accelerate the manufacturing of structures. 

In practice, the diameter of the anchorage piles to be considered is more or less imposed by the 
structural design. Piles used in the offshore industry are most often metal tubes open at the base.  

 

In the case of simultaneous installation of the platform and piles, two options are commonly used: 

• Drive the piles through the legs of the platform, and connect them at the top by welding or by 
cementing the annulus to the leg; 

• Drive the piles through guide sleeves. The piles are then cemented or crimped into the sleeves. 
The most massive platforms may require several sleeves at each corner of the platform to form 
a pile group.  
 

Alternatively, the piles can be pre-installed through a reusable guide or jig. Jackets are connected to 
the piles at a later stage. The use of driven piles is particularly suitable for loose soils (sands, clays, 
silts) or soft rocks (marl, calcarenite, chalk, etc.). In the presence of an indurated soil layer, a mixed pile 
can be used. In this case, the plug is dug to the base of the driven pile. A hole is drilled under the base 
of the driven pile and a tube is inserted and cemented into the drilled section. 

4.3.2 Floating platforms 
Floating wind turbine offer access to large areas with a strong wind resource that exceed the depths 
where fixed foundations are feasible. For some countries, such as those with a narrow continental shelf, 
floating foundations offer the only opportunity for large-scale offshore wind deployment. In addition, 
floating foundations generally offer environmental benefits compared with fixed-bottom designs due to 
less invasive activity on the seabed during installation. However, floating platforms come with certain 
limitations. With current technology, the maximum sea depth at which this technology is viable is around 
100m4 5. In the context of Bermuda, that means that the only other available locations for development 
aside from the Bermuda pedestal are Challenger Bank and Plantagenet Bank. 

 
29 Gravity based support structures for offshore wind turbine generators: Review of the installation 
process. Volume 110, Part A, pp. 281–291. Esteban, M. et al., 2015. 
(https://www.sciencedirect.com/science/article/abs/pii/S0029801815005764) 
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There are three main categories of floating foundations30:  

• Tensioned Leg Platform (TLP) 
A float almost completely submerged and anchored to the seabed by means of tensioned lines. 

• Single Point Anchor Reservoir (SPAR) buoy 
A cylindrical structure ballasted at the bottom and associated with a catenary anchor.  

• Semi-submersible floats 
A semi-submerged floating platform anchored to the seabed by a catenary or semi-tensioned 
anchor. 

 

4.3.2.1 Tensioned leg platform 

Unlike the semi-submersible, the majority of the TLP float is kept submerged by a tensioned anchor 
that pulls it towards the bottom. The mooring lines, which are subject to a great deal of stress, must 
resist the drift of the float, but they also offer good stability. Handling is easier during towing and 
installation. However, the tensioning of mooring lines requires the assistance of specialised vessels. In 
addition, no automatic ballasting system is required as the taut mooring lines prevent from heeling. As 
the semi-submersible float, TLP can be assembly at onshore. 

4.3.2.2 SPAR 

This type of float is particularly suitable for deep water. It is a submerged foundation with stabilised 
ballast, which is attached to the seabed by cables with some flexibility movement attached to anchors. 
Its cylindrical shape and heavy ballast considerably lower the centre of gravity of the structure. This 
gives it great stability, with large amplitude but very slow movements in response to the swell. Excessive 
acceleration during rocking motions is avoided. This floating technology requires no automatic 
ballasting system, with the advantage of lower costs. Nevertheless, this stability is achieved at the 
expense of a deeper draught, between 70 and 82 metres for a 6 MW turbine.  

This type of float is used for the 30 MW-Hywind facility31 in Scotland, which is the first floating wind farm 
in the world. The sea depth at the location of the project is 105 metres. The construction of the wind 
farm was made significantly easier by the fact that the whole floating turbine structure can be assembled 
at onshore and towed to sea. 

4.3.2.3 Semi-submersible float  

Semi-submersible float is inspired by existing designs in the offshore oil and gas industry. The float has 
a submerged part connected to its anchor lines, which are not tensioned and only needs to resist the 
drift of the structure. To ensure good stability, the float often requires a large and heavy structure, 
around 2000 tonnes.  

This shallow draught makes possible the float-turbine to be assembled at the quay. Made of steel, 
concrete, or a combination of both, its design cost remains low despite the relative complexity of its 
forms. Its anchoring, however, will have to be robust and therefore more expensive because of its high 
tonnage. The need for an automatic ballasting system also adds to the price of the semi-submersible 
float.  

In 2011, the American company Principle Power launched a 2 MW horizontal axis turbine on a semi-
submersible float, 3 miles off the coast of Aguçadoura in Portugal. 

 

4.3.3 Summary of foundations 
In summary, subject to siting monopiles could be a potentially suitable for a fixed foundation offshore 
wind development in Bermuda as they are: 

 
30 Guide for Buildong and Classingm Floating Offshore Wind Turbines. American Bureau of Shipping, 
2020. (https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/offshore/195_fowti/fowt-
guide-july20.pdf) 
31 Hywind Project. Saipem. (https://www.saipem.com/en/projects/hywind) 
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• Suitable for the depth around the shores of Bermuda. 
• Suitable for sediment (depending on characteristics). 
• Have a lower impact on the seabed than gravity foundations. 

 

Monopiles are the most widely used foundation and has been used for a variety of sizes of turbines. 

For floating turbines, there are no established technologies yet due to the novelty of the technology. 
SPAR buoys have been successfully deployed in Scotland and semi submersible floats are currently 
being tested in Portugal. SPAR buoys may be the a relevant technology for Bermuda due to its suitability 
to deeper waters and  inherent stability. 

 

4.4 Electrical equipment 
A typical layout of the electrical equipment of an offshore wind farm consists of array cables that connect 
the individual turbines with an offshore platform housing the electrical equipment. Then an export cable, 
which is typically buried in the seabed connects the offshore platform with an onshore grid connection 
point.  

Both AC and DC transmission systems are currently in use for offshore wind applications and each 
offers a distinct set of advantages and disadvantages: 

• AC systems 
As the name suggests, AC transmission systems use alternating current to export the electricity 
generated by the array. The array cables connect the turbines to an offshore substation located on 
a platform. Usually the substation steps up the voltage before transmitting the output of the array 
to the onshore substation where the voltage is stepped down again. AC systems require a 
considerably lower capital expenditure; however, they have severe limitation over longer distances 
due to reactive power losses in addition to the resistive and transformer losses. Consequently, 
reactive power compensation may be necessary on both the onshore and offshore substations. 
 

• DC systems 
This type of transmission exports the production of the offshore array using direct current. The array 
cables connect the turbines with an offshore platform equipped with a transformer and a converter 
used as a rectifier. The offshore platform is, in turn, connected with an offshore converter used as 
an inverter and a transformer. DC systems only suffer from conversion and resistive losses, so they 
offer a much more efficient mode of transmission. This type of transmission is significantly more 
capital intensive than its AC counterpart, both due to the more expensive equipment (the 
converters) and the larger offshore platform required to house the transformer and converter. 

 

The distance at which the higher costs associated with DC are considered to be offset by the losses 
generated by an AC is around 80km32. The breakeven distance needs to be assessed on a project by 
project basis as it is dependent on the power rating and the voltage level, but generally, DC is a viable 
solution for large offshore arrays with ratings in the hundreds of megawatts that export power at very 
high voltages at a significant distance. However, AC systems are used at distances that exceed 100km. 
The Hornsea Project One is located 120km offshore and uses three AC export cables33   

Therefore, DC should not be considered as a financially viable transmission technology for the proposed 
development of around 60MW array off the coast of Bermuda and this review focuses on AC. 

 
32 X. Xiang, M. M. C. Merlin and T. C. Green, “Cost Analysis and Comparison of HVAC, LFAC and 
HVDC for Offshore Wind Power Connection,” IET AC/DC Transmission, 2016. 
33 Hornsea Project Onee, 4C Offshore, 2021 
(https://www.4coffshore.com/windfarms/united-kingdom/hornsea-project-one-united-kingdom-
uk81.html) 
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4.4.1 AC infrastructure 
AC is an established technology and the distances over which it remains viable can be extended via 
reactive compensation at each end of the cable or in some cases via additional reactive compensation 
at the midpoint. The distance over which AC can be used also increases as the the selected voltage 
level for export reduces32. 

A typical configuration of an offshore array with an AC export infrastructure is presented Figure 18. 

Figure 18 Typical layout of the electrical infrastructure of offshore wind farms 

 

 
 

Turbines usually export electricity to the inter-array cables at 36kV or below34 35, is in line with the 
highest voltage available in Bermuda. A two export cables configuration at 36kV could be capable of 
exporting the production from an offshore array with a capacity of around 60MW to Bermuda without 
the need to step up the voltage. Such a configuration would not require an offshore platform and step-
up and step-down transformers, thus significantly reducing the costs. A two cable configuration has 
been assumed in this analysis and has been costed accordingly. To adopt a more conservative 
approach, the costs for an offshore platform and substation have not been excluded (see Section 6.1). 

 

4.4.2 Indicative cabling layout 
A simplifying assumption can be made that the array cables will be directed to an offshore platform at 
the near edge of the array (this is not a detailed design and layouts can vary). For a 17 turbine, a grid 
layout was assumed for the array (see Figure 19). 10D spacing between the turbines in the prevalent 
wind direction was used and a conservative assumption was made that the turbines are connected 
along this axis. 

 
34 Electrical systems, Wind energy – The facts 
(https://www.wind-energy-the-facts.org/electrical-system.html) 
35 Getting Offshore Wind Power on the Grid, T&D World, 2019 
(https://www.tdworld.com/renewables/article/20972636/getting-offshore-wind-power-on-the-grid) 
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Figure 19 Indicative layout of the offshore wind array 

 
 

The resulting length of the array cables can be assumed to be around 16km.  

4.4.3 Cable losses 
In AC cables, losses related to the resistance and impedance of cables occur. This leads to a voltage 
drop, which, in turn, leads to power losses. The cable losses are a function of the length of the cable 
and grow in a non-linear fashion as the length increases. 

The voltage drop and the power losses were simulated using the software package Powerworld © As 
already discussed, the export infrastructure for the proposed development in Bermuda will be made up 
of two 36kV cables. Table presents the characteristics of the cable selected for the simulation.. 

As already discussed, the export infrastructure for the proposed development in Bermuda will be made 
up of two 36kV cables. Table presents the characteristics of the cable selected for the simulation. 
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Figure 20 Export cable characteristics36 

Parameter Value 

Resistance 0.0991 Ohms/km 

Impedance 0.1376 Ohms/km 

Inverse capacitance 78.296046e-6 Mhos/km 

Number of cores 3 

Voltage 36kV 

 

The losses in the cables can be established in power terms (MVA losses along the export cable at peak 
injection), and to convert the power losses into energy losses (MWh losses decreasing yield as seen 
from the onshore substation), a loss load factor is introduced which is typically derived from the following 
formula: 

𝐿𝐿𝐿𝐿𝐿𝐿𝑙𝑙 =  𝑘𝑘𝑙𝑙 ∗ 𝐿𝐿𝐿𝐿 + (1 − 𝑘𝑘𝑙𝑙) ∗ 𝐿𝐿𝐿𝐿2 

Where: 

• LF : average load factor in %. The load factor is the relation between how much electricity a 
plant produces and how much it would produce if it operates at full capacity all the time.  

• LLFl : average loss load factor for voltage level l in % 
• Kl : k-constant applicable to voltage level l (typically 0.3 for distribution level37) 

The loss load factor includes the loss of energy as electricity flows through the grid. It is different for 
each site because each site has a different generation profile. 

Table 6 presents the results for the losses in energy and percentage terms calculated for the three sites. 

Table 6 Relative power losses for different cable length based on a 61.2 MW wind farm38 

 Losses 

Site 1 – The Lagoon 
(5km) 

Energy 1.8 GWh 

Percentage 1.0% 

Site 2 – Main Terrace 
(12km) 

Energy 4.2 GWh 

Percentage 2.3% 

Site 3 – Challenger Bank 
(25km) 

Energy 7.7 GWh 

Percentage 4.3% 

 

4.5 Recommendations on equipment 
Based on the technology review carried out for this study a tentative high level specification of a potential 
offshore wind development in Bermuda can be suggested. 

 
36 6-36 kV Medium Voltage Underground Power Cables, XLPE insulated cables. Thorne & Derrick. 
https://www.powerandcables.com/wp-content/uploads/2016/12/Nexans-6-33kV-Medium-High-
Voltage-Underground-Power-Cables.pdf 
37 Distribution loss factor calculation methodology. Aurora Energy, July 2014. 
(https://www.aer.gov.au/system/files/Aurora%20-
%20distribution%20loss%20factor%20calculation%20methodology.PDF) 
38 See section 4.5 Recommendations on equipment 

https://www.powerandcables.com/wp-content/uploads/2016/12/Nexans-6-33kV-Medium-High-Voltage-Underground-Power-Cables.pdf
https://www.powerandcables.com/wp-content/uploads/2016/12/Nexans-6-33kV-Medium-High-Voltage-Underground-Power-Cables.pdf
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A horizontal axis upwind turbine would be the most suitable technology, as it offers significant 
advantages, while minimising disadvantages. It is also the dominant technology in the industry. In its 
IRP, Bermuda states that around 60MW of wind should be developed. For this capacity, the latest and 
largest turbines are likely to be unsuitable on the grounds of energy security. A 60MW farm could be 
built with six 10MW turbines, but in this case a single turbine forms nearly 20% of the development. Any 
downtime would have a significant impact on production. Hence a smaller capacity and larger number 
of turbines were deemed more suitable. Further to this, due to the extreme weather conditions, the 
selected turbine needs to be Class I. A suitable turbine could be the Siemens SWT 3.6MW which is a 
turbine widely used in offshore developments in the UK and Denmark. The turbine has a cut in speed 
of 4m/s, a rated wind speed of 13.5m/s and a cut out speed of 25m/s. It can withstand winds of up to 
70m/s39 40. The turbine has a hub height of 80m and a rotor diameter of 107m. A potential development 
could comprise of 17 of these turbines giving a total capacity of 61.2MW. 

For sites 1 and 2, monopiles would be the option of choice based on the research carried out and 
pending confirmation of the suitability of the seabed. They are the most widely used fixed foundation 
type, offer more competitive costs compared to jackets and a lower footprint compared to gravity 
foundations. 

As discussed, for the electrical infrastructure, AC would be the more suitable technology given the 
capacity and potential distance from shore of the development. A typical layout would include a step-
up transformer located on the offshore platform so the export takes place at a higher voltage. Hence, 
the voltage is stepped down at an onshore substation. Again, based on the capacity and distance, it 
could be possible that export could take place via two 36kV cables, so the offshore platform would only 
act as a hub for the interarray cables. The losses calculations indicate that a two 36kV cables would 
have the capability to export the generated electricity relatively efficiently. Furthermore, reactive 
compensation is typically part of the AC transmission set up. In this study, reactive compensation has 
not been configured specifically for the expected losses, however it is assumed it is included in the 
overall costs presented in Section 6.1. It should be noted that despite this recommendation, the full 
costing of the electrical infrastructure was taken when the economic analysis was performed. 

4.6 Wind farm layout 
In the Bermuda area, the prevalent winds come from south-west (see Figure 21). 

 
39 Siemens SWT-3.6-107 Offshore, Wind turbine models,  
(https://en.wind-turbine-models.com/turbines/1272-siemens-swt-3.6-107-offshore) 
40 The Wind Power, Siemens SWT-3.6-107 
(https://www.thewindpower.net/turbine_en_20_siemens_swt-3.6-107.php) 
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Figure 21 Bermuda wind rose (size of bar indicates number of hours)41 

 
Therefore, the axis along which the turbines should be spaced ten diameters apart is south-west to 
north-east. 

In addition to siting the farm in the suitable locations identified in section 3.8, having established that 
the tip height of the turbines would be 133.5 metres (80m tower + half of the 107m diameter), the 
appropriate airport exclusion zone can be calculated. The combination of the airport inner horizontal 
surface and the conical surface results in an exclusion radius of 5.5km from each end of the runway. 
Additionally, the take off and landing surfaces have been excluded as well. 

Figure 22 presents the proposed layout for the Lagoon site in the available space left by the 
environmental, topographic and airport constraints. The wind farm layouts is highlighted by a yellow 
circle. 

It is clear that the available space if very limited and lies on a shipping lane. Therefore, any further 
consideration of this site should carefully consider mitigation measures around the shipping lane 
disruption and also carry out a detailed assessment of the layout and its feasibility. 

The site on the Main Terrace that falls within environmental constraints can be positioned in such a way 
that it does not coincide with any known topographical features or protected dive sites (see Figure 23 
Potential layout for Site 2 - Main Terrace). The wind farm layouts is highlighted by a yellow circle. 

Finally, the floating site proposed on Challenger bank is clear of any of the identified constraints. The 
layout proposed in Figure 24 Potential layout for Site 3 - Challenger Bank indicates that there should 
be sufficient space to locate a wind farm there. The wind farm layouts is highlighted by a yellow circle. 

 
41 GWA (https://globalwindatlas.info/) 
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Figure 22 Potential layout for Site 1 – The Lagoon 
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Figure 23 Potential layout for Site 2 - Main Terrace 
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Figure 24 Potential layout for Site 3 - Challenger Bank 
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5 Yield assessment 
An assessment of the potential energy yield was carried out in HOMER Pro ©. The objective of the 
assessment is to produce estimates of the array output that would be indicative of the potential 
performance and economic viability. 

The key steps in the analysis were: 

• Measured wind speed data was obtained, analysed and cleaned to use in the calculations that 
characterise the wind regime around Bermuda and act as inputs in the simulations. 

• Estimated location specific wind data was accessed to obtain monthly average wind speeds and 
for the simulations inputs. 

• A simulation of the performance of the wind energy array that comprises of 3.6MW Siemens SWT 
turbines located at the selected sites, and produce outputs such as total annual energy production 
and load factor. 

 

It is important to recognise two key limitations of the analysis. 

Firstly, the measured wind speed data from NBDC is not location specific and the measurements are 
taken at 4.6m above site elevation. Hence, the characteristics of the wind regime are calculated based 
on data that does not come from the proposed site and is extrapolated for the appropriate hub height. 
Any subsequent assessments should be based on actual measured site data taken as close as possible 
to the hub height. 

Secondly, the current simulation does not account for array losses resulting from airflow to downwind 
turbines being disrupted by the upwind ones. A more detailed study will need to assess the array 
efficiencies based on specific turbine placements and the distribution of wind directions. 

 

5.1 Methodology 
Two sources, each of wich offers distinct advantages, were used in conjunction to carry out the yield 
assessment: 

• National Data Buoy Center (NDBC): NDBC is a part of the National Oceanic and Atmospheric 
Administration's (NOAA) National Weather Service (NWS) of United States. NDBC designs, 
develops, operates, and maintains a network of data collecting buoys and coastal stations. It 
offers high granularity (6 minute interval) wind speed data for selected locations. 

• Global Wind Atlas (GWA): GWA is a free, web-based application developed to provide high 
level estimates of average monthly wind speeds for yield assessments in locations all over the 
world. GWA has a robust estimation methodology and it is not location constrained. However, 
it is not measured data, so some uncertainty is present. GWA provides wind resource data 
suitable to be used where and when no measurements are yet available. 
 

5.1.1 NDBC data 
NDBC contains data recorded from a multitude of buoy stations all over the world. Among other 
parameters, six minute time step wind speed data is logged.  

The station chosen as the data source for the offshore wind analysis is BEPB642 on St George’s Island, 
which contains 12 years of data from 2008 to 2019. The data was automatically downloaded, cleaned 
and processed to produce consistent data sets for all years, where any gaps were filled with averages 
for the same time period from other years. 

The NDBC data was processed to allow a direct comparison with the GWA average monthly values. To 
calculate the monthly wind speed averages from the NDBC data, a Python code was implemented. Due 

 
42 Station BEPB6 – Bermuda, St. Georges Island. National Data Buoy Center. 
(https://www.ndbc.noaa.gov/station_page.php?station=bepb6)  
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to the large amount of data, Python was chosen as a tool because it allows the automation of 
downloading and processing the data.  

With a continuous data set, the wind speeds for an average year were calculated. This allowed values 
like monthly wind speed averages and a typical diurnal profile to be produced.  

5.1.2 GWA data  
The purpose of GWA is to enable early stage wind energy yield assessments by providing modelled 
results based on large scale wind climate data. Among the results that can be obtained from GWA are 
average wind speed and monthly average wind speeds for specific locations and height above 
ground/sea level. Figure 25 provides the average monthly wind speeds at 100m for Site 1 (the Lagoon). 

Figure 25 : Monthly wind speed variability at 100 meters 43  

  
The average wind speed in the selected site is 7.79 m/s, however, the profile exhibits significant 
seasonality. During the winter months, the wind speeds reach between 9m/s and 10m/s, but during the 
summer they can be as low as 6m/s, which will translate into the corresponding seasonality in electricity 
output. 

 

5.1.3 Parallel use of GWA and NDBC data 
To gain confidence in the data, the two sources were compared. To ensure that a direct comparison is 
possible, the wind speeds were adjusted to the same height. A standard formula for speed as a function 
of height z is the wind shear formula from the Danish Wind Industry Association. One of the parameter 
of this formula is the roughness length. 

After ensuring that the NDBC data is extrapolated to match the height of the GWA data, a comparison 
between the the two was carried out for the same location (see Figure 26)44. 

 
43 32.40240 N -64.74183 W. (https://globalwindatlas.info/) 
44 Roughness and Wind Shear. Danish Wind Industry Association. (http://xn--drmstrre-64ad.dk/wp-
content/wind/miller/windpower%20web/en/tour/wres/shear.htm) 
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Figure 26 : GWA and NDBC monthly wind speed averages (height = 10m, z0 = 0.0002m) 

 
It had been expected that a good correlation between the two would exist, which would allow the 
measured data to be correlated with GWA data, and the relationship would be used to produce average 
monthly wind speeds for different locations in the sea around Bermuda. This approach would have 
leveraged the advantages of each dataset, namely, reliance on measured data in combination with 
location flexibility. The approach that had been envisaged was to use is a regression analysis that would 
produce a correlate dataset closer to the measured data. 

However, the GWA monthly values are on average 30% higher than the NDBC measured data when 
compared at the same height. Even if both have the same profile, the differences in values were 
unexpected. The values obtained by the NDBC measurement are unusually low, which could be the 
result of inaccurate extrapolation that does not correctly account for the shear profile of the wind. If any 
obstacles are present near the measurement station, especially on the side of the prevalent wind 
direction i.e. south-west, the low wind speeds measured at the NDBC station, could be rising rapidly 
with height.  

Therefore, it was concluded that the more reliable average monthly wind speed data for the yield 
assessment would come from GWA and it was used in the analysis. 

There are additional parameters necessary for the simulation, which are governed by the shape and 
characteristics of the wind profile and not so much by the absolute wind speed values. To avoid resorting 
to default numbers and calculate Bermuda specific parameters, the NDBC data was used. 

In summary, a combination of the two data sets was used, that was deemed to give the optimal 
configuration of data reliability and site specific characteristics. 

 

5.1.4 HOMER Pro © simulation 
HOMER Pro was used to identify preliminary design and simulate the installation of an 61.2MW offshore 
wind farm in the suggested sites. The model accounts for the available wind resources, technical 
characteristics of the equipment (such as turbine power curve) and the costs. The key results that are 
produced are the expected energy yield and the LCOE. 

The model requires the following parameters as an input: 

• Average monthly wind speeds. 
• Wind turbine selection. 
• CAPEX, OPEX and other financial parameters. 
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• Wind regime characteristics. 
- Weibull shape parameter which reflects the magnitude of the distribution of wind speeds over 

the year;  
- One-hour autocorrelation factor which reflects how strongly the wind speed at a given time 

depends on that of the previous hour; 
- Diurnal pattern strength which reflects the degree of dependence of the wind speed on the time 

of day; 
- Hour of peak wind speed which is the hour of day that tends to be the windiest on average.  

 

The simulation was carried out with a wind farm connected to an AC bus and a load capable of utilising 
all of the generated energy. In other words, there is no curtailment of production envisaged in the model 
(other than energy losses previously mentioned in Section 4.4.3). 

The average monthly wind speeds taken from the GWA are for 100m height. During the simulation, the 
wind speeds are extrapolated for the set hub height of 80 metres of the wind turbine using a logarithmic 
relationship for the wind shear profile. 

HOMER Pro has a library of wind turbines. The Siemens SWT 3.6MW that was suggested as a possible 
option has its power curve integrated into the software, which shows the power generation at the range 
of wind speeds the turbine can operate under.  

The costs of the equipment and operation are also included in the model, which in conjunction with the 
simulated yield is used to calculate the LCOE (see section 6). 

The wind regime characteristics have default values used by homer, but to produce more location 
specific assessment, these were calculated from the available measured data from NDBC. 

5.2 Yield assessment results 
In summary, three main inputs were used to simulate the energy production expected from a 61.2MW 
offshore wind development in the two proposed locations plus the location on the main terrace: 

• Average monthly wind speeds. 
• Wind characteristics parameters. 
• Wind turbine. 

The methodology outlined in Section 5.1, whereby the average monthly wind speeds are obtained from 
the GWA is the foundation of the yield assessment. The simulated energy production and load factor 
are presented in Table 7. 

Table 7 Yield assessment results 

Site Expected annual energy 
production (before losses) 

Expected annual energy 
production (after losses) Plant factor 

Site 1 – The 
Lagoon 185 GWh/year 184 GWh/year 34.3% 

Site 2 – Main 
Terrace 184 GWh/year 179 GWh/year 33.4% 

Site 3 – 
Challenger Bank 180 GWh/year 173 GWh/year 32.2% 

 

Figure 27 presents the yield results for the three sites in graphical format. 
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Figure 27 Expected annual energy output 

 
All three locations are expected to produce between 173GWh and 184GWh annually. This translates 
into a plant factor of between 32.2% and 34.3%. 

The first conclusion is that the three sites have very similar performance, so location in the seas around 
Bermuda is to a large extent decoupled from yield. A tendency for the yield to decrease as the distance 
from shore increases can be observed and this is due to the cable losses. 

To contextualise these results, the annual electricity consumption in Bermuda is around 600GWh45, so 
it could be expected that roughly between one quarter and one third of demand would be met. 

Further to this, the plant factor can be benchmarked agains new offshore wind developments with 
typical plant factors of between 40% and 50%46 (the overall plant factor for the UK is 38.86%47). The 
lower plant factor in Bermuda could be attributed to three factors: 

• The lower average wind speed compared to the North Sea which is at the epicenter of offshore 
wind developments and thus weighs heavily in any benchmarks. 

• The smaller turbine selected for this analysis on the grounds of extreme weather and risk mitigation 
by increasing the number of turbines. 

• The lower export cable voltages result in higher losses, especially for Site 3 which is furthest away 
from shore. 

 

Despite of the poorer performance when compared to other offshore developments, the analysis shows 
that a wind farm in Bermuda would comfortably exceed plant factors for onshore developments. 
Onshore wind farms that supply to the UK grid typically have plant factors of 26.62%47. The average 
calculated plant factor for Bermuda of 33.3% is about 17% lower than a typical offshore wind plant factor 
for the UK. 

 
45 Energy consumption in the Bermudas. WorldData. 
(https://www.worlddata.info/america/bermuda/energy-consumption.php) 
46 Offshore Wind Outlook 2019. International Energy Agency, 2019. 
(https://www.iea.org/reports/offshore-wind-outlook-2019) 
47 Wind Energy Statistics Explained. Renewable UK. 
(https://www.renewableuk.com/page/UKWEDExplained) 
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6 Economic assessment 
The scope of this assessment is to provide an indication of the viability of offshore wind in the waters 
around Bermuda and to allow direct comparison with the Bermuda IRP. Therefore, the metric chosen 
for the analysis is levelized cost of electricity (LCOE). To calculate the LCOE, the required inputs are 
the expected energy yield, the costs of the equipment, and the discount rate. 

6.1 Costs 
This section provides an overvie of the costs associated with offshore wind developments. 

6.1.1 CAPEX excluding export cables 
The costs associated with offshore wind are assessed for both fixed foundation and floating turbines. 
The main source of cost data was an analysis by NREL which assesses comparable reference sites 
using data for projects worldwide and modelled data48. The cost breakdown presented by NREL is a 
reliable overview of the expected costs of an offshore wind farm. 

The costs associated with the electrical infrastructure were analysed in detail to produce more tailored 
cost estimate for Bermuda. The export cable was isolated from the NREL cost estimates and is 
analysed separately in Section 6.1.2. A breakdown of the electrical infrastructure for offshore wind farms 
provided by the UK Renewable Advisory Board49, isolates the export cable as 27% of the overall 
electrical infrastructure. Therefore, 73% of the cost of electrical infrastructure were taken from the NREL 
costs and then cable specific costs were added separately. 

The seabed in the Exclusive Economic Zone is under the stewardship of Bermuda. Since there is no 
precedent for such a project, no reliable cost estimate can be made for the leasing cost for an offshore 
wind farm. To draw a parallel, the latest round of offshore wind developments in the UK resulted in 
leasing costs of £879m ($1,213m) per year for 8GW, or £110 ($151.8) per kW (a cost comparable to 
the NREL figures)50. Therefore, the lease costs provided by NREL will be used in this analysis. 

Overall, the costs associated with floating wind are about 30% higher than the costs for fixed foundation 
wind arrays. The costs were broken down with their respective percentages (see Figure 28): 

To be able to compare final results with IRP assumptions, the analysis remains in economic terms – 
meaning that financing costs are not included in CAPEX estimates. 

 

 
48 2019 Cost of Wind Energy Review. Tyles Stehly, Philipp Beiter, and Patrick Duffy, National 
Renewable Energy Laboratory. (https://www.nrel.gov/docs/fy21osti/78471.pdf) 
49 Value breakdown for the offshore wind sector. Renewables Adivosry Board, 2010.  
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/4
8171/2806-value-breakdown-offshore-wind-sector.pdf 
50 Latest UK seabed leasing risks raising costs of offshore wind. Wind Europe, 2021. 
(https://windeurope.org/newsroom/press-releases/latest-uk-seabed-leasing-risks-raising-costs-of-
offshore-wind/) 

https://windeurope.org/newsroom/press-releases/latest-uk-seabed-leasing-risks-raising-costs-of-offshore-wind/
https://windeurope.org/newsroom/press-releases/latest-uk-seabed-leasing-risks-raising-costs-of-offshore-wind/
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Figure 28 Fixed-bottom (top) and floating (bottom) offshore wind CAPEX breakdown 
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In both cases the turbines have the same cost because they don’t depend on the substructure. The 
substructure and foundation portion of the Balance of System costs is the primary cause for the cost 
differences between the fixed-bottom and floating foundations. Additionally, the installation costs 
associated with floating wind are notably higher. The difference in foundations also results in differences 
in the electrical infrastructure and assembly and installation. This is due to the increased complexity in 
inter-array connections and the increased complexity of the floating equipment itself. 

6.1.2 Export cable CAPEX and OPEX 
The electrical infrastructure for an offshore development in Bermuda will likely be very similar to typical 
layouts, therefore the NREL costs have been used for large proportion of the estimates. However, a 
further breakdown was deemed necessary in order to isolate the costs of export cables and make the 
necessary adjustments for distances and thespecific circumstances present with the floating site. The 
costs assumed for the export cables are $1,380,000/km for fixed foundation sites51. To account for the 
increased complexity of the connection of the proposed floating site related to the cable routing, the 
costs of the export cable for the floating development was increased by 50%.  

6.1.3 Anticipated cost reductions 
The rapid expansion of wind energy generation, and especially offshore wind, has resulted in wind farm 
technologies becoming more mature and experience a cost reduction. Technology improvements have: 

• Achieved efficiencies in manufacturing. 
• Raised plant factors; and 
• Reduced installed costs. 

Between 2010 and 2018, the LCOE has decreased by 21%52 to reach $0.13/kWh. IRENA forecasts 
that this trend is set to continue until 2050, with interim projections for 2030 between $0.05/kWh and 
$0.09/kWh. The average of these projections is $0.07/kWh, which suggests a cost reduction of around 
4% per year. 

In all likelihood, this figure is too optimistic for Bermuda. The projection rely on economies of scale 
achieved by producing larger turbines and developing much larger arrays. In the case of Bermuda, the 
array would be much smaller than recent developments and would rely on smaller turbines. Therefore 
a more conservative cost reduction projections of 2% was taken based on the IRP and is consistent 
with the historical trajectory of offshore wind CAPEX reported by IRENA52. 

It is important to note that some components of the wind farm will experience a more rapid reduction in 
costs than others. An in depth analysis of the cost trends for separate components is not included in 
this study, therefore the average overall expected reduction in cost is applied to all cost centres. 

6.1.4 OPEX 
NREL suggested costs were used for the OPEX analysis as well. The costs are split into fixed and 
variable costs and capture the differences between floating and fixed foundation offshore wind sites. 
Additionally, a cost of the OPEX of the cables was taken separately. 

A differences is present in maintenance cost for the fixed foundation and floating wind farms. The two 
factors that contribute the most to this are: 

• Distance from shore. The floating wind array is assumed to be at a longer distance from shore. 
• Maintenance strategy. The fixed foundation turbines are maintained in situ, where the floating wind 

turbines are towed to shore for maintenance. 
 

 
51 Optioneering analysis for connecting Dogger Bank offshore wind farms to the GB electricity 
network, Nieradzinska et. al., 2016 
(https://www.sciencedirect.com/science/article/pii/S096014811630043X) 
52 Future of wind: Deploymeny, investment, technology, grid integration and socio-economic 
aspects. Global Energy Transformation, 2019. (https://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2019/Oct/IRENA_Future_of_wind_2019.pdf)  
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These costs do not necessarily capture the exact difference in distance between proposed fixed and 
floating foundation sites in Bermuda, nor the potential maintenance strategy, but nevertheless they are 
deemed representative as they capture the increased complexity of floating offshore wind technology. 

O&M costs of the cables have been estimating at 2.5% of the CAPEX. Thus, the cables OPEX costs 
depend on the length of the cables.  

6.1.5 Summary of of costs 
Table 8 provides a summary of CAPEX and OPEX assumptions for each of the three sites. 

Table 8 Summary of CAPEX and OPEX assumptions 

Site Total CAPEX (with no 
annual reduction factor) 

Total CAPEX (with no 
annual reduction factor) Total OPEX per year 

 $/kW Total ($m) $/kW Total $/kW Total ($m) 

Site 1 – The 
Lagoon $3,912/kW $239.5 $3,258/kW $199.4 $213/kW $13.1 

Site 2 – Main 
Terrace $4,228/kW $258.8 $3,516/kW $215.2 $220/kW $13.5 

Site 3 – 
Challenger Bank $6,535/kW $399.9 $5,420/kW $331.7 $279/kW $17.1 

 

It can be observed that Site 1 offers the most favourable costs. The additional costs for Site 2 result 
from the longer export cable. Site 3 offers the least competitive prices due to the significantly higher 
CAPEX of floating wind, the greater distance and the more expensive export cable. 

6.2 Levelised cost of electricity 
The Levelised Cost Of Energy (LCOE), in $/kWh, is the cost of unit energy produced by the wind farm 
over its entire operating life. LCOE accounts for the wind farm CAPEX, OPEX, energy production and 
time value of both money and energy.  

Therefore, LCOE can be defined as the ratio of annualised cost to annual energy production: 

 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑇𝑇𝑎𝑎𝑇𝑇

𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑒𝑒𝑇𝑇𝑎𝑎𝑎𝑎𝑐𝑐𝑇𝑇𝑎𝑎𝑇𝑇𝑎𝑎
 

 

Where both the costs and the energy production are discounted for future years using a discount rate 
of 10% (i.e. a “social discount rate” consistent with the economic analysis carried out in the 2019 
Bermuda IRP). 

Some of the assumptions that have been made in this study can be viewed a simplifications: 

• The energy production from the wind farm is assumed to be constant over its lifetime. 
• The CAPEX is assumed to be fully paid at the beginning of the first year. 
• No downtime has been considered for maintenance and outages. 
• Convertors in the turbines are assumed to last the lifetime of the turbines, which is not necessarily 

the case. 
• A real discount rate of 10% does not adequately reflect typical return expectations from private 

developers, therefore the LCOE estimate should not be mistaken for a PPA price projection – likely 
to be higher than the LCOE estimate. 

 

While these factors would inevitably alter the outcome of the simulation, the level of uncertainty around 
costs and cost projections would negate any attempt to improve accuracy by introducing them. 



Assessment of the Offshore Wind Potential in Bermuda 
Ref: ED13456  |  Issue number 1  |  18/08/2021 
 

Ricardo Confidential 
 53 

6.2.1 Economic assessment results 
Using the costs and cost projections outlined in section 6.1, in combination with the already discussed 
yield assessment assumption, LCOE estimates for the three proposed for a commissioning date in 2028 
as per Section 2 (see Table 9).  

Table 9 Results for the 3 potential sites proposed  

Site Expected annual energy 
production (after losses)  Plant factor LCOE  

Site 1 – The Lagoon 184 GWh/year 34.3% 18.2 c$/kWh 

Site 2 – Main Terrace 179 GWh/year 33.4% 19.8 c$/kWh 

Site 3 – Challenger 
Bank 173 GWh/year 32.2% 29.6 c$/kWh 

 

The Bermuda IRP envisaged an LCOE for offshore wind of 14.9 c$/kWh – for commissioning in 2028 
i.e. when the commissioning of an offshore development could be expected at the earliest. Figure 29 
presents a comparison between the IRP and the results from the three sites. 

Figure 29 LCOE comparison between the Bermuda IRP and the three sites 

 
Overall, the results of this study are less favourable than the expected figures in the IRP. 

• The Lagoon fixed foundation site produces the best LCOE out of the analysed sites which is still 
over the anticipated LCOE in the IRP by 22%. The main advantage that it has is the proximity to 
shore, which results in a shorter export cables but it still has a poorer economic performance than 
what was previously expected. 

• The Main Terrace fixed foundation site produces a higher LCOE than the Lagoon site, mainly due 
to the comparatively longer export cable. As a result, the LCOE that is about 33% higher than the 
IRP. 

• Challenger Bank’s floating development expectedly produces the least favourable results. The 
significantly higher CAPEX and OPEX associated with floating wind, as well as the significantly 
higher distance and installation complexity of the cables result in an LCOE that is about 100% 
higher than the IRP. 

 
These results are less favourable compared to the technology benchmark set in the IRP. Offshore wind 
was anticipated to result in lower LCOE than LNG (15.8 c$/kWh) and LPG (17.5 c$/kWh) in 2028, 
however the results from this study suggest the LCOE would be higher. The increase in calculated 
LCOE in this study still positions Site 1 and Site 2 as more economically attractive than heavy fuel oil 
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(HFO) (20.7c$/kWh) and biomass (20.8c$/kWh). The results for floating wind (Site 3) are a lot more 
unfavourable – the result of 29.6c$/kWh makes floating wind the most expensive option for Bermuda in 
2028 with even light fuel oil (LFO) offering lower cost at 29.2c$/kWh. 
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6.3 Conclusions, recommendations and next steps 
In light of the analysis carried out in this report, it is clear that the range of environmental, topological, 
commercial, and practical constraints considered throughout the analysis, combined with limited wind 
resources, diseconomies of scale and the need for any infrastructure to be resilient to frequent extreme 
weather events, would make any offshore wind development particularly challenging. 

Each of the three sites considered (see Figure 11 earlier) presents, to at least some extent, features 
that would either add additional technical (e.g. cable layout, need for floating foundations) or practical 
challenges (e.g. intersection with marine route, overlap with fishing areas, visual impact) that would 
impede project cost, acceptance or even feasibility even further.  

After factoring in the additional constraints highlighted by this study, the LCOE results summarised 
below increase significantly compared with the cost assumptions from the Bermuda IRP at 14.9 c$/kWh 
(already well above market average) – the increase is in excess of 20% across fixed foundation sites 1 
(Lagoon) and 2 (Main Terrace), and 100% for the floating site 3 (Challenger Bank). 

Given the results for the site 3, it appears very unlikely that a floating offshore wind farm project would 
be financially or even economically competitive with other generation technologies previously 
considered in the Bermuda IRP. 

However,  LCOEs calculated for sites 1 and 2 remain more economically attractive than those 
calculated in the IRP for alternative technologies including those relying on heavy fuel oil (HFO) 
(20.7c$/kWh), biomass (20.8c$/kWh), and light fuel oil (LFO) (29.2c$/kWh). As such, despite poorer 
economic performance than that assumed LCOE of 14.9 c$/kWh in the Bermuda IRP, both sites 1 and 
2 display reasonably good potential to contribute to Bermuda’s decarbonisation agenda. 

This study cannot firmly confirm feasibility for either site as significant uncertainty remains, including: 
agreement to proceed or support from key stakeholder groups for locations identified, the lack of 
previous studies focusing on the exact nature of seabed composition, or the absence of “bankable” 
wind measurements for the sites selected. 

The following actions should be considered for imminent implementation in order to further demonstrate 
project feasibility and contribute to de-risking project development– both of which are seen as essential 
to attract developers and minimise future electricity prices: 

1. A consultation process should be started with relevant stakeholders. 
A potential offshore wind development is highly dependent on securing agreement from 
relevant stakeholders. These include: 

• The Government of Bermuda which would need to agree with leasing an area for 
offshore development and accept any environmental impact that would be the 
result of development. 

• Environmental organisations, which will need to be consulted on regular basis and 
worked alongside with to ensure that any environmental impact is minimised and 
that the environmental benefits from offshore wind are appropriately assessed.  

• Local population and tourist organisations, which will rightly be concerned about 
the potential impact on the visual amenities on popular tourist places. 
 

2. A detailed assessment of the seabed in the proposed sites should be carried out. 
The suitability of the seabed in the proposed sites needs to be assessed thoroughly to establish 
whether it would be able to accommodate fixed foundations or floating foundation moorings, as 
well as an offshore platform. In addition to this, a study of the potential cable route would also 
be necessary to ensure that the path of the cable would not encounter topographical or 
environmental constraints that were not identified. 
 

3. A wind measurement campaign should be carried out. 
Subject to satisfactory outcomes of the consultation process and the seabed assessment, wind 
measurements should be carried out on the most promising potential site for at least one year. 
The measurements should be carried out as close as possible to potential hub height and this 
could be done either by erecting a mast with an anemometer or using Lidar which could carry 
out measurements at specified height while located at sea level. 
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4. An update of the 2019 IRP should be initiated at the earliest opportunity. 

The 2019 IRP could be updated with the results of this study and those of the feasibility studies 
carried out for onshore solar PV to validate the economic and financial sustainability of the 
energy mix selected thus far. 
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