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A B S T A R C T   

The UK has set plans to increase offshore wind capacity from 22GW to 154GW by 2030. With such tremendous 
growth, the sector is now looking to Robotics and Artificial Intelligence (RAI) in order to tackle lifecycle service 
barriers as to support sustainable and profitable offshore wind energy production. Today, RAI applications are 
predominately being used to support short term objectives in operation and maintenance. However, moving 
forward, RAI has the potential to play a critical role throughout the full lifecycle of offshore wind infrastructure, 
from surveying, planning, design, logistics, operational support, training and decommissioning. This paper 
presents one of the first systematic reviews of RAI for the offshore renewable energy sector. The state-of-the-art 
in RAI is analyzed with respect to offshore energy requirements, from both industry and academia, in terms of 
current and future requirements. Our review also includes a detailed evaluation of investment, regulation and 
skills development required to support the adoption of RAI. The key trends identified through a detailed analysis 
of patent and academic publication databases provide insights to barriers such as certification of autonomous 
platforms for safety compliance and reliability, the need for digital architectures for scalability in autonomous 
fleets, adaptive mission planning for resilient resident operations and optimization of human machine interaction 
for trusted partnerships between people and autonomous assistants. Our study concludes with identification of 
technological priorities and outlines their integration into a new ‘symbiotic digital architecture’ to deliver the 
future of offshore wind farm lifecycle management.   

1. Introduction 

The United Nations Conference of the Parties 26 (COP26) aim is to 
secure global net zero by mid-century and keep 1.5◦ within reach. In 
reaching these targets, countries will need to do the following: accel
erate phasing out of coal; curtail deforestation; accelerate a switch to 
electric vehicles and encourage investments in renewables. Energy 
Sector activities are clearly associated  been clearly identified as the 
main cause of global climate change and underpin the current climate 

change emergency, as acknowledged by the Intergovernmental Panel on 
Climate Change [1, 2]. Greenhouse gasses, specifically Carbon Dioxide 
(CO2), are produced during the burning of fossil fuels, which currently 
represent two thirds of global greenhouse emissions [1, 3]. To meet the 
global obligation to mitigate the consequences of climate change, there 
has been significant investment into renewable energy generation [4]. 
The maturity of offshore wind technologies, combined with global po
litical support for its expansion as part of international governments 
COVID recovery stimulus, has resulted in this market experiencing 
unprecedent global growth [5]. 

✰ This work was supported in part by the Offshore Robotics for Certification of Assets (ORCA) Hub under EPSRC Project EP/R026173/1 and EPSRC Holistic 
Operation and Maintenance for Energy (HOME) for offshore wind farms. 
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The UK represents a world leading energy economy driving the trend 
of strategic investment into offshore wind [6], where UK renewable 
electricity capacity reached 47.4GW at the end of 2019, a 3GW, or 6.9%, 
increase on the previous year. Offshore Wind Farms (OWF) also gener
ated 31.9TWh of electricity, which represented a 19.6% increase in 
comparison to the previous year. The total energy output of the UK in 
2019 for onshore and offshore wind energy production accounted for 
9.9%, however in Q1 2021, this has increased to 25.6%, demonstrating a 
shift in energy provenance with a clear trend in favor of wind power 
[7–9]. Additionally, in 2020, the UK produced approximately 6.8GW via 
operational offshore wind farms, with the future energy generation 
growth trajectory including pre-planned and, consented projects under 
construction, expected to reach 27.2GW; an increase of 74.7% of 
installed turbine capacity. This is attributable to the launch of the fourth 
round of Crown Estate offshore wind leasing, with a potential of 7GW of 
new seabed rights offshore of England and Wales to power 6 million 
homes [10]. Crown Estate Scotland also approved their first round of 
offshore wind leasing, with the potential to generate in excess of the 
energy requirements for every Scottish home, offsetting 6 million tonnes 
of CO2 each year and allowing for the investment of around £8 billion in 
the Scottish offshore wind sector [6]. On a continental level, the 2050 
European Commission  agenda estimates that between 250 and 450GW 
of offshore wind power will be required to limit global warming to 
within 1.5◦C of pre-industrial levels and estimates that up to 30% in 
future global electricity demand could be supplied by offshore wind 
generated electricity [11, 12]. To meet the high end of the 2050 Euro
pean Commission agenda, this would amount to an additional 40,910 
11MW turbines which would be required to cover an area of 75,250km2 

with a forecasted capital expenditure for subsea cables reaching $16.1 
billion and 2.5 million kilometers by 2030 [13]. 

Continued growth in offshore wind is dependent on effective policies 
and licenses, technological advancements and cost reductions in Oper
ation and Maintenance (O&M). The UK has further strengthened its 
economic position within the offshore wind sector by reinforcing the 
relationships between revenue support and an active UK supply chain. 
UK offshore wind projects currently being installed and operated have 
an estimated 32% UK content, generating £1.8 billion per year, and 
where this is expected to rise to 65% by 2030, to generate £9.2 billion 
per year [14]. As a result of the COVID-19 pandemic, investments have 
been accelerated and increased globally [15]. Due to COVID-19 re
strictions, greenhouse gas emissions were projected to drop approxi
mately 6% in 2020 [16]. In November 2020, the UK government 
detailed a ten-point plan to accelerate a “Green Industrial Revolution” 
[17];. This plan presented the government approach to increase green 
sector resilience in the post COVID-19 economy, with support for green 

sector jobs and a roadmap to accelerate the UKs transition to net zero. 
Previous government support has reduced the cost of offshore wind by 
two thirds in the last five years, where the projected 2021 plan aims to 
double the offshore renewable infrastructure. In addition to increasing 
floating capacity twelvefold to 1GW, and with a commitment to produce 
40GW of offshore wind by 2030, these targets would require private 
investment to reach £20 billion in the UK and will double employment 
within the sector [18]. The government will also invest £160 million into 
modern ports and manufacturing infrastructure to ensure the UK is the 
leader of manufacturing larger wind turbines. This will deliver a pro
jected 60% UK content in offshore wind projects through more stringent 
requirements for supply chains within the contracts for difference auc
tions (UK government initiative for supporting net-zero targets). The net 
result of these initiatives is an increase in global competitiveness and 
expertise while attracting inward investment for UK manufacturing [17, 
19–21]. 

To secure a reliable, affordable and resilient supply from OWFs, 
offshore infrastructure requires a continuous and complex engineering 
cycle, associated with inspection, repair, logistics, maintenance and 
removal of subsystems [22, 23]. There have been a number of ad
vancements in technology which have reduced O&M costs. However, 
wind farm operators face several challenges which prevent them from 
achieving their roadmap to an efficient and sustainable OWF. While 
developments in Robotics and Artificial Intelligence (RAI) have the 
potential to positively shape the future offshore wind sector the chal
lenges listed in order of importance include:  

• Reduction of O&M costs -  O&M expenditure accounts for up to 
25% of the total lifecycle cost of an OWF; a barrier which needs to be 
addressed to further develop the offshore wind sector [24]. Financial 
risks which inhibit the development of O&M include turbine down
time, managing vessels and personnel, hazardous weather condi
tions, sea state and increasing distances to shore. To reduce costs, 
new standard operational procedures must be developed for RAI 
deployment for asset inspection and maintenance. This enhancement 
in procedures allows for more frequent intervention and yields im
provements in the frequency and quality of inspection and repair, 
also resulting in improved safety for personnel [25].  

• Removal of personnel from hazardous working environments - 
The need to develop RAI for offshore wind sector O&M is reflected by 
the concurrent need to reduce human presence from the offshore 
environment, minimizing exposure of the human workforce to 
dangerous weather conditions and sea states [26]. This represents a 
non-intervention challenge for deployed robotic platforms. 

Nomenclature 

AI Artificial Intelligence 
ASV Autonomous Surface Vessel 
AUV Autonomous Underwater Vessel 
BVLOS Beyond Visual Line of Sight 
CO2 Carbon Dioxide 
C3 Collaborate, Cooperate and Corroborate 
COP26 Conference of the Parties 26 
CTV Crew Transfer Vessel 
CPS Cyber Physical System 
DT Digital Twin 
EU European Union 
FMCW Frequency Modulated Continuous Wave 
HOME Holistic Operation and Maintenance for Energy 
KPI Knowledge and Performance Indicators 
ML Machine Learning 

MIMREE Multi-Platform Inspection, Maintenance and Repair in 
Extreme Environments 

OWF Offshore Wind Farm 
ORE Offshore Renewable Energy 
ORCA Offshore Robotics for Certification of Assets 
OTM Offshore Transformer Module 
O&G Oil & Gas 
O&M Operation and Maintenance 
ROV Robotic Operated Vehicle 
RAI Robotics and Artificial Intelligence 
SOV Service Operations Vessels 
SLAM Simultaneous Location and Mapping 
SSOSA Symbiotic System Of Systems Approach 
UKRI UK Research & Innovation 
USV Unmanned Surface Vessel 
VLOS Visual Line of Sight 
WASP Windfarm Autonomous Ship Project  
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• Lifecycle challenges - The decommissioning of WT blades typically 
occurs after a 25-year lifecycle. The current method of disposal of 
these complex components is burial in landfill facilities. A key 
challenge to the renewable energy sector is the upscaling of the 
recycling process for these materials [27, 28].  

• Recruitment challenges - Substantial recruitment shortages, which 
currently exist in the sector at all skill levels due to competition from 
mainland and other offshore employment sectors [29, 30]. In addi
tion to issues relating to training where challenges exist in capturing 
knowledge effectively to upskill engineers and how technology such 
as mixed reality devices can be used to create virtual offshore envi
ronments where skills can be put to the test in a safe ‘fail safe’ 
environment.  

• Ecological issues in expanding offshore wind – The deployment of 
carbon intensive field support vessels including helicopters, crew 
transfer vessels, heavy jack up vessels and service operation vessels 
which are used for maintenance of OWFs and as a hub for engineers 
to live offshore. This leads to disruption and a potential for lasting 
detrimental effect on the habitats and species which inhabit these 
areas [31].  

• Emergent challenges include the reliability of supply chains from 
shore, as wind farms are increasingly situated further offshore and 
improvements to efficiency, while reducing risk, via the application 
of big data analysis methods and the identification of erroneous 
datasets from offshore systems [32–34]. 

With this complex asset base growing and with distributed examples 
of how RAI can engage at different points of an offshore windfarm 
lifecycle, it is now vital that we conduct a detailed review into the op
portunities and barriers relating to RAI for OWF lifecycle management. 
Our review undertakes both a detailed ground up analysis of existing 
robotic and AI capabilities, including industrial and academic sources 
[35]. We also apply a top-down analysis based on the lifecycle needs of 
offshore wind, as to identify key capabilities, barriers and enablers for 
RAI in offshore services. Industry within the ORE sector, academia and 
government agencies all envision RAI as an enabler to transform many 
current methods and procedures [36–38]. This review provides quan
titative and semi-qualitative analysis of key research activities and 
outputs alongside expert analysis over the last 5–10 years. This review 
highlights that recent advances in autonomy have acted as critical en
ablers for several commercial platforms. While the hardware for these 
autonomous operations already existed, the primary advances relate to 
the novel system integration and data analysis from these technologies. 
However, enabling autonomy as a service represents a major bottleneck 

in the deployment of RAI.  There is a misconception that robotic plat
forms are certified as “safe” for their first use [39]. In addition, there is 
no framework in place that ensures these platforms are safe to use 
throughout their lifecycle. Therefore, the development of quantitative 
methodologies for the assessment of the reliability and resilience of a 
robotic platform, via self-certification, will be a key metric in future 
successful deployments. This will significantly advance the roadmap for 
a trusted autonomous offshore energy field operated, inspected and 
maintained from onshore monitoring facilities via resident robotics 
[40]. 

The remainder of this review is structured as follows Section 2. 
presents an overview of current OWFs Section 3. provides critical 
analysis of the required improvements in the Offshore Renewable En
ergy (ORE) sector due to RAI for each of the lifecycle functions. The state 
of the art in RAI is discussed next where advantages and disadvantages 
for robots in air, land and sea are discussed in Section 4. Analysis of the 
commercial and patent database is presented in Section 5 using Scopus 
and Espacenet. A review of academic literature is used to identify trends 
in research with results discussed in Section 6. The capability challenges 
based on industrial insights is discussed in Section 7 Section 8. highlights 
a roadmap to resilient infrastructure offshore Section 9. proposes 
viewpoint of future infrastructure by highlighting a digital architecture 
for the orchestration of resident multi-robot fleets and RAI offshore. This 
is followed by a summary of key findings in Section 10 with conclusions 
presented in Section 10. 

2. Offshore renewable energy overview 

The offshore wind energy sector is undergoing transformative 
changes in the way that energy is collected and transferred to the Na
tional Grid. To date, this has relied on technological advances in wind 
turbine design. The amount of power a wind turbine can generate de
pends on the wind speed and the swept area of the blades. Therefore, 
increasing the size of a wind turbine has significant benefits for energy 
harvesting. In 2021, it was calculated that it would take 1200 turbines to 
make 10GW of energy. By 2030, it is estimated that this will reduce to 
800 wind turbines due to the increases in wind turbine size [41]. 
Floating wind technology allows for offshore turbines to be positioned 
further from the shoreline in areas with deeper waters and steadier, 
stronger winds [41, 42]. The UK government set a target of 1GW of 
floating wind capacity by 2030, however the Carbon Trust estimates 
that this figure could double by 2035 due to increased benefits and 
reduced costs [41]. An overview of key advances in OWFs is summarized 
in Fig. 1 where current OWFs are positioned close to the shoreline with 

Fig. 1. An overview of key advances within an OWF [43–45].  
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small-medium power capacities. By 2024, it is expected that much larger 
14MW turbines will be positioned offshore at larger distances from the 
shoreline and in deeper waters. 

The Crown Estate outlines their summary of the primary construc
tion phases  of an OWF until the commissioned in the following phases 
[46]:  

1 Development - The Crown Estate has awarded the developer the 
development site.  

2 Planning – The developer has submitted the planning consent for 
evaluation.  

3 Contracts for difference (eligibility and secured)- Includes projects 
that have received planning consent and have a grid connection date 
agreed with the National Grid.  

4 Pre-Construction – Planning permission approved but the project has 
not entered the construction yet.  

5 Under Construction – Offshore construction has begun.  
6 Operational - The OWF has been commissioned and is generating 

power. 

The timeframes and current phases of several proposed and under 
construction OWFs are displayed within Fig. 2. This data has been 
merged with data collected in 2016 and 2020 to give an increased view 

of the timelines provided by Renewables UK [47, 48]. Data for the 
contracts for difference and operational phases was unavailable Fig. 3. 
charts the four remaining stages using the merged data from Fig. 2, with 
the duration assigned for each phase of the wind farm project. The 
average of each of the four stages for each wind farm development is 
then represented and shows a 277% increase in the efficiency of the ‘In 
Development’ phase over 2016–2020 period. Industry has focused on 
optimizing O&M procedures but from this data, it can be identified that 
there is also an opportunity in improving and reducing the duration of 
the in planning, pre-construction and under construction phases. Espe
cially with more ecological sensitive and less carbon intensive field 
support vessels and technologies. 

Fig. 3 depicts an improvement in the ‘In Development’ phase of an 
OWF. However, there are little/zero improvements in the other lifecycle 
phases. This could be attributed to OWFs being positioned in more 
complex areas, further from the shoreline and with larger wind turbines. 
Therefore, more work is required during these phases due to increased 
transportation durations, difficulty during installation due to deeper 
waters and more treacherous conditions further offshore. A second point 
includes the ‘In Planning’ and ‘In Development’ phases taking up ~40% 
of wind farm deployment duration. This represents an opportunity for 
improvement within this lifecycle phase of an OWF. 

Fig. 2. Timeframes and current phase of OWF projects (2020) [47, 48].  

Fig. 3. Average phases of the lifecycle of an OWF [47, 48].  
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2.1. Investment 

The approach taken by government, academia and industry has 
propelled the offshore wind energy sector into significant growth. This 
has been due to substantial investment and funding opportunities 
available throughout the UK. Between 2016 and 2021, approximately 
£19 billion has been invested in the ORE sector in the UK. This invest
ment has contributed to jobs across the UK in manufacturing, project 
development, construction and operations [49]. The offshore wind 
sector published plans which would generate thousands of highly skilled 
jobs across the UK and to establish offshore wind as the core of reliable, 
clean and affordable energy systems. In November 2020, the UK Gov
ernment pledged that 30 million homes in the UK will be powered by 
offshore wind by 2030 [50], with the aim of ensuring the UK maximizes 
the advantages for UK industry from the global shift to clean energy 
growth. The first round of future contracts for difference opened in May 
2019 and will support £557 million of investment with the next round 
being supported in 2021 [20]. 

Investment in offshore wind energy will quadruple the level of global 

energy investment, despite the onset of the COVID-19 global pandemic, 
which resulted in a net deacceleration of the global economy. The report 
identified that 28 new OWFs were approved with a total worth of £28 
billion for the year 2020. This represents well above the total investment 
for 2019 and a fourfold increase compared to the first half of 2019 [15]. 
This accelerated economic growth is due to many governments imple
menting green recovery packages as part of their post COVID-19 re
covery strategies. Further investment has been committed globally by 
the Iberdrola group plan to invest £67.2 billion into renewable energy 
generation worldwide. Additionally, Scottish Power pledged to invest 
£10 billion over the next five years (2020–2025) to aid the UKs green 
recovery plans and will double the renewable generation capacity of 
Scottish Power, adding a further 2.4GW of renewable technology to its 
portfolio by the end of the investment period in 2025 [50]. 

The Offshore Wind Growth Partnership, in partnership with the 
Offshore Wind Industry Council, has played a key role in the sector deal 
between industry and government and will install 30GW of offshore 
wind by 2030. This includes an investment of up to £100 million in a 
new industry program conceived to help expand UK business in the 

Fig. 4. The primary elements and support functions of an OWF, where each colored line represents the interactions which inform on procedures between each major 
element demonstrating the full interconnectability of the lifecycle. 

Fig. 5. Key statistics within the offshore wind energy sector [54].  
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rapidly growing global offshore wind market [51, 52]. 

2.2. The primary lifecycle and support functions of offshore windfarm 

The Crown Estate, industry and academia have identified key life
cycle stages, as highlighted in phases 1–6 (page 5). However, a shift in 
the wider approach is required to reflect the full lifecycle of an OWF 
array. This will optimize operations throughout the entire lifecycle, from 
commissioning to decommissioning, as the sector matures. This review 
highlights areas which will retain focus and other areas which require to 
be considered in more detailed throughout the lifecycle of an OWF. 
These include several integrated and complex phases as summarized in 
Fig. 4, where each colored line represents knowledge transfer across 
each element. For example, training updates can inform on procedures 
for all elements of an OWF, where all phases can also share knowledge 
and feedback on the updates; applied knowledge transfer. 

2.2.1. Training 
Safety is paramount in harsh environments. When serious injuries 

occur in an offshore setting, time is a critical factor and can make the 
difference between life and death. First aiders and first responders are 
required to maintain control over a situation when under severe pres
sure to perform lifesaving actions. Over forty paramedics from the 
northeast of England completed an intensive working at height and 
rescue training course, delivered using a 27 m high wind turbine 
training tower operated by the ORE Catapult at National Renewable 
Energy center in Blyth, UK. This training included techniques for self- 
recovery and casualty recovery, and emergency procedures when 
using vertical ladders and fixed vertical fall arrest systems [53]. Training 
at these facilities ensures high levels professional capability gained from 
learnings attained from previous accidents and offshore emergencies. 

The AI Sector Deal introduces several measures to ensure the primary 
role of offshore wind energy in the future. These statistics are presented 
in Fig. 5 and aims to increase the skilled workforce from 10,000 in 2017 
to around 36,000 by 2032 [36]. This increase will be primarily due to an 
expected threefold increase in the number of turbines, from 1660 to 
potentially 5358 by 2032, and with an expected fivefold increase in 
installed capacity from 6.4GW to 35GW over the same period [54]. 
There are also many transferrable skills from other sectors, where the 
main entry routes into the industry will continue to be from technically 
related industries, such as the armed forces and those from the wider 
energy sector. Apprentices and graduates will provide the foundations of 
new experience for future generations and people with cross-sector skills 
such as commercial, IT, data analytics and ROV operators of drones and 
subsea vessels [54]. It is likely that the UK will be short of 20,000 en
gineering graduates per year to meet this demand for a green future [54, 
55]. For the future workforce, it was identified that 400,000 new energy 
workers will be required to ensure that the UK reaches net zero. This will 
allow for opportunities for skilled tradespeople, engineers and other 
specialists across the country to help with installing low-carbon heating 
and the development of new technologies [56]. This will require gov
ernment, industry and academic institutions to promote STEM educa
tional progression, opportunities and clear career pathways. This 
includes programs to develop curriculums, increase job mobility be
tween sectors and increase apprenticeship opportunities [20]. This must 
be facilitated by a partnership between these institutions to create 
effective engagement for students. They must also develop innovative 
methods to attract a diverse range of backgrounds. To create and 
encourage investment in training and skills throughout the supply chain 
for the existing workforce, a procurement skills accord must be created. 
To facilitate the flow of skills between technologies, companies and 
other sectors, the implementation of common training standards must 
also be implemented. This would generate and encourage various 
pathways for individual development [54]. 

2.2.2. Environmental survey 
When developing a proposal for an OWF, careful considerations are 

made for all aspects of planning. Development and consenting services 
are undertaken until financial close or full commitment from the oper
ators to begin construction. This can only be achieved once all surveys, 
assessments and tests have been completed and include environmental 
surveys, metocean assessment and geological and hydrographical sur
veys to minimize the risk to any sea life that inhabit the waters during 
construction [46]. 

OWF installations have the potential to cause a detrimental effect on 
wildlife due to inconsiderate man-made construction and operation. 
There is a drive for a more ecologically strategy via the development of 
sustainability-centric planning. To reduce all negative effects, assess
ments on the physical, biological and human environment during the 
lifecycle of a wind farm are undertaken. The environmental survey stage 
includes an evaluation of the impact of the wind farm at the intended 
location and surrounding areas. This includes ornithological studies, 
studies of benthic species within sediment and seabed, fish and shellfish 
studies and marine mammal surveys to establish the diversity, abun
dance, distribution and behavior of local wildlife species. Although 
there are several negative implications, there are also notable environ
mental benefits, such as shellfish utilizing wind turbine foundations as 
artificial reefs which create ecosystems for Multiple species and the 
animals which prey on them [31]. 

2.2.3. Wind farm planning 
To ensure a successful and seamless construction phase, a well- 

ordered plan must be in place for the installation of an OWF. These 
plans must consider all aspects of the lifecycle and support functions and 
can be further summarized to consider features of a wind farm array 
such as grid connection, subsea cabling, foundations, and number of 
turbines, installation companies, substations, operational base and 
operational port. The planning phase defines the full scope of the proj
ect, outlining clear objectives, achieving a minimal impact on the 
environment, a high standard of design, optimum levels of safety and a 
recovery plan to encourage wildlife after commissioning. 

Wind farm operators are required to know the depths of the seabed 
and identify any areas which may be considered dangerous to ensure 
foundations are properly and safely fabricated. Guidance for geophys
ical survey of unexploded ordnance and boulders was recently published 
by the Carbon Trust Offshore Wind Accelerator [57]. This guidance 
supports subsea cable installation by improving the effectiveness and 
efficiency of surveys. Two 500 lb wartime explosive devices were 
discovered in the surrounding area of Rampion wind farm during con
struction in 2016 and were retrieved and disposed of by E.On [58]. In 
the previous year, seven unexploded devices were discovered on the 
seabed at the location of a planned OWF in the wash of the Lincolnshire 
coast [59]. To ensure the safe construction and commissioning of future 
OWFs, in unexplored, deeper waters, planning is an essential phase of 
the lifecycle and support functions of an OWF. This highlights the 
requirement to accurately utilize data from geophysical surveys in the 
planning stages to form a knowledge base for risk evaluation and 
management of these operations, which can reduce life-threatening and 
costly accidents. This is an ongoing risk when working offshore as 
submerged obstacles and threats can be located, including unexploded 
wartime ordnance and shipwrecks [60]. 

2.2.4. Wind turbine design 
The global requirement to develop clean and reliable energy sources 

is a key driver for the evolution of wind turbine design. Wind farm op
erators are utilizing engineering expertise and novel AI algorithms to 
inform on wind turbine design and wind farm design. Wind turbine 
design typically looks at how to engineer a more efficient and effective 
wind turbine by analyzing variables such as wind turbine length, nacelle 
types, drivetrain and aerodynamic efficiencies. Wind farm design typi
cally analyses the efficiency of a full wind farm by using variables such 
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as number of turbines and weather conditions [72]. 
The state-of-the-art in wind turbine development is manifested in 

high-pace competition between large, multinational manufacturers and 
represents edge technology refinements in mechanical and electrical 
designs to ensure the successful and reliable, long-term operation of a 
wind turbine asset. The cost of offshore wind has declined from £150 per 
Megawatt hour (MWh) to £40 and, as a result, wind turbine designs have 
evolved to capture higher windspeeds further offshore. However, factors 
that have limited development further offshore include safe remote 
operation, cost of logistics, harsher weather conditions and deeper wa
ters. Several risks and challenges result from operations further offshore, 
however, more efficient energy generation and more affordable elec
tricity for consumers remain key drivers for continued development 
[61–63]. While wind turbine design has evolved significantly, the 
stringent specifications for regulating the quality of power to the grid 
has remained the same and address aspects including flicker and voltage 
change, steady state operation and control systems to ensure a reliable 
connection [46, 64]. 

Competition between major wind turbine manufacturers, such as GE 
Renewable Energy, MHI Vestas and Siemens Gamesa, has driven the 
rapid pace of efficiency and reliability improvements of offshore wind 
turbines. Resulting in technology development of increasing blade 
lengths to capture larger swept areas of wind, in turn achieving larger 
generated power capacities, as detailed in Table 1. A by-product of this 
development is the need to situate larger turbine structures further 

offshore, exposing these highly sophisticated assets to harsher condi
tions, in deeper waters and increased average windspeeds, resulting in a 
new generation of floating wind turbines with the capability to meet the 
requirements for sustained operation further offshore [62, 63]. 

The constraints placed on offshore wind turbine design differs to that 
of onshore designs and allows for designs focused on larger, more effi
cient and powerful wind turbines. However, the pace of advancement in 
design has not been met with commensurate improvements in inspec
tion procedures. The standard approach to wind turbine inspection has 
consisted of personnel and remote-controlled robots overcoming the 
barriers of height and weather conditions to complete inspections [74, 
75]. This initial challenge must be overcome to access areas at height 
such as substation, nacelles, tower and blade. 

To date, AI has been used within wind turbine condition monitoring 
of these large assets. This allows for operators to optimize maintenance 
and improve return on investments. However, AI and neural networks 
also have an opportunity to improve wind turbine design and wind farm 
array design. For example, Advanced neural networks have been utilized 
in the design phase of wind farm designs to calculate the optimal 
number of wind turbines to be deployed within a wind farm. These 
models can utilize variables such as wind speed, direction, terrain 
morphology, turbine type and costs. For wind turbine design, advanced 
neural networks can be used to create optimizations for aerodynamic 
variables including drag and lift coefficients, angle attack, viscosity and 
Reynolds number. Therefore, improving a full systems efficiency in 

Table 1 
Wind turbine manufacturers and the increasing size of wind turbines with respect to date.  

Company [Reference] Offshore Turbine 
Name 

Current Offshore Distance from 
Shoreline UK 

Tower Height 
(m) 

Blade Length 
(m) 

Swept Area 
(m2) 

Power Capacity 
(MW) 

Serial 
Production 

Siemens Gamesa [65] SWT-3.6–120 
Offshore 

6 km (Burbo Bank) [44] 90 58.5 11,300 3.6 2007 

Siemens Gamesa [66] SWT-7.0–154 13 km (Beatrice) [67] 90 75 18,600 7 2017 
GE Renewable Energy 

[68] 
Haliade-X 12 195 km (Teesside A at Dogger Bank) 260 107 38,000 12 2019 

MHI Vestas [69] V174–9.5 N/A 110 85 23,779 9.5 2019 
Siemens Gamesa [70] SG 8.0–167 DD 89 km at Hornsea 2 Site Specific 81.4 21,900 8.0 2019 
GE Renewable Energy 

[71] 
Haliade-X 13 195 km (Proposed 190 units at 

Dogger Bank [43];) 
248 107 38,000 13 2020 

MHI Vestas [69] V164–10.0 MW 6 km (Burbo Bank) N/A N/A 21,124 10 2021 
Siemens Gamesa [72] SG 11.0–200 DD N/A Site specific 97 31,400 11 2022 
Siemens Gamesa [73] SG-222 DD 195 km (Teesside B at Dogger Bank) Site Specific 108 39,000 14 2024  

Fig. 6. Current assets and the supporting infrastructure within the lifecycle of an OWF array.  
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conjunction with informing design options for wind turbines including 
materials, power electronics and control strategies [76, 77]. 

2.2.5. Logistics & installation 
To overcome the difficulties of the offshore environment, OWF op

erators require a modern logistical service system. Logistics in an OWF 
includes organization and movement of equipment or personnel from 
the shoreline to the offshore site. Current offshore logistics solutions and 
supporting infrastructure within the lifecycle of OWFs is illustrated in 
Fig. 6. The offshore lifecycle is heavily reliant on installation vessels (A), 
crew transfer vessels (B), subsea divers (C) and helicopters (D) 
throughout the phases from the environmental survey to decom
missioning [78]. The main challenge in any heavy lift vessel is finding 
the correct vessel and preparing it by ensuring it is equipped for the task. 
In addition, skilled technicians are crucial to operate the equipment. 

An offshore commute often includes rough sea states for up to four 
hours before the work begins, therefore, Service Operations Vessels 
(SOV) are utilized and act as a floating hub for any offshore technicians 
to live on and to store spare parts for a wind farm array. An SOV can hold 
up to 88 technicians living there for 4 weeks whilst completing main
tenance on a wind farm. An SOV typically includes a gangway system 
where the effects of the waves are counterbalanced to provide safe and 
rapid access for offshore technicians to complete remedial maintenance 
[79]. Helicopters can also be utilized for rapid deployment or in emer
gencies which require medical treatment. This aids in overcoming sea 
troubles to maximize yield, however, all logistics vehicles are very 
expensive to deploy and so should be deployed strategically to minimize 
this cost [80]. In addition, these methods are expensive, carbon inten
sive and present several risks to the personnel deployed in the hazardous 
offshore environment. Therefore, it is necessary to reduce the carbon 
footprint of offshore logistics vessels to more efficient vessels which are 
battery or hydrogen powered. 

Robotics and AI remains in development for deployment to support 
the installation phase of an OWF array. The reason for this is that to date, 
robotics and AI has been focused to support the O&M phase of an OWF 
and as these robotic and autonomous systems would require high ac
curacy in installing components and equipment. Challenges and op
portunities do exist for RAI in this segment of the lifecycle of an array. 
Challenges include the creation of autonomous systems which are large 
and powerful to accurately transfer heavy components into their posi
tions, the ability for an autonomous system to support structures in 
challenging weather conditions and a system which can follow safety 
procedures throughout installation [81]. Opportunities exist for several 
commercial off the shelf robots and novel robotic platforms. This would 

lead to autonomous operations under all seasons, lowered risk for 
offshore personnel and less human intervention. Digital Twinning rep
resents an opportunity as the Digital Twin (DT) can monitor sea states 
for when certain components can be installed. This could update prep
aration activities on the lead up to logistics of heavy components. 
Multi-robot fleet transportation and mooring of the foundations of an 
offshore wind turbine and robots which could be positioned within a 
nacelle to update and inform on the position of a blade during the 
guiding for installation. 

2.2.6. Operational support 
The offshore wind sector has evolved through many primary lifecycle 

functions (Fig. 4) due to improvements from a deepening of knowledge. 
Research is being completed to improve O&M procedures to make 
improved decisions for the remaining useful life of an asset to reduce 
costs and risk [82, 83]. Operational support remains a large proportion 
of a wind farm and represents not only visual aspects such as the wind 
turbine, but also subsea cables, foundations, substation and cables on 
land which connect to the national grid. For example, for a 300-MW 
wind farm, loss of revenue from a power outage due to a fault in one 
subsea cable is approximately £5.4 million per month, and the cost of 
locating and replacing a section of damaged subsea cable can vary from 
£0.6 million to £1.2 million [84–89]. 

O&M of subsea cables represents a large barrier for offshore engi
neers as it can be a difficult area to inspect due to high currents, deep 
waters and volatile weather conditions. Therefore, novel sensing 
mechanisms can be utilized as payloads on surface and subsurface ves
sels track subsea cable positions and the health of these assets. Disrup
tions to service via subsea cables not only results in a loss of revenue, but 
also fines from energy regulators. Online condition monitoring systems 
have focused on internal failure modes such as localized heating which 
infer overrated current use or degradation of dielectric insulation or 
partial discharge. External condition monitoring utilizes a visual 
observation of the external integrity and position of the cable on the 
seabed (unburied, buried, strumming). Robotic platforms have the 
ability to reduce risk for personnel as they can operate under different 
conditions that the seabed is inherent to. Novel sensing mechanisms can 
be used to evaluate the integrity of the cables to ensure a resilient energy 
supply and in some cases use AI for predictive maintenance for optimal 
performance [88, 90]. 

Within Operational support and O&M, robotics is becoming a more 
appropriate tool for the deployment of inspection, maintenance or repair 
of offshore assets. This is due to the robots increasing in capability 
(maneuverability, competency to complete tasks effectively etc.), a 

Fig. 7. Decommissioned wind turbine blades awaiting burial at Casper, Wyoming [28].  
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reduction of risk to offshore personnel and the improvement for relaying 
of information to remote operators. Deployable robotic platforms 
alongside case studies are discussed in greater detail in Section 4. 

2.2.7. Decommissioning 
The decommissioning of OWFs is a relatively new concept and is a 

growing market as wind farms reach the end of their lifecycle. Although 
well-structured plans are in place to perform decommissioning, engi
neers will continuously be learning and improving processes. To date, 
the decommissioning process for offshore wind turbines has only been 
performed at depths of less than 50 m, representing a learning oppor
tunity for decommissioning teams in less difficult and hazardous 

environments nearer shore [91]. For wind farms at the end of their 
planned lifecycle, there is the potential for reuse of key components, 
therefore complete dismantling and disposal is not necessarily the first 
option. This includes the refurbishment of minor components, such as 
drivetrain or rotor and, where viable, reuse of major components, such 
as the tower, foundations and cables. This allows existing projects to 
extend remaining useful life and increase energy production. The 
implementation of wind turbine decommissioning represents a new 
milestone for the offshore wind sector and consists of many of the 
learnings from lifecycle development of wind farm arrays. However, 
with the first farms decommissioned in 2016, the process requires 
development, with many processes still to be standardized [91]. 

Fig. 8. Required improvements in the demand for a sustainable offshore wind sector which utilizes RAI [98–102].  
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Current wind turbine design, despite their role in clean energy pro
duction, creates many tons of waste per turbine at the end of their 
lifecycle. While approximately 85% of turbine components are highly 
recyclable, the predominantly fiberglass-constructed blades present 
difficulties for sustainable disposal [27]. Between September 2019 and 
March 2020, 1000 end of lifecycle fiberglass wind turbine blades were 
retired to for burial at a landfill facility at Casper, Wyoming, USA 
(Fig. 7). In general, each blade element (shear webs, load-carrying 
beams, leading and trailing edges, and the aerodynamic shell) are 
manufactured into a single-piece component. This construction process 
results in difficulties in component separation for disposal and typically 
requires a diamond-tipped saw blade with sufficient water cooling [92]. 
Consequently, the strength of these materials, so well suited for asset 
longevity during the energy production phase, makes them very difficult 
to recycle. To address this, companies such as Global Fiberglass Solu
tions offer green-product manufacturing and fiberglass recycling [93]. 
However, the relative availability of these companies are currently 
insufficient to cope with the future demand for decommissioning and 
waste disposal representing a large backlog of blades in landfill or 
awaiting to be recycled. The current growth in wind farm are being 
installed construction will lead to an increase in decommissioning offset 
by the life expectancy of a wand farm (currently 20–25 years. This will 
require significant upscaling of the methods employed by companies, 
such as Global Fiberglass Solutions, to cope with the global demand for 
waste disposal. Global Fiberglass Solutions, located in Bellevue, Wash
ington, USA, transform fiberglass composites into small pellets for 
conversion into injectable plastics or waterproof sheets, which can be 
re-utilized within new construction projects [28, 93]. Pyrolysis repre
sents an alternative for the recycling of wind turbine blades, where the 
blades are sliced up and then placed in ovens at 450–700 Celsius. The 
resulting material can be used for glue, paint and concrete. Bi-products 
of the pyrolytic process include syngas, a fuel source for combustion 
engines, and charcoal, which can be used as fertilizer [28]. 

3. Critical analysis of the required improvements in ore due to 
RAI 

The offshore wind sector has created several opportunities and 
benefits, however, there are several outcomes which result in barriers 
and challenges which need to be addressed. Currently offshore O&M 
activities amount to 25–30% of the total lifecycle costs of offshore 
windfarms [94]. According to the Crown Estate, 80% of the cost of 
offshore O&M is a function of accessibility during inspection resulting in 
the requirement to get engineers to remote areas in the field. Therefore, 
minimizing the need for human intervention offshore is key to minimize 
cost whilst maximizing potential. The solution/demand to this problem 
includes readily deployable, resident offshore Beyond Visual Line Of 
Sight (BVLOS) robotic assistants [95]. As identified previously, there 
remains opportunities for wind farm operators to improve certain phases 
of the development of an OWF. In addition, via the admission of the UK 
government itself, that the UK faces a shortfall of 20,000 engineering 
graduates each year to ensure the UK reaches net zero by 2050 [96, 97]. 
This is made more difficult as there is sector wide competition for 
engineers. 

To support the future optimization of OWFs, the role of RAI must be 
considered within, and across, each of the strategic phases of wind farm 
development. RAI are considered as two enabling elements of auton
omy. For the example of the ORE Sector, a robot is a physical device 
which navigates around an OWF with an objective to gather data or 
interact with the environment. The level of autonomy of the robotic 
platform can vary from teleoperated to fully autonomous, however the 
objective remains the same. AI techniques are commonly implemented 
onboard a mobile robot or computer and used for the data analysis. 
Therefore, a robot collects the data and AI analyzes the data. This is how 
the combination of RAI can enhance operations significantly. Big data 
analytics results in the combination of all functions, assets and systems, 

where data streams create a whole-systems approach, with the potential 
for increased activity. 

It is important to emphasize that RAI represents an additional tool to 
be used by engineers to ensure safe practice. The expertise from these 
skilled engineers will still be required over the lifetime of a wind farm, 
albeit retraining will be required to support post-processing of data 
collected from inspections. The aim of these procedures is to support 
monitoring and extend the lifetime of the wind farm array by utilizing a 
wide range of sensing and inspection methods to optimize electricity 
generation whilst ensuring safe operations [46]. Fig. 8. highlights the 
critical analysis and demand for RAI within offshore windfarms for each 
of the lifecycle phases identified. 

3.1. Realizing the potential of RAI and early adopter initiatives 

The potential of RAI is being captured by early adopters within in
dustry. The uptake of RAI is minimal currently, however is on the in
crease as technology advances. Early adopters of RAI include the nuclear 
and manufacturing sectors. The Siemens Electronic Works plant in 
Amberg, Germany represents a showcase ‘smart factory’ via the imple
mentation of DTs to accelerate product design and manufacturing 
alongside the workforce. The facility has a portfolio to manufacture 
more than 1200 different products, resulting in a production line that 
changes configuration approximately 350 times per day. With more than 
75% of the facility working autonomously where manufacturing is 5–10 
times faster and with 99.5% reliability to meet 24-hour delivery times. 
Due to the significant level of automation, the employee roles within the 
factory have changed, yet the factory still employs 1200 people who 
maintain the robots, write code and run simulations of new products in 
the DT [103–105]. 

Every country will be affected differently with the implementation of 
RAI, with each country having different local and regional economic 
concerns. The transition of RAI into the workforce leaves employers 
vulnerable if not executed with the correct level of diligence. It is clear, 
however, that not all employers and employees will be affected in the 
same way. An OECD report ‘Policy on the Future of Work’, has suggested 
that significant imbalances may occur for those that prosper and those 
left at an economic disadvantage by the rise of robotic automation in the 
workplace [106]. The report highlights that low skilled and young 
people are at most risk, with those remaining in work experiencing a 
resultant reduction in salaries. In rural areas, robotics will be a signifi
cant boost to local economies, with job creations in various support 
activities and allied sectors. The fear of robot-induced unemployment 
may worry many in cities and suburbs, however, the roles of the 
workforce will change to manage the upkeep of the robots. This reflects 
a dual-transition which is occurring currently in the expansion of the 
offshore wind sector alongside the challenges of adapting and imple
menting new roles and skills within the offshore workforce. A portion of 
these skills must pertain to energy and AI within this sector and include 
the training of robot technicians during the concurrent development of 
robust and resilient robotics deployed offshore to support the infra
structure. The deployment of RAI serves to reduce the inherent risks to 
personnel operating in the hazardous offshore environment whilst also 
having a direct positive impact on productivity. 

4. State of the art robotics and artificial intelligence 

To support our analysis of the current state of the art in RAI, we have 
structured our analysis to decouple robotic platform type, application, 
level of autonomy and influencing trends from alternative industrial 
applications for offshore robotics. An in-depth analysis of academic and 
commercial state of the art in RAI is performed using a criteria that al
lows us to partition the application, level of autonomy, underpinning 
business case the following criteria of assessment; 
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Service Robot Trends – Identification of adoption trends in robots 
with respect to the most popular type of deployment. This provides 
insight to both market acceptance type of robotic platforms as well as 
the business case.. 
The Spectrum of Autonomy – Different robotic platforms have 
different levels of autonomy driven by functionality and application 
dependent constraints e.g. risk (safety case), environment.  This re
veals trends in terms of levels of autonomy, thereby levels of human 
engagement and/or intervention, and varying attitudes towards 
autonomy. 
Service Robots – This provides an overview of the current capa
bilities, (land, sea and air), in offshore robotics including function/ 
role within the lifecycle of an OWF. 
Hype Curve of Robotics – This allows for an informed analysis of 
robotic platform maturity, adoption, and acceptance into specific 
markets and applications. 

4.1. Service robot trends 

Offshore environments present several key challenges for the 
offshore wind sector, however, the rapid development of RAI will enable 
significant advancement in RAI autonomy as a service across multiple 
sectors. The ORE sector continues to benefit from the myriad of markets 
influenced by RAI, such as automotive, manufacturing and logistics. 

This has enabled RAI development to be well positioned to adapt and 
upscale system manufacturing to set the standard for global growing 
demand in wind turbines and RAI required to minimize costs. For 
example, remote inspection operations conducted by robotic systems on 
offshore facilities will require the collaboration of several different ro
botic platforms; comprising of UAVs, crawlers, ASVs and AUVs. 

When considering service robots, at 41%, autonomous guided vehi
cles represent the largest proportion of all units sold. This type is well 
established in non-manufacturing environments, completing tasks 
within logistics, and has vast potential in manufacturing. At 39%, in
spection and maintenance robots represent the second largest category 
of all units sold and cover a wide range of robot types, from low-priced 
units to expensive custom solutions. Service robots for defense appli
cations accounted for 5% of the total number of service robots sold in 
2018, with UAVs representing the highest share [107]. Fig. 9. highlights 
the expected increasing trend of service robots, where the leading ap
plications are within logistics, inspections and defense sectors respec
tively. These statistics highlight a significant year-on-year increase in 
service robots being used as tools across industry sectors. The relatively 
slow adoption of service robots within the defense sector indicates the 
more stringent nature of their regulatory framework and protocols. This 
is due to the sensitivity of hardware, software and assets, highlighting 
the requirement of fully trusted autonomy and secure robotic platforms. 

Fig. 9. Service robots for industrial applications [108].  

Fig. 10. The spectrum of autonomy [109, 110]. .  
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4.2. The spectrum of autonomy 

The term ‘autonomous system’ is widely used within academia and 
industry. However, this is a term that requires a concise definition, 
depending on the scenario and application, such as software systems, 
robotics, AI and autonomous automobiles. In this instance, a full and 
trusted autonomous system is defined as a system with the capability to 
complete autonomous operation with independent onboard decision 
making while adhering to a set of rules which ensure safety and self- 
certification [109]. Trust is also a developmental area of research 
which is extremely important. An operator must be able to trust the 
autonomous systems onboard a robotic platform when working in 
shared workspaces and trust that a robot will operate as intended during 
a BVLOS mission. 

The following levels of autonomy can be viewed in Fig. 10 and are 
discussed in more detail in the following: 

Level 0 - No Autonomy - A robotic platform must be teleoperated 
via a control system or remote control. The human operator is 
responsible for the safe operation of the robotic platform. These 
typically operate within Visual Line of Sight (VLOS) conditions. 

Level 1 - Operational Assistance - The robot is again deployed via 
teleoperation, however, there are minor safety features which may 
consist of collision avoidance (SLAM) or automatic emergency stop. 
Level 2 - Partial Automation - The robot may be considered as 
semi-autonomous at this stage. The human operator is responsible 
for the safety of the robot; however, the robot can perform some 
autonomous tasks with human supervision. 
Level 3 - Conditional Operation - The robot can perform under 
well-defined variables. This is currently applied to autonomous au
tomobiles on motorways or within restricted ‘robot only’ areas within 
warehouses. The robots can operate autonomously in these scenarios 
as the likelihood of several risks are minimized, such as unpredict
able events. 
Level 4 - High Automation - The robot can operate fully autono
mously in many scenarios. The robot can also provide suggestions for 
mission optimization or to ensure that safety governance is achieved. 
The robot has a larger amount of control over the previous autono
mous systems, however, a human operator can retrieve control of the 
robotic platform at any point. 
Level 5 – Full and Trusted Autonomy - The human operator can 
assign a robot a mission and the robot can ensure the mission is 

Table 2 
A list of Hugin AUV robotic capabilities, applications, key features and tasks.  

Fig. 11. Hugin AUV being deployed from its launch platform [111, 113, 114].  
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achieved in a safe and self-optimized manner. This includes the robot 
overcoming unforeseen challenges and events, which may otherwise 
impact the capacity of the robot to complete a set task. The robot 
must have the ability to make all decisions onboard and, in extreme 
cases, defer the decision making to the human authority. 

4.3. Robotics in the field 

To date, underwater inspections typically been conducted via towed 
array sonars coupled to a surface vessel. The Hugin is an Autonomous 
Underwater Vessel (AUV), which can automate the inspection process 
(Table 2, Fig. 11) [111, 112]. However, whilst the Hugin is an excellent 
inspection platform, this AUV is unable to perform any activities that 
require manipulation, which could include repairs or maintenance tasks. 
Though, the AUV can be maneuvered effectively, a manipulator would 
allow sensing payloads to be positioned within confined underwater 
spaces that prohibit access to the large Hugin AUV. This AUV platform 
can also be deployed in rough seas (up to sea state 5). However, to in
crease productivity during the deployment and recovery phases of the 
platform, this should be improved for operation in higher sea states 
[113]. No indication of deployed performance factors or case studies 
were reported for the Hugin at the time of writing. Robotic platforms 
such as Hugin AUV, will ensure this process becomes more automated 
via semi to persistent autonomy. 

I-Tech recently developed the Centurion SP (Fig. 12), representing 
the latest of the “Work Class” of Robotic Operated Vehicles (ROV). This 
series of ROV was specifically designed for service operations in deep- 
water projects with strong sea currents [115–117]. ROVs have typi
cally been previously used solely within the Oil & Gas (O&G) sector. 
However, the latest variants of ROV are being deployed in the planning 
and construction phases of OWFs, due to the key advantages detailed in 
Table 3. Limitations of these types of vessels include the requirement of 
a tethering cable to provide powering and control, in addition to severe 
restrictions in confined space mission capability. 

The feasibility of using robots for the internal inspection of nacelle 
structures in offshore wind turbines was studied by Netland et al., where 
the robotic platform travels on a permanently installed rail system 
within the wind turbine nacelle structure as detailed in Fig. 13 [99, 
118–120]. The use of a rail system was demonstrated using a prototype 
system with a USB camera on a pan-tilt mechanism for a replication of 
an offshore wind nacelle and included the following advantages:  

• A simple and reliable method of moving an inspection robot across 
key locations.  

• An effective means of supplying power to the robot. 
• A means of safe travel on a predetermined route, preventing depar

ture and damage to any equipment.  
• The inclusion of suites of multiple sensors, such as infrared for 

detection of friction or faulty electrical systems, microphones for 
monitoring machinery and other compact sensors for vibration and 
temperature. 

Limitations of railed robots include:  

• Requires early adoption/retrofit, to integrate into designs by the 
manufacturer. 

• Due to a lack of freedom in maneuverability, faults detected in un
foreseen areas are difficult to properly detect.  

• Only cover certain elements and are not suitable in several areas. 

Developments in risk analysis may represent an ideal solution via the 
validation of the need for resident, railed inspection systems, leading to 
the implementation of these robotic systems in the early stages of nacelle 
design. However, continual development may lead to cost reductions in 
retrospective installation, leading to easier adoption of the technology 
by industry and resulting in earlier diagnosis of fault detection and 
maintenance scheduling. Accessibility challenges also exist for all types 
of platforms where these could simply be addressed in the design phase 

Fig. 12. iTech7 Centurion SP ROV being deployed for a mission [115–117].  

Table 3 
List of iTech7 Centurion SP capabilities and properties [115–117].  

Fig. 13. A diagram of a rail-guided inspection robot within a wind turbine 
nacelle [99]. 
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of many environments and include using ramps instead of stairs, 
replacing standard doors with automated sliding doors and accessible 
docking stations, highlighting further development. 

The Rolls-Royce, Advanced Autonomous Waterborne Applications 
initiative (Fig. 14), represents one of the most significant investments in 
autonomous shipping. An industrial and academic consortium of part
ners have recognized that the ability of a ship to monitor its own health, 
identify and communicate with its surroundings and make decisions 
based on that information, is vital to the development of autonomous 
operations. The sensing technology required to realize autonomous 
shipping already exists, the challenge is to develop the optimal meth
odology to combine these technologies safely, reliably and cost- 
effectively [121]. 

The primary technical requirements of autonomous maritime logis
tics relate to:  

1 Sensor Fusion - Sensing technologies including radar, high- 
definition visual cameras, thermal imaging and LIDAR, are proven 
technologies. The challenge requires reliable and efficient integra
tion of these technologies within the context of the maritime 
environment.  

2 Control Algorithms - Control algorithms lack maturity with respect 
to field deployments of robots. Current levels of autonomy are con
strained to strictly “within envelope” exploration, however, auton
omous vessels will require navigation and collision avoidance to 
perform real-time decision making based upon sensor data. These 
algorithms must accommodate the ability to interpret the maritime 
rules and regulations of the sea. The development of such control 
algorithms will be refined through an iterative and gradual process of 
laboratory testing, simulation and incremental field deployment and 
validation.  

3 Communication and Connectivity – This will require regulated 
standards on how autonomous ships will coordinate docking and 

connectivity to a DT of the asset, which supports the operation and 
health status reporting of the asset. 

For smaller vessels, Thales recently reached a milestone using a 
Unmanned Surface Vessel (USV) named ‘Halcyon’ (Fig. 15- Left) where 
the USV completed its first autonomous 150 nautical mile trip (over the 
horizon) across the English Channel to Plymouth. The USV is capable of 
deploying a payload of a towed synthetic aperture module, which is 
equipped as a mine countermeasure sonar for high resolution imagery 
and in water object detection [122]. The crossing demonstrated the 
robustness of USVs due to the long range ability of the mine 
countermeasures-class workboat [123]. 

The Windfarm Autonomous Ship Project (WASP) represents an in
tegrated autonomous vessel and robotic cargo transfer mechanism for 
the delivery of spares to OWFs, with the potential to transform offshore 
wind sector logistics. WASP identifies that vessels and logistics can ac
count for as much as 60% of OWF operating costs, resulting in 25% of 
the total lifecycle costs [124]. RAI represents an option to reduce these 
costs, where Autonomous Surface Vessels (ASVs) with the capability for 
close proximity operation are well suited to serving offshore turbines. 
An example of this is the Global C-Workers (C-Worker 7, Fig. 15- Right), 
with an operational endurance of up to 25 days without the need for 
refueling; resulting in lower costs and less fuel required than traditional 
vessels [125]. Future use of automated unmanned service vessels may 
provide logistical, surveying, monitoring support, in addition to aerial 
drone deployment [126]. Within the WASP feasibility study, the chal
lenges for ASVs operating within wind farm arrays were identified, 
allowing for the characterization of potential ASV performance and the 
development of a sector route map for ASV integration into manned 
vessel operations [127]. 

A list of companies who have designed and manufactured their own 
robotic platforms is displayed within Table 4. The most prominently 
accepted within industry include AUVs and UAVs Fig. 16. displays im
ages of these robot types alongside the challenges related to these 
platform types. 

Quadruped robots (Fig. 16E and F), have been the focus of significant 
research activity in 2020/21 due to demonstrably increased levels of 
robustness, agility and maneuverability. These attributes had previously 
represented significant challenges, where a large amount of public 
outreach has been achieved by manufacturers Anymal and Boston Dy
namics. Further developments for quadrupeds, which address chal
lenges in perception and autonomy, are expected to result in full 
deployment in industrial assets, resulting in increased safety during 
continuous deployment. 

DTs are being redefined as digital replications of living as well as 
nonliving entities that enable data to be seamlessly transmitted between 
the physical and virtual [146, 147]. The continuing development of DTs 
must also ensure that a human operator can trust that an asset is 

Fig. 14. Rolls-Royce, Advanced Autonomous Waterborne Applications initia
tive [121]. 

Fig. 15. Left- Thales Halcyon USV [128]. Right- Global’s C-Worker 7 autonomous surface vessel [124].  
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operating as intended. Within the offshore wind sector, wind farm arrays 
are being commissioned further offshore, and will require more BVLOS 
inspection and operational data analysis undertaken from remote fa
cilities onshore. However, as offshore assets warnings are collected and 
transmitted for analysis there is the possibility that these warnings are 
underrepresented or overrepresented (where a fault warning does not 
accurately represent the level of severity). This could lead to a remote 
human operator trusting erroneous data, via the DT (simulation), over 
the real-world asset; leading to further damage or inefficiencies due to 
the discrepancy. 

State of the art skills development training includes an immersive 
hybrid reality offshore wind training facility uses virtual reality and has 
recently been commissioned at Newcastle College Energy Academy in 

Wallsend to ensure future engineers gain the relevant experience. The 
system recreates the working environment for offshore wind turbine 
engineers and virtually subjects users to a realistic, yet safe environment 
to locate and diagnose simulated faults [148]. This allows a safe training 
environment to develop the vital skills required to work in the offshore 
wind industry environment. 

Other, more general, robotic platform concerns and barriers include 
inspection robots required to operate near high voltage sources and must 
overcome electromagnetic interference of the circuitry, ensuring reli
able communications and potential arcing from the asset to the robotic 
platform.  Electromagnetically harsh environments require accurate 
localization in dark, GPS denied environments, and clear fault detection 
and verification, to support existing condition monitoring systems [149, 

Table 4 
List of companies and their robotic platform listed in terms of function and deployment level [129–144].  
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150]. However, a gap exists in ensuring that RAI can be deployed 
offshore regularly. This is due to there being no regulation which is 
uniform and adaptive that can keep up with the latest technology ad
vancements, no standardization of designed infrastructure and equip
ment and lastly, a workforce that has been trained to utilize the 
capabilities of robots for seamless deployment. On an industrial level, 
companies have justified concerns over equipment malfunctions and 
cyber-attacks, however industry requires a mindset shift. Where a key 
enabler includes the workforce trusting autonomy and the reliability of 
RAI [151]. This is where the design of robotics becomes important as 
autonomous systems must be tailored to the mission and environment. 

4.4. Hype cycle and overview of robotics and artificial intelligence 

Hype cycles provide an opportunity to evaluate the relative market 

promotion and perceived value of innovations, resulting in a useful 
comparison between consumer reality and consumer hype. The expec
tation of the performance of a robotic platform tends to be high upon the 
innovation trigger. In reality though, the actual performance does not 
often match the capability of the technology. As the technology develops 
from this point, the hype curve reflects what the potential of the tech
nology is against what the reality of the capabilities of the technology 
are (representing technology readiness levels) Fig. 17. demonstrates that 
the visibility of innovation can be represented against time, where the 
anticipated potential of results is reflected throughout the chart and is 
partitioned into the following segments, where a RAI platform exemplar 
is provided to aid understanding [152]:  

• Innovation Trigger- Railed robots represent a platform type which 
has recently undergone the innovation trigger with a 

Fig. 16. Compilation of robotic platform deployments as discussed in Table 4 alongside challenges faced [132, 134, 139, 144, 145].  

Fig. 17. Robotic platforms positioned relative to a hype curve highlighting their level of visibility and autonomy with respect to time of innovation [153].  
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commensurately sharp rise in the number of applications. However, 
the offshore wind industry will be required to incorporate railed 
robots in the early design stages of wind turbine nacelles, a process 
difficult to retrospectively achieve in the lifecycle of a platform.  

• Peak of Inflated Expectations- Climbing robots are designed to 
ascend metal and composite structures. However, many of these 
robots move very slowly and are also unable to complete mainte
nance with the level of versatility, dexterity and accuracy of a rope- 
access engineer. Climbing RAI also tend to be severely limited in 
terms of payload. 

• Trough of Disillusionment- ASVs are reaching the trough of disil
lusionment, as they have reached the limit of their effectiveness in 
terms of current capabilities. ASVs will play a vital role in the lo
gistics of other automated platforms, operating as a deployment 
platform for UAVs and crawler robots. However, until advancements 
in the levels of autonomy of these platforms increase, ASV deploy
ment will remain restricted. AGVs have also reached this point of the 
hype curve. There is an increased availability of inexpensive pay
loads and improved manipulation to complete more tasks during 
O&M however, in many cases still require teleoperation to ensure 
trusted autonomy.  

• Slope of Enlightenment- Quadruped robots have recently advanced 
to the slope of enlightenment. This is due to the solution of signifi
cant robustness barriers due to balance problems and the challenges 
posed via operation in different terrains and complex environments.  

• Plateau of Productivity- UAVs have reached this segment of the 
hype curve as they are the most readily deployable robotic platform 
to date. However, there are still advances to be made in terms of the 
level of autonomy within these platforms, which predominantly 
operated via remote human control mode and within line of sight of a 
pilot, rather than via fully autonomous means. 

UAVs are currently at a developmental barrier, as full value of au
tonomy occurs when a robotic platform can achieve true BVLOS oper
ation. To achieve this goal, the system must possess the ability to adapt 
and respond to unforeseen challenges in real time, while also improving 
the energy density to lift useful payloads, in tandem with improved 
flight durations. These capabilities will require significant 

advancements in reliability, resilience and endurance. Another key 
barrier in UAV inspection includes limits in effective sensory payloads, 
which are limited to surface measurements via visual or thermal imag
ery. Other sensors capable of subsurface structural evaluation require 
contact with wind turbine blades. These are sensor types unsuitable as 
they are susceptible to noise and require operations within a highly risk 
portion of the flight envelope [154–156]. 

A major limitation is currently impeding RAI deployment, due to 
robots not being integrated with the surrounding offshore architecture. 
There currently exists an imbalance between delivery of service and 
autonomy, which is primarily due to a product centric mindset where 
system of systems architecture design has not been tailored towards a 
design for autonomy as a service. 

5. Commercial and patent database survey 

The Espacenet and Scopus databases utilized in this study include 
over 120 million published patent applications and registered patents, 
both worldwide and in the UK [157–159]. This study investigates how 
many patents are relevant to the ORE sector and the future emergence of 
energy and RAI in this sector. Growth and development in RAI for the 
ORE sector will result in improvements which are transferrable to a 
range of sectors. By focusing on the ORE sector, we target knowledge 
and research gaps. The methodology for comparing the search is iden
tified within Fig. 18. 

The critical path of RAI has resulted in a clear growth in the number 
of approved patents worldwide identifiable in Fig. 19, with an increase 
from 2018 onwards. The robotic technologies most widely adopted, and 
with the most patents approved worldwide include railed robots, AGVs 
and crawling platforms. This has been due to the technological ad
vancements in hardware resulting in cheaper device production, wider 
accessibility and with improvements in payloads that are applicable to 
several functions. When conducting the search, a high number of patents 
for UAVs was expected. However, our results show that UAV de
velopments have reached saturation, due to a plateau of productivity via 
the utilization of UAVs in other similar sectors and design maturity. Of 
the platforms identified in this search, none claimed to be compliant to 
the EU ATEX directive. All future field systems in robotics will need to be 

Fig. 18. Methodology of how the keyword search was completed on Espacenet and Scopus.  

Fig. 19. Number of patents approved per year for each robotic platform type (Data collected on 07/02/22) [157].  
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compliant with standards required for that specific sector E.g. O&G 
systems often have to be ATEX compliant. In the instance of ORE, it will 
be dependent on the deployment, for example radio frequency signals 
within a substation will need to be given more consideration to ensure 
reliable communications. In addition, companies which could utilize 
RAI are now looking to identify OPEX costs associated with each plat
form; reducing the risk of investment in a robotic platform as companies 
want to ensure their investment increases productivity and efficiency. 

To identify the purpose and functionality of robotic platforms, key 
word searches were made for different mission deployment scenarios 
Fig. 20. indicates a marked increase in the number of patents in in
spection, repair, navigation and mapping from 2017, with a clear peak 
in 2019. This increase is mainly attributed to the following as the UK and 
other countries begin to change their approach to their primary energy 
supplies:  

1 The UK outlining its future approach, via the UK Digital Strategy 
2017, which began to outline the UK method to aid the development 
of robotic technologies capable of autonomous operation within 
hazardous environments, such as radioactive areas within the nu
clear sector [160].  

2 The UK Offshore Wind Sector Deal, which aims to increase offshore 
wind capacity and utilize several novel technologies which robotic 
technologies for surveying and O&M can contribute to cost re
ductions [20].  

3 The United States Offshore Wind Strategy (2021) aiming to deploy 
30GW of offshore wind by 2030 [161].  

4 Chinese subsidies to renewable energy projects (2011–2022) [162, 
163]. 

Engineers recognize that RAI has the potential to extend to more 
complex tasks, specifically operations and maintenance. A noticeable 
dip in 2020 is attributable to the COVID-19 pandemic, with and the 
requirement for workforce isolation and remote working. This trend is 
observable within all the figures presented in this section. A corre
sponding increase in patents is expected in 2022 as the backlog of ap
plications is cleared. The small increase in logistics is likely to be due to 
the requirement for human supervision of autonomous systems when 
deployed on-site. Various levels of autonomy in robotic platforms have 
been developed by academia and industry, which include remotely 
operated and semi to persistent autonomy.  However, it is often the case 
that these technology prototypes are available to third parties, but a lack 
in regulation of the technology impedes deployment. As sensors and 
other onboard equipment reduce in size, along with enhanced functional 
integration with AI, it is anticipated that an uptake of autonomous ro
botic platforms will increase in the ORE sector. 

AI holds the potential to advance automation for not only service 
robots, but also in how data is collected, secured and used to increase 
trust, safety and efficiency. Using a key word search of ‘Offshore 
Renewable Energy AND AI’, the number of patents where AI played a 
significant role in the ORE sector, pertained to intelligent and resilient 

Fig. 20. Number of patents alongside the primary functions of robotic platforms (Data collected on 07/02/22) [157].  

Fig. 21. Number of patents with an artificial intelligence has focused (Data collected on 07/02/22) [157].  
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systems Fig. 21. highlights where AI is used in the ORE role and iden
tifies that an increase in numbers of AI related patents commences in 
2018. The AI sector deal outlined by the UK government resulted in an 
increase in the number of AI related patents and with a corresponding 
increase signifying industry acceptance of the benefits of implementing 
AI [36]. 

Addressing the ground up capability challenges has been a driving 
force for industry and academia to date. The number of patents reveal 
key areas which, until developed, will inhibit the safe deployment of 
robotics. AI, ML and UAVs are well documented within other land-based 
sectors, however, Fig. 22 shows that the number of patents approved in 
the ORE sector identify safety, AI, ML, decision making and AUVs with 
the most approved patents, highlighting the current ORE research focus. 
In the future development of RAI in the ORE sector, we identify several 
challenges from our search in the patent database. To ensure seamless 
integration of RAI within infrastructure and environments, we identify 
several overlooked areas that will inhibit the future deployment of 
intelligent systems. These are viewed in Fig. 22 and include UAVs, self- 
certification, resilience, ontology, trust and DTs alongside their defini
tions in Fig. 23. 

Current standard operating practice for autonomous systems re
quires deployment by human operators on-site. As a result, minimal 
focus is placed on systems possessing the ability to self-certify their 
onboard systems; a task typically carried out by the deploying human 
operator under Visual Line of Sight (VLOS) flight rules [164, 165]. 
However, there are variables that could negatively impact the success of 
a mission, such as the battery life, operationally induced and physical 

properties of the robot, software consuming resources or weather con
ditions. The deployment of fully autonomous systems requires an 
additional variable – trust. Under a BVLOS deployment, trust becomes 
an essential element of the relationship between the autonomous plat
form, human and infrastructure. Consequently, we identify trusted au
tonomy becoming a mandatory requirement as missions are deployed 
further offshore. Trust and self-certification will be crucial for autono
mous systems which are resident to remote operating areas, such as 
offshore platforms. 

DTs are gaining a significant amount of interest from academia and 
industry [166–168]. These systems are highly desirable for small to 
large companies and can be integrated more easily with other systems. A 
real-time DT of robotic platforms allows remote operators to supervise 
and have an overview of a robotic platform/platforms in real-time. This 
enhances the trust between robotic platform and human observer as 
information about the robotic platform, environment and infrastructure 
can be displayed, enhancing the BVLOS information which could 
include self-certification, mission status and data collected from in
spection payloads. Integration of operating data with a DT becomes 
increasingly important as robots are required to enter zones which are 
inaccessible to humans or areas where limited access is available, such 
as in the ORE sector. 

By focusing on market summaries and identified trends during this 
period we can determine why RAI has seen an increase in the ORE 
sector. Firstly, we recognize the importance of the ORE sector as a 
whole, however, the increase in ORE technologies has mainly been 
attributed to offshore wind. In 2018, 90% of global offshore wind 

Fig. 22. Key search terms highlighting the number of patents in the advancement of robotics in the ORE sector (Data collected on 07/02/22) [157].  

Fig. 23. Key search terms which have been overlooked in academia and industry alongside their definitions.  
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capacity was installed in the North Sea and Atlantic Ocean however, 
capacity was also growing worldwide in areas such as China. Turbine 
technology, wind farm development and O&M were identified as areas 
which could drive down the cost of electricity from offshore wind. New 
technology developments, which include floating foundations, would 
increase the economic potential of offshore wind technology, allowing 
the development of larger areas in deeper water, which are currently 
unfeasible for fixed-bottom structures. The emergence of other forms of 
ocean energies which include tidal barrage, tidal current, wave energy 
and thermal gradient will further ensure the resilience of ORE and 
encourage the development of new robotic platforms to ensure these 
systems are maintained [169]. From this analysis we identify key points, 
trends and challenges which include:  

• 2018 was a key turning point, where many applications for patents in 
RAI were completed.  

• Several critical areas require development, including self- 
certification, resilience, ontologies, trust and DTs.  

• Logistics has several patents, however, requires other technologies in 
RAI to advance so that logistics platforms can be used to rapidly 
deploy autonomous platforms BVLOS. 

The number of RAI related patents in the ORE sector has increased 
due to solutions created through robotic implementation. As wind tur
bines move further offshore, BVLOS missions will be planned onshore 
and completed autonomously by resident robots at the asset field. Larger 
wind turbine designs capture higher wind speeds when positioned 
further offshore, representing significant risks to offshore workers and 
limited time periods for O&M procedures and results in increased delays 
and costs for wind farm operators. In contrast, the deployment of 
autonomous robotic platforms in the offshore environment can reduce 
the need for human presence, reducing the risk to humans whilst 
maintaining asset productivity and providing increased resilience to 
weather resulting in increased windows of operations. Lastly, robots 
enable productivity to increase during offshore inspection due to the 
rapid deployment and increasing number of payloads which can be used 
to identify faults and complete maintenance in certain scenarios. 

6. Research database 

6.1. Strategic robotic initiatives for offshore energy 

Several academic institutions have been awarded funding to support 
the development of the offshore wind sector. The HOME Offshore 
project includes Research and Development (R&D) of advanced sensing 
techniques, robotics, virtual reality models and AI to reduce O&M costs 
of OWFs [95, 170]. 

The foundation of the project includes cutting edge technologies 
resulting from concurrent research developments and provide a novel 
approach to O&M. The HOME offshore project mission statement is the 
integration of the following elements into a single framework will 
reduce costs whilst also improving previous maintenance cycles. The 
emergent disruptive technologies include [170]:  

• Multi-physics model of the dynamics of OWFs, where the novelty lies 
in linking the aerodynamics, hydrodynamics, control dynamics, and 
structural dynamics with the thermo and electro-magnetic dynamics 
aspects.  

• Drone technology with improved run-time duration and levels of 
sophistication.  

• High-fidelity data streams from advanced sensing techniques, which 
are low cost.  

• Post processing data analytics of large volumes of data or ‘big data’.  
• Emergence of improved robotic platforms and capabilities in the 

form of improved robot manipulation and self-certification. 

The Multi-Platform Inspection, Maintenance and Repair in Extreme 
Environments (MIMREE) project, represents a two-year, £4.2 million, 
cross-sector innovation project tasked with revolutionizing offshore 
wind operations via RAI. The project is demonstrated how autonomous 
motherships and robotic crews are proficient in the planning and 
execution of O&M operations, such as inspection and repair missions, 
without the requirement for an offshore human presence. Realizing 
these objectives would lead to the world’s first fully autonomous robotic 
inspection and repair solution where the ORE Catapult has predicted 
that the project will save £26 million across the lifetime of an OWF [171, 
172]. 

MIMREE had defined a clear set of goals to achieve within the two 
years of research and development. These included [171, 173]:  

• Utilize a mothership (USV) to support the launch of robotic platform 
and recovery trials.  

• Create a moving blade inspection system which would be mounted 
on the mothership to capture blur-free images in varying sea states.  

• Utilize a UAV and launch pad with the capabilities to transport and 
deploy blade crawlers to wind turbine blades and for retrieval to the 
mothership.  

• Develop mission planning tools for coordinating the robotic assets, 
underpinning their autonomous behaviors and MIMREE’s planning- 
monitoring-execution cycle.  

• Demonstration of the MIMREE sub-systems (mothership, drone, 
blade crawler, mission optimization, moving blade imaging capa
bilities) and verify their performance and reliability. 

The Offshore Robotics for the Certification of Assets (ORCA) Hub was 
founded in 2017 to support the energy transition and growth of 
renewable energy generation. The Hubs primary aim is to utilize RAI to 
enhance asset integrity monitoring for the offshore energy sector by 
using robotic solutions which can operate and interact safely autono
mously in complex or cluttered environments. The ORCA Hub was 
initially funded £93 million and has recently extended its funding by 
£2.5 million from UK Research & Innovation (UKRI). The funding 
extension aims to expand its work with industry partners whilst also 
expanding into new sectors using the lessons learned during the project 
period [174–176]. The ORCA Hub focusses on areas including:  

• Intelligent Human-Robot Interaction  
• Mapping, Surveying and Inspection  
• Robot and Asset Self-Certification  
• Planning, Control and Manipulation 

The National Robotarium, currently under construction at Heriot- 
Watt University will be a major contributor to world-leading research 
for RAI, creating innovative solutions to global challenges by progress
ing cutting-edge research into technologies to create disruptive inno
vation in a rapidly increasing global market. This facility is expected to 
open in 2022, where the facilities will add to Heriot-Watt laboratories in 
Ocean Systems, Human Robotic Interaction and Assisted Living and Self- 
Certification and Safety Compliance work packages. The consortium 
was awarded £3 million dedicated to researching trust in robotics [177, 
178]. 

6.2. Academic database 

To identify the focus of these organizations and other academic in
stitutions, an investigation of academic papers published in the ORE 
sector has been completed. This identifies areas considered as gaps 
which require further research focus. Using the same methodology as 
represented within Fig. 18, we observe that the number of documents in 
the ORE sector with the keyword of robot is increasing over time, as 
displayed in Fig. 24. The search terms of the most popular papers in the 
ORE sector including robotics are presented in Fig. 25-Left, which 
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highlights wind turbines, wind power, offshore oil well production and 
controllers as the topics with the most published papers. While offshore 
oil well production is not a renewable source, there is an inherent 
overlap in the robotic technologies used for both ORE and in the O&G 
sector Fig. 25.-Right displays the three leading countries of published 
papers including China, the United States of America and the UK. China 
has emerged in a key position to maximize exports of offshore wind 
turbines, with the Chinese government supporting local developers and 
has built a local value chain, which is expected to grow considerably by 
2025. This has included the Chinese government changing the energy 
unit set price to a guide price (no higher than 0.8 yuan per kilowatt 
hour), with new tariffs for newly approved projects to be set competi
tively [163]. These policies have placed Chinese manufacturers, such as 
MingYang, Envision and Goldwind in strong economic positions. Rystad 
Energy predict that by 2025, Asian installed offshore wind capacity will 

increase sixfold to 52GW, where China will provide 94% of Asian ca
pacity [179]. This expected increase is attributable to the recent 
upscaling of manufacturing of wind turbine construction in China and is 
expected to level with European offshore installed wind capacity by 
2025 [180]. 

A year-on-year increase in the rate of commissioned British onshore 
and offshore wind capacity can be observed from 2010, as identified in 
Fig. 26. This increase follows the trend shown in Fig. 24, where an in
crease in the number of turbines equates to increased O&M re
quirements and the resultant need for inspection and maintenance 
robots [181, 182]. 

The Scopus database identified 2016 as the threshold, where the 
number of papers published involving robotic platforms increases 
significantly (Fig. 27). In 2016, onshore and offshore wind power 
became the second largest power generating capacity in the European 

Fig. 24. Number of published documents by year in the ORE sector, keyword ‘robot’ (Data collected on 07/02/22) [158].  

Fig. 25. Left- Key search term ‘Robot’ in the ORE sector, Right- Documents published by country of origin (2008–2021), key search term ‘robot’ (Data collected on 
07/02/22) [158]. 

Fig. 26. UK onshore and offshore wind capacity 2010 to 2019 [181, 182].  
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Union (EU), with 154GW representing a share of 16.7% of installed 
capacity [183]. This analysis found that UAVs, ROVs and AUVs were the 
most published paper topics in the ORE sector from 2016 onwards. This 
increase in publications can be attributed to the following:  

• The identification of the challenges faced in the ORE sector.  
• 2016 representing the year prior to UK offshore wind licensing 

round, resulting in significant increases in projected UK offshore 
wind capacity, increasing the requirement to find solutions to the 
challenges faced in industry.  

• Growth in government support for RAI as the technology matures, as 
predicted in the “Eight Great Technologies” outlined by the UK gov
ernment in 2013 and the UK Digital Strategy 2017 [106, 160].  

• The continued development of academic solutions to the immediate 
requirements of the early-stage lifecycle of OWFs, as represented 
within wind farm planning and environmental surveys. 

AUVs and ROVs were the first robotic platforms developed for use in 
OWFs. This represents the current need to enhance environmental sur
veys in the wind farm lifecycle and ensure accurate and more efficient 
wind farm planning. Hence, an increase in the number of documents for 
the platform types as displayed in Fig. 27, as many wind farms are at the 
early stages of their lifecycle. 

To identify the types of missions that these robotic platforms were 
designed to complete, a key word search was performed for mission 
type, where a steady trend for all types of missions is observed. The 
number of publications each year has increased, as illustrated in Fig. 28, 
highlighting the capabilities which exist within RAI deployment, 

Fig. 27. Types of platforms prioritized in the ORE sector (Data collected on 07/02/22) [158].  

Fig. 28. The functions which robotic platforms are being utilized for in the ORE sector (Data collected on 07/02/22) [158].  
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allowing for the identification of a timeline for new sensing technology 
creation. This represents the innovation trigger for novel sensing pay
loads to optimize operations. 

To identify how AI is being used within the ORE sector, a key word 
search was performed to ascertain the focus of academic research in the 
area. As displayed in Fig. 29 several AI-themes exist in the public domain 
for wind and power related applications. This infers an increasing trend 
and identifies a potential gap in AI use to increase safety and for DT 
capabilities. As wind turbines move further from shore, safety and the 
application of DTs are critical, as the workforce will be required to 
monitor the offshore environmental DT from onshore facilities. Further 
development in this area will be critical in the roadmap to a fully 
autonomous offshore environment, where a remote operator has an 
enhanced operational overview of all assets including infrastructure, 
environment and robotic platforms. 

A key word search covering the period 2018 - 2021 (Fig. 30) provides 
an overview of relevant areas of academic research and identifies the 
future needs to ensure success in the offshore environment. We identify 
safety, AI, ML, reliability and decision making as crucial areas which 
have been developed for the ORE sector. Of concern is the number of 
documents published in areas identified as future challenges, which 
must be addressed in the offshore sector. These areas include self- 
certification, resilience, trust, BVLOS and DTs, and ensure that RAI 
can operate at their full capabilities. 

7. Capability challenges based on industrial insights 

To avoid the risk of robotic systems becoming another operational 
overhead, requiring additional asset management, systems must be 
resilient and reliable. The industrialization of RAI will require autonomy 
as a service. A central challenge to achieving this is the generalization of 
AI and field robotic implementations to use case specific deployments. 
This review identifies key areas for development to ensure RAI is readily 
available, adaptable and reliable within offshore workspaces. This in
cludes the self-certification of autonomous systems, DTs for human- 
robot interaction and asset integrity inspection. 

7.1. Self-Certification of autonomous systems 

As autonomous robots are deployed further offshore in BVLOS sce
narios, operators must ensure that missions are planned effectively to 
safeguard the success of a mission; wherein a mission must be executed 
perfectly first time, every time. To ensure full confidence in RAS, op
erators must have access to reliability information, to assess run-time 
resilience. Run-time reliability ontologies must be designed for each 
platform, where diagnostic data is applied to the ontology, which 
monitors for warnings, faults and malfunctions that risk the operational 
resilience of the robot. To achieve this, data streams will be required to 
be combined with computational models to encode safety critical 

Fig. 29. Number of documents published for AI in the ORE sector (Data collected on 07/02/22) [158].  

Fig. 30. Key search terms in published documents in the ORE sector for robotics (Data collected on 07/02/22) [158]. .  
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parameters of the robot and asset as they are deployed. Live updates of 
robot capabilities and mission objectives can provide answers to the 
questions posed in Fig. 31. This facilitates trust between a robotic 
platform and operator, leading to enhanced interaction via access to 
vital asset information in real-time at any point during the mission via 
the self-certification data. 

By implementing a self-certification framework for robotic plat
forms, it is possible to ensure the benefits outlined are captured and that 
risks can be minimized by analyzing real-time and historical data. 
Diagnosis, prognosis and health management are the most effective 
techniques to safeguard a high success rate of autonomous missions. 
This includes converting fault data into actionable information to allow 
a remote operator to create a maintenance plan for an autonomous 
system, or even deploy another robot to complete a mission. 

Run-time reliability ontologies are useful in this research topic as 
they allow robots to monitor their own state of health and recommend 
decisions for the robot based on any warnings or fault thresholds being 
identified. A primary motivation for the use of ontologies within ro
botics is that these knowledge-based approaches offer an expandable 
and adaptable methodology for capturing the semantic features to 
model robot cognitive capabilities. This offers an agile and rapidly 
tunable capability to the challenge of capturing dynamic safety 
compliance and mission operability requirements. Furthermore, when 
considering a fleet distribution of robotic platforms, or swarms, the 
ontology provides a cyber-physical interface to cloud or web-based 
service robots that enable a platform to collect and share knowledge 
of a mission [184, 185].  This knowledge enabled architecture provides a 
means of sharing across different robots and subsystems in a machine 
understandable and consistent presentation (i.e., symbolic 
presentation). 

The development and implementation of the ontology facilitates the 
autonomous self-certification of a robotic platform and supports adap
tive mission planning enabling for front-end resilience, run-time diag
nosis, prognosis and decision making. System ontologies should be 
designed for easy integration across a range of robotic platform types 
and should collect data from onboard sensors and actuators [186]. This 
information from a robotic platform can be relayed to a DT to update a 
remote operator on the state of the robotic platform and should be fully 
synchronized via bidirectional communications, ensuring an accurate 
representation of the state of health, mission state and operation of an 
autonomous system. 

7.2. Digital twins for human-robot interaction 

A DT provides key benefits for wind farm operators by allowing for 
enhanced levels of trust in the status of an asset or infrastructure. Data 
sharing between robotic platforms, infrastructure and remote human 
operators represents a critical challenge in a fully operational symbiotic 
offshore environment. As discussed in Section 7.1, system self- 

certification remains a challenge in robotic platforms, however, a 
challenge also exists in the transfer of this information to a remote 
human operator operating remotely (BVLOS) from the deployed system/ 
mission. A digital representation of the real-world asset presents a so
lution to this issue, where collected data is transmitted to a DT to update 
an operator about the state of the asset. DTs are not only limited to the 
health management of robotic platforms but also infrastructural health 
monitoring, via the integration of multi-sensor data. This would include 
data from sensors integrated on mobile inspection robots and sensors 
embedded within major structures. 

DTs are a tool which can be applied to remote run-time asset inter
action [147, 187]. The framework presented by the research group 
included a digital tool for asset management which addressed common 
issues of most existing DT models, such as inefficiencies in data syn
chronization and data representation, trustworthiness issues and limited 
support for flexible scenarios. By presenting a DT with two-way control 
and simulation, autonomous assets may be deployed with a higher level 
of trust. Similarly, a platform- and application-agnostic approach allows 
the framework to be scaled across diverse fields. Despite the sophisti
cated level of this twin, advances in technology and Machine Learning 
(ML)/AI techniques will lead to significant technological development. 

The current DT implementation provides support for remote and run- 
time decision making; however, AI and ML can be utilized to support 
improved decision making and autonomous mission planning. To in
crease the trust in a system, a secondary system can be used to provide 
suggestions and pre-determined options for decision making based on 
mission parameters and real-time asset status. This would allow for 
autonomous decision making onboard a cyber physical system alongside 
an update to the human-in-the-loop where they have the option to alter 
the mission if necessary. AI and ML algorithms could further improve the 
accuracy and timeliness of these predictions if fed with historical data to 
compare to the run-time data [147, 187]. 

Furthermore, advances in the field of virtual and mixed reality can 
enable more in-depth human-asset interaction [188]. A high-fidelity 
virtual workspace replicating that of the asset, such as a real-time scan 
of the asset environment, would increase the level of interactivity be
tween the operator and their system. New graphical user interface 
techniques could provide more intuitive and more relevant information 
to aid operators in their understanding of a dynamic situation, thereby 
reducing the risks involved. 

8. Roadmap to resilient infrastructure 

Offshore infrastructure is undergoing significant innovation through 
the rapid development of RAI as discussed in Sections 2–4. Key areas of 
engagement and progress have been made with a view to improving 
robotic platforms via development of physical qualities of the asset. 
These can be categorized as ground-up approaches and include 
maneuverability, speed, performance and sensing mechanisms. The 

Fig. 31. Mixed reality interaction alongside questions a remote operator requires answers to when deploying BVLOS robots in the field.  
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authors of this paper believe that many of the robotic platforms required 
for implementation within OWFs are currently available, and therefore a 
shift in focus is required in the future to allow operators to adopt and 
integrate autonomous systems in multiple areas symbiotically. The main 
areas which will be required to achieve this exist within the full lifecycle 
and operational challenges of OWFs. 

8.1. Lifecycle of offshore wind farms 

OWFs have matured to the point where it is possible to address 
problems within all areas of the lifecycle, as shown in Fig. 32. This 
identifies the key stages of an OWF and illustrates a circular economy for 
sustainability. Key areas include:  

• The raw materials used within the design and manufacture of wind 
turbine components.  

• The logistics required to transport these components and personnel 
to offshore locations. 

• The construction of OWFs, including the installation of subsea ca
bles, foundations, nacelle, tower and blades.  

• The O&M requirements that facilitate optimal operating conditions 
to reduce downtime.  

• The decommissioning of wind turbines.  
• The identification of components for repurposing, recycling or 

disposal. 

8.1.1. Quality control of manufacturing defects 
The manufacturing of wind turbine blades includes the utilization of 

raw materials, including fiberglass, balsa, polyurethane, composites and 
resins. To achieve a balance between flexibility and strength, several 
structural tests are performed before wind turbine blades are certified as 
safe for deployment. This includes matrix failure, dynamic fatigue tests 
and optimization tests to ensure high levels of efficiency [189, 190]. 
Large blades can be manufactured in approximately two days and 
require ~100 employees. Blade construction is achieved via two main 
manufacturing processes, utilizing an air tight mold for the transfusion 
of resin and wet layup [191]. The longest offshore wind turbine blade to 
date was created by LM Wind Power, at 107 m, arriving at the ORE 
Catapult world-leading blade test facility in 2019. The blade validations 
included a range of structural tests to demonstrate its readiness for 
operation at sea and the ability to withstand peak wind conditions 
[192]. 

The future of the manufacturing process will utilize increased auto
mation, with improved quality verification via implementation of 
advanced sensing paired with AI. This will verify the integrity of sub
surface features, such as uniform resin distribution and the presence of 
any air pockets; processes which cannot currently be performed for 
manufacturing defects. Inspection and maintenance procedures for 

quality assurance will be adopted between the manufacturing and 
testing procedure to ensure that blades are designed to a high standard, 
verifying the structural integrity of blades commissioned from 
manufacturing centers via a range of emergent NDE sensors. 

Rotor blade testing services include determination of damping loss 
factors, natural frequencies and modal constants in addition to me
chanical testing, such as static tests, fatigue tests, post-fatigue tests and 
collapse tests [193]. Future investigations will be very similar, however, 
non-destructive sensors will be increasingly used to assess the integrity 
of the structure prior to failure. There are two proposed solutions to this 
problem:  

1 In the near future, NDE sensors will be directed to the outside of 
blades to monitor the materials during these tests, which can monitor 
the return signal at the points where a failure occurred. This would 
highlight the limits of the blade and allow for measures to be taken to 
avoid reaching that point of stress.  

2 A solution further into the future, once development makes these 
devices more affordable, includes in-situ NDE sensors positioned 
within the hollow blade structure. This would have benefits for wind 
turbine blade testing facilities and operators in the long-term as the 
sensors would be used to assess the integrity of significant areas of 
weakness. 

The NDE sensor signals will have the ability to penetrate through the 
composite materials wherein the return signal would enable integrity 
analysis of the internal structure of the blade. This would provide 
prognostic information about a prospective delamination or defect 
before a catastrophic structural failure occurs. Value is created for wind 
farm operators as data from these sensors can be fed into a DT, where 
historical data can be accessed to make a more effective and informed 
decision about the remaining useful life of a blade via real time struc
tural health monitoring and condition monitoring. 

8.1.2. Logistics and construction 
Logistics and construction objectives include the timely installation 

and commissioning of the wind farm whilst achieving high safety stan
dards for the workforce. Carbon emissions from Crew Transfer Vessels 
(CTVs) and jack up vessels are an area which has, so far, received little 
consideration within OWFs. New technology is required to reduce fuel 
consumption and emissions from these types of platforms, whilst 
reducing maintenance requirements of CTVs and enhancing operations 
[194]. The circular economy of offshore wind looks to create a fully 
sustainable offshore lifecycle, a significant barrier faced by the industry 
is due to the greenhouse gasses produced by these types of vessels during 
this phase of the lifecycle. If CTVs can address this scenario by using a 
sustainable fuel source, such as the electricity created from the OWF 
itself or from another low carbon fuel source such as hydrogen, this 
would enable for a more sustainable segment of the lifecycle of an OWF. 

In future, we will see autonomous systems support green field con
struction of new and/or replacement of wind turbines E.g. maritime 
logistics to deliver sub-systems and automated pick and place assembly. 
This will also be represented in subsea construction E.g. submarine cable 
ploughing [195]. We expect that advances in land based construction 
from companies such as Built Robotics and Cat who develop autonomous 
systems for excavators and bulldozers, will see similar advances in the 
ORE sector as these advances in systems can be adapted sector-wide 
[196–198]. This will lead to semi-persistent autonomy in heavy jack 
up vessels, cable laying vessels and CTVs. 

8.1.3. Operation & maintenance 
O&M currently relies on RAI for mostly inspection. Robotic plat

forms will be better equipped for inspection missions with advanced 
sensing techniques which increase the effectiveness of asset integrity 
inspections. This includes inspections of wind turbine towers, blades, 
foundations and subsea cables. Of significant importance is the 

Fig. 32. RAI Circular Economy which can be used to ensure a sustainable and 
symbiotic offshore wind sector. 
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development of non-destructive and non-contact sensors which can 
allow for more prognostic information to be collected, resulting in early 
surface and subsurface defect detection. In addition, the robots will be 
better equipped to complete repair missions including cut out and fill for 
laminate repairs or wet layup [199]. Majority of repairs will include 
converting the methods used from rope-access technicians to be utilized 
by robotic platforms, hereby reducing the requirement for workers in 
hazardous conditions at height. However, due to the nature and variance 
of damage, we expect that rope-access technicians will still be required 
for the purposes of medium surface repairs. 

We expect to see installation of robotics resident to the field, which 
will enable readily deployable systems. Drones will be deployed resident 
to the environment it operates in where a UAV would be responsible for 
several wind turbines within its area. To ensure the resilience of this 
system, each UAV will have areas of overlap in case a UAV faces a 
malfunction and is undeployable. It is also beneficial to ensure this 
overlap as environmental conditions play a significant role in decreasing 
flight times. Therefore, conditions such as wind speed should be relayed 
to a de-centralized DT, which can evaluate possible factors leading to 
mission failure, such as battery life and whether the UAV can operate 
under strong wind conditions. Underwater vessels can also be integrated 
resident to the field, with underwater garages capable of the storage and 
recharging of the vessels. The location of garages would be optimally 
positioned near to foundations of the substations and could allow for 
modular designs of tools to be stored and utilized by the underwater 
vessel. Due to the difficult terrain on offshore platforms and substations, 
the authors expect that quadruped robots will be utilized for day-to-day 
inspection tasks on substations. Substations are decreasing significantly 
in size with Siemens offering an Offshore Transformer Module (OTM) at 
one-third the size of regular OTMs [200]. This requires smaller robotic 
platforms with ATEX compliance to reliably navigate confined spaces. 
We expect railed robots to be utilized more frequently in the future to 
perform autonomous missions where mission failure due to navigation 
can detrimentally affect the plant. These systems would typically collect 
SCADA data of the internal functions either the nacelle or offshore 
transformer module and can be easily powered via the railed 
infrastructure. 

As O&M is the most developed section of offshore wind in terms of 
robotics, in the future we expect to see a shift towards symbiotic systems 
where robots can communicate together to ensure that mission goals are 
met. For example, in the scenario that a UAV has completed 50% of a 
section of an integrity inspection, the UAV can share information with 
the DT that it has deployed to base for charging and ask for another 
nearby UAV to finish the inspection mission. This will ensure the reli
ability of a robot and resilience of a mission. 

8.1.3.1. New and resilient sensing technologies 
8.1.3.1.1. Wind turbine blades. A tunable NDE sensor with an oper

ating range of approximately 2–10 m from a wind turbine blade would 

significantly reduce the downtime of an asset within O&M. Frequency 
Modulated Continuous Wave (FMCW) radar sensing is a novel, non- 
contact sensing mechanism with the potential to significantly improve 
the efficiency of O&M procedures on composite structures. The 
millimeter-wave sensor exhibits minimal limitations, when compared to 
current employed methods for external and internal diagnosis and 
prognosis of faults, such as rope access teams or physical contact sensors 
that often require a couplant. A significant advantage of K-band FMCW 
radar sensing is the ability to penetrate low dielectric materials and 
interrogate the return signal amplitude for contrasts in material integrity 
via analytical techniques. The sensing mechanism is also resilient to the 
harsh offshore environment, capable of unaffected operation in condi
tions which can include smoke, steam, mist and rain. The radar sensor is 
low power, lightweight and emits non-harmful radiation, representing 
an ideal payload for UAVs and other robotic platforms [154]. 

The FMCW sensor system has been investigated on a decom
missioned wind turbine blade containing a type 4 delamination defect as 
in Fig. 33A & B [154, 201–203]. The FMCW radar sensor was able to 
differentiate between healthy and delaminated sections of the wind 
turbine blade structure, where the delamination defect was situated on 
the internal skin structure. The sensor was also capable of detecting 
contrasts for the same internal delamination defect with two conditions; 
both dry and with 3 mL of water ingress. The sensor was able to detect 
contrasts from a non-contact position near the external surface of the 
blade, as pictured in Fig. 33B. The acquired data was then transferred to 
an interactive asset integrity dashboard, as illustrated in Fig. 33C, 
allowing a remote wind farm operator to view their asset in a synthetic 
environment to attain multiple tiers of fault information. 

8.1.3.1.2. Subsea cables. Subsea power cables are critical assets for 
the security in ORE power transmission. Sustainable power supply and 
the economic viability of offshore windfarms is highly dependent on the 
reliability of subsea cables. Consequently, as demand for renewable 
energy grows, the market for subsea power cables also grows, where 
subsea cable demand grew at a compound annual growth rate of 7% 
over 2017–2021, and is estimated to total 24,103 km globally [205]. It is 
estimated that UK power outages caused by faults in subsea cables may 
stand at £5.4 million per month [206]. In addition, its reported that the 
costs to locate and replace sections of damaged subsea cables can range 
from £0.6 million to £1.2 million [207, 208]. Insurance underwriter 
G-Cube states that offshore wind insurance claims relating to subsea 
power cables equated to €60 million in 2015 alone [84]. Given the 
importance of subsea cable assets, it is necessary to develop an inte
grated solution for degradation and reliability monitoring, and efficient 
subsea cable maintenance. 

Dinmohammadi et al. evaluated a failure mode mechanism and ef
fect analysis using 15 years of historical failure data and reports on 
subsea power cables, with the identification that  most of the failures in 
subsea power cables were attributed to external, environmental factors 
[88].  In addition, current commercial monitoring systems are unable to 

Fig. 33. A- A side view of the decommissioned wind turbine blade displaying the delamination on the interior of the blade. B- Straight on view of the exterior of the 
decommissioned wind turbine blade highlighting the inspection area. C- AID indicating DT of acquired sandwich wind turbine blade in green highlighting a defective 
area of the blade with red hatching and options for a human operator to attain more information about the diagnosed [201, 203, 204]. 
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account for 70% of cable failure modes, which are not caused by internal 
failure modes, such as partial discharge, but by environmental condi
tions and third-party damage. For example, environmental conditions, 
such as strong tidal velocities, can abrade, stress and fatigue subsea 
cables through mechanical displacement. This incurs abrasion and 
corrosion of the cables due to interactions with the seabed topography e. 
g., rocks [88]. 

To overcome these limitations, an innovative sensor technology that 
can provide in-situ integrity analyses of subsea cables is discussed. Ac
cording to Capus et al., bio-inspired wideband sonar can be deployed to 
efficiently detect and track underwater targets [209]. Furthermore, 
Dmitrieva et al. illustrated that employing bio-sonar technology in 
combination with time-frequency domain representation, and a convo
lution neural network system, allows for accurate classification of echo 
response data of underwater objects [210]. These findings led re
searchers to explore the capability of low frequency wideband sonar to 
undertake detailed assessment of subsea cables and how to use 
state-of-the-art ML techniques to evaluate cable integrity data, for 
example using sonar echo data. The research showed the capabilities for 
integrity analysis of applying low frequency sonar on subsea power 
cables, also demonstrating the feasibility of supervised learning ap
proaches on cable classification with different inner structure and failure 
types [211, 212]. This novel approach enabled the successful distinction 
of different cable samples to achieve an overall 95%+ accuracy rate to 
detect different cable diameters and degradation stages. These findings 
support the suitability of low frequency wideband sonar for the analysis 
of the complex internal multi-layers of subsea power cables, which is to 
use wideband sonar to assess the cable integrity and therefore locate 
potential failure sites. 

8.1.4. Decommissioning 
The offshore wind sector, though still emergent, can no longer be 

considered a frontier energy sector. Since 2018, seven offshore wind 
sites have been decommissioned globally [213, 214]. The Blyth offshore 
facility represents the first decommissioned in the UK [215]. This rep
resents a new stage in the lifecycle and circular economy of an offshore 
wind asset and presents unique challenges for decommissioning teams in 
the harsh operating environment offshore. Of key concern is the em
bryonic nature of the offshore wind decommissioning infrastructure, 
with a focus on the disposal and recycling of key asset components. In 
spite of the high recyclability of wind turbine components, cited as 85% 
in some cases, the observed current trend displays that the recycling 
infrastructure in place is poorly equipped to process the volumes of 
damaged and decommissioned wind turbine blades that require disposal 
[216]. This has led to the questionable practice of blade burial in landfill 
sites and, where regulation prevents, their destruction via burning in 
kilns leading to the atmospheric release of pollutants. This is a contra
vention of the environmental mission statement of the Paris Agreement, 
inevitably and unnecessarily increasing the carbon footprint of low 

carbon energy generation technology. Therefore, to accelerate and 
secure a circular economy we need to develop large scale recycling so
lutions for wind turbine blades and composites in general. This will 
make costs more competitive between disposal and recycling of wind 
turbine blades [217]. 

8.1.5. Trusted design for robotics 
Similar to an OWF array, robotic platforms have their own lifecycle 

and remaining useful life. With respect to the timeline of robotic plat
forms they are designed and manufactured by the robotic companies and 
then deployed. This features rapid advancement when compared to 
administrative procedures. Therefore, legislation and regulation of ro
botic platforms represents a barrier to trusted design for robotics and 
must gear up in advancement for the wide range of autonomous de
ployments. These gaps in administrative processes restrict multiple 
sectors as issues/questions around safety and responsibility in the event 
of an accident are yet to be determined. This is in addition to a lack of 
regulation on the effective maintenance of robotic platforms and how 
they are certified as deployable for autonomous operation both in VLOS 
and BVLOS scenarios Fig. 34. displays the organization required in the 
deployment of robotic platforms however, there exists a disparity in the 
rates of progression for robotic systems versus legislation and regulation 
resulting in impedance for the design of trusted robotics. 

The robotic platform segment features rapid deployment as industry 
has focused on overcoming challenges from the ground up including 
navigation, awareness and collision avoidance. This segment can still be 
improved where robots have the capability to inspect and repair each 
other to ensure optimal operation. Data driven approaches can also be 
used to optimize these robots to improve aspects such as battery life, 
endurance and safety ratings. In terms of the administrative segment, 
this requires a focus for its development where considerations should be 
made for resilience, adaptive mission planning to ensure the certifica
tion, legislation and regulation of autonomous systems. This will ensure 
robots operate as intended throughout their lifecycle enhancing safety 
protocols. Through the adoption of data driven design technologies, the 
offshore supply chain will make fundamental improvements in the 
design for reliability for offshore products and services leading to trusted 
design for robotics. 

9. Viewpoint of future infrastructure 

This review presents a future view of offshore infrastructure, which 
includes robot compliant environments, wireless communication, rack 
and railed systems, docking stations, cloud platforms and digital infra
structure under a Symbiotic System Of Systems Approach (SSOSA). The 
digital infrastructure allows for rapid deployment of resident robotic 
fleets which are all interconnected via a systems engineered symbiotic 
digital architecture which utilizes knowledge sharing for mutualistic 
gain. As displayed in Fig. 35, a challenge in the future deployment of RAI 

Fig. 34. Design for robotic platforms highlighting robotic platform, administrative and regular field deployment.  
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is ensuring multi-robot fleets have the capability to Collaborate, Coop
erate and Corroborate (C3) where C3 governance ensures that these 
systems can work together to provide value for the ORE sector. Robotic 
systems provide insight due to the increased mobility to deliver an 
increased operational overview via knowledge being fed to a DT. DTs 
have already proven that operators can gain an increased overview of 
their assets; therefore opportunities exist in remotely obtaining the 
status of assets including robotic deployment, infrastructure, environ
ment and deployed personnel. This would lead to increases in produc
tivity, safety and operational insights throughout a plant. The early 
findings as represented in Sections 2–4 (literature review and hype 
curve) from RAI are promising as it delivers the capabilities we desire 
and require going forward. This leads to trusted deployment of BVLOS 
RAI and a hyper-enabled operational overview of the offshore envi
ronment as the DT is designed to replicate the offshore environment 
[147]. However, there still remains a gap - which a SSOSA can fill - 
where multi-robot fleets are interconnected to give the ability for robots 
to leverage each other’s capability to give positive enforcement to 
autonomous missions [218]. 

These systems will enable for a holistic view and approach to prob
lems which occur in an OWF. A view of a future OWF is illustrated 
within Fig. 36 highlighting the different types of robotic platforms 
which will be required in an operational wind farm. These systems are 
deployed to live resident to the wind turbines that they inspect, 

therefore they are resident to the asset. This allows for rapid and remote 
deployment of robots for inspection or maintenance. 

Fig. 36 presents the following where a remote operator can plan 
missions from the shoreline for the various robotic platforms from a DT:  

A- Represents a crawler robot and UAV positioned resident to the 
wind turbine. The UAV is responsible for completing periodic 
inspections of the surrounding wind turbines.  

B- Presents a quadruped robotic platform in deployment resident to 
an offshore substation. The robot can be tele operated by a human 
operator or can be assigned autonomous missions to ensure the 
plant is running smoothly. The platform can routinely read 
gauges, inspect for problems and map the substation.  

C- Subsea vessels such as ROVs and AUVs are identified in image C. 
The robotic platforms are resident to the field and complete 
routine inspections of foundations, cable integrity and cable 
displacement.  

D- Displays an ASV which completes logistics from the shoreline to 
the OWF. The ASV acts as the mothership and base for the 
deployment of a UAV which then completes an inspection of the 
wind turbine blade. The UAV has a payload of a camera for sur
face images of defects and NDE sensor which can detect subsur
face defects on the wind turbine blade. 

Fig. 35. The challenges in the current deployment of trusted autonomy and the route to achieve collaborative governance, repurposed from [147, 218, 219].  

Fig. 36. 3D representation of a view of future offshore infrastructure highlighting symbiotic autonomous assistants in an OWF where robots are resident to the field 
or deployed by humans remotely repurposed from [218, 219]. 
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E- Displays a crawling robotic platform completing an inspection on 
the wind turbine blade alongside a UAV. The crawler robot can 
also complete any required remedial maintenance of surface 
defects. 

10. Discussion 

This paper has reviewed RAI across the lifecycle of an OWF. A 3D 
illustration (Fig. 6) was presented, which highlighted the challenges 
currently faced by engineers in OWFs. These challenges include cost, 
risk and safety due to the dangerous offshore environment. Subse
quently, the lifecycle of an OWF was presented which encompassed 
several phases from planning to decommissioning. The state-of-the-art 
was presented alongside the required RAI to complete each phase of 
the lifecycle of an OWF. This review highlighted current timeframes of 
the phases and the RAI utilized for air, land and sea, as displayed in 
Fig. 4, where the following key points were made: 

Timeframes of Lifecycle Phases- The development of feasible 
OWFs has led to significant optimization of the ‘In Development’ 
phase to streamline the process of the lifecycle, which has mainly 
been attributed to the Crown Estate resulting in a more established 
process in leasing and licensing offshore land. 
Environmental Survey- There is a drive to push for a more 
ecologically centric strategy by developing sustainability centric 
planning. To achieve this, there is a provision to improve the key 
features of AUVs by ensuring battery endurance and operating depth. 
Wind Farm Planning- Requiring vessels for large area assessment to 
autonomously map the seabed and classify objects present in the 
area. Effectively harnessing this data can result in reduction of ac
cidents, which can cost millions in revenue and increase the 
awareness of an area where a wind farm array is to be commissioned. 
Wind Turbine Design- A clear trend is identified as wind farms 
move further from the shoreline and the swept area of the blades 
increases to capture higher wind speeds. A key area that has reached 
the innovation trigger is railed robotics, which can reduce the 
requirement of human access within nacelles in the future. However, 
this would require commitment from manufacturers to retrofit the 
railed robots or include in future design which may be costly. 
Logistics- All of the sensing technology exists in this area. A key 
challenge exists in achieving reliable sensor fusion, control algo
rithms and communication within and across logistics vessels. 
Academia and industry have supported ASVs to advance their au
tonomy, resulting in a mature autonomous system when compared to 
other robotic platforms. However, a barrier exists  in allowing for 
logistics vessels to become efficient offshore. An example would be 
the level of autonomy and symbiosis between a UAV and a sup
porting ASV is underdeveloped presenting challenges if a UAV was 
tasked with inspecting another area on an OWF. In addition, there is 
minimal implementation of AI within heavy transfer vessels and 
SOVs to improve maneuvering and transfer of vessels between wind 
turbine assets. 
Operational Support- A wide range of RAI is being deployed; UAVs, 
crawlers, AUVs, quadrupeds and DTs. These cyber physical systems 
are harnessing the ability to perform inspection, however, barriers 
exist in the deployment of these types of robots to perform mainte
nance missions. Platforms which can overcome this barrier to com
plete even the smallest of remedial action have the potential to 
significantly improve the efficiency of wind turbines alongside 
reducing risk and cost of deploying personnel to complete the 
remedial action. 
Training- The offshore sector has inherent risks associated which 
can result in major injury and loss of life. Many procedures which 
currently exist offshore rely on human deployment and will likely 
still exist in the future due to humans working alongside robots. 
Virtual reality is a safe method to present dangerous scenarios to 

engineers at all deployment levels, where these vital exercises can be 
used to verify that training and procedures are effective and safe. 
This emergent technology can act as an enabler to more thorough 
training and should be rapidly developed to remove risk via simu
lated high-pressure scenarios, which engineers may face in the field. 
Decommissioning- The first generation of offshore wind turbines 
are reaching the terminal phase of their lifecycle and require 
decommissioning or replacement. Engineers are faced with evolving 
challenges due to the unique complexity of the decommissioning 
phases of offshore infrastructure. Engineering practices from the 
mature field of decommissioning of O&G assets and can be imple
mented to the ORE sector. Solutions are also required to ensure the 
sustainability of the disposal of wind turbine blades, which can be 
achieved via major upscaling of the recycling or repairing blades for 
reuse on wind farms. 

The potential of RAI is being realized in industrial, academic and 
government applications. For RAI to be implemented successfully, a 
shift in the view of robots must occur. This view includes the attitude 
that robots will be used to replace personnel in the workplace. We 
emphasize that personnel will be able to use robots as assistants to 
complete jobs which consist of the 4D’s of robotization: Dull, Dirty, 
Dangerous and Dear [220]. This will allow personnel to deploy robots to 
complete jobs which fit these categories and allow for personnel to apply 
themselves to more complex tasks. This has been achieved in several 
sectors from manufacturing where highly repetitive tasks are required 
[103];, robots to clear dirty areas such as sewers [221, 222];, the in
spection of dangerous areas e.g. nuclear [223] and robots for monitoring 
progress of expensive jobs [224];. To aid in the shift of this view, jobs 
will adapt, this will require elements of retraining which include how 
personnel can deploy robots to complete tasks for their benefit. For the 
ORE sector, the potential of robotics has been reflected in government 
initiates including the UK Digital Strategy and the Offshore Wind Sector 
deal. 

The state-of-the-art reveals key opportunities within the offshore 
wind industry. We expect that the ORE sector will benefit from the 
myriad of industries which are rapidly integrating autonomous systems 
within their current procedures. The development of RAI in each sector 
will result in a ripple effect sector-wide, especially as the number of 
service robots sold increases yearly. In addition to these benefits, the 
offshore wind sector is being backed by regulation and a number of 
investment opportunities from the UK government due to Covid-19 re
covery packages and COP 26 [225]. This has been supplemented 
alongside opportunities for small to medium enterprises to scale up their 
innovations for the offshore wind sector alongside opportunities via new 
partnerships. 

The commercial and patent database key search terms identify 
knowledge gaps and opportunities within industry. The number of RAI 
related patents in the ORE sector has increased due to the solutions 
created through the implementation of robotics. The search identified 
2018 as a key year, where an increase in applications for patents in RAI 
were made which could be attributed to the AI sector deal. This high
lighted significant investment from the UK government in RAI for the 
offshore energy sector. As identified within this review, several areas 
require development within industry and, until addressed, will restrict 
offshore deployment of robotics. These include self-certification, resil
ience, ontologies, trust and DTs representing key enablers in the 
development of trusted BVLOS autonomy. 

Robotics for the ORE sector is gaining increased interest from aca
demics. Similar challenges and opportunities exist within academia and 
are also represented within industry. Safety and decision making have a 
large number of published papers for the ORE sector. However, chal
lenges are presented as a number of gaps exist in the research, including 
AI, ML, UAV, AUV, self-certification, resilience, ontologies, trust, BVLOS 
and DTs. The incorporation of all the aforementioned technologies 
under single systems architecture will represent a SSOSA and will unlock 
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the future potential in the deployment of fully autonomous, resident 
multi-robot fleets. 

As wind turbines become larger, this presents challenges to offshore 
operators including more inspections and increased risks. 

Key questions in the deployment of RAI offshore include how to 
deploy robotic platforms remotely and further from the shoreline? How 
do we ensure the communication between in house systems and pro
prietary systems? How do we deal with acquired data and can we 
streamline data to reduce onboard computational times? How to scale 
RAI for multiple applications and across a larger area of turbines? This 
review identifies several robotic systems designed for single applications 
therefore, a challenge exists in creating interoperable systems. Given all 
of the available technology, does this restrict the workflow within cur
rent and future O&M procedures? 

A SSOSA represents the next steps required to seamlessly integrate 
human-machine partnerships and multiple robotic platforms for mutu
alistic collaboration. This is reinforced by bidirectional communica
tions, encouraging knowledge sharing across cyber physical systems. A 
SSOSA will alleviate the difficulties of collecting data from several ro
botic platforms, which have been designed under their own cloud-based 
architectures or alternative approaches. A SSOSA presents some chal
lenges in the first instance however, becomes less of an issue once 
platforms achieve system of systems integration and multi-robot fleets. 
The benefits include C3 governance, increased operational overview and 
hyper enabled control, via a fully synchronized real-time DT. AI supports 
the improvement of accuracy and decision making, wherein a system 
can make its own decisions relative to the scenario or environment. 
Improved RAI supports an increase in automated BVLOS missions 
wherein a robot can be assigned a mission and deployed remotely to an 
operator. The combination of RAI and a SSOSA leads to advanced de
cision making for autonomous systems wherein a robot can ‘Adapt and 
Thrive’ when faced with unforeseen challenges. This provides an 
improved operational overview for a remote operator due to increased 
accessibility of deployed robot properties such as mission status, in
spection status and data collected all within a highly accessible DT 
which allows for human readable data. 

As represented in this paper, the offshore wind sector will be a 
leading energy supplier for the UK and many other countries. The sector 
faces a pivotal moment where sufficient experience has been gained 
from the development to operational phase for improvements to the 

efficiency of procedures and to shape the future improvement of the 
lifecycle of offshore assets, which include new procedures such as 
decommissioning and repowering. RAI provide, a key opportunity to 
optimize the primary lifecycle, support functions and circular economy 
of an OWF. This paper paves the route forward in the roadmap of resi
dent autonomous systems where the analysis completed in this review 
identifies that many of the RAI are in development or already exist. A 
key requirement in the future of autonomous offshore systems is how to 
create a framework from which data can be harnessed for a remote 
operator onshore. This framework must have the capability to ensure 
trusted and safe BVLOS autonomous missions alongside an increased 
operational overview of the deployed robots and offshore assets. This 
can be achieved via C3 governance to a DT where RAI can cooperate and 
collaborate through the framework and inspection data can be fed to a 
DT to corroborate the health status of vital assets and services. 

Another key barrier inhibiting the future advancement of autono
mous services includes safety and regulation of these autonomous sys
tems. Advancements are being made within robotics however, we need 
parallel advancements in a new class of certification which verifies and 
validates the operation of a robot. This will allow for the BVLOS de
ployments of robots resulting in trusted design for robotics. 

11. Conclusion 

This paper presents one of the first systematic comprehensive re
views of RAI for the offshore wind energy sector with analysis into the 
academic and industrial aspects as well as identification of key tech
nology and regulatory barriers, enablers and disruptors. This review 
identifies risk and cost as the current challenges faced within the current 
lifecycle of an OWF and presents future challenges, which restrict the 
safe role out of fleets of RAI. This review differentiates from others due 
to the detailed evaluation of regulation, investment and skills develop
ment within the offshore wind sector. RAI presents itself in a fast paced, 
dynamic position where AI assists within many aspects of data analysis, 
decision making and autonomy. 

In conducting this review, a keyword search of patents and publi
cations was performed with analysis of the work in the ORE sector being 
completed by industry and academia. The depth and analysis of this 
stage of the review highlighted several areas, identified in Table 5, 
which require development to ensure the safe deployment of RAI in the 

Table 5 
Ranked list of proposed research topics, classified in term of urgency with links to knowledge gaps and major opportunities for the ORE sector.  
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offshore environment. 
The technological priorities based on the previously addressed in

sights were discussed and include the self-certification of autonomous 
systems, DTs for human-robot interaction and asset integrity inspection. 
This highlighted significant areas requiring development in achieving a 
fully autonomous offshore environment where a remote operator can 
deploy resident robots for autonomous operations during the lifecycle of 
an OWF, whilst achieving an increased operational overview about 
mission status; failure rates onboard a robot and the results from the 
inspected asset. This represents a non-intervention challenge for robotic 
operators with the goal reduce human intervention, enable autonomous 
operation across all seasons and conditions and lowered risk for the 
offshore wind sector. 

The implementation of RAI has inherited issues due to a narrow focus 
on case specific scenarios. To refocus these efforts, a wider view must be 
implemented by industry and academia to reach a common goal of a 
SSOSA for a multi-robot fleet. This encompasses the seamless integration 
of data harnessed from sensors, robotics and infrastructure via bidirec
tional communications to an overarching DT for increased control and 
operational overview resulting in sector-wide benefits for RAS. Most 
robotic platforms and AI are already available to implement into pro
cedures in the offshore environment. AI has the potential to provide 
capability enhancements for automated decision making, ensuring 
mission resilience and regulatory safety compliance across the offshore 
wind sector. This has been recognized in industry as the technology is 
highly scalable and transferrable, resulting in an increase in the number 
of patents emerging for AI and robotic systems across all relevant fields. 
However, the disparity between the advancement of the design of ro
botic platforms versus the regulatory and legislative frameworks is 
substantial. Two examples include the designation of responsibility if an 
autonomous system creates damage to an asset or injures personnel. The 
implementation of autonomy as a service where autonomous systems 
are continuously updated and serviced under a regulated framework to 
provide sector-wide commercialization of cyber physical systems. 

In the pathway of RAI into offshore wind, a thorough evaluation has 
been completed by including a review of investment, skills development 
and regulation alongside a technology centric evaluation. RAI encom
passes a wider picture than just safety and reliability as the incorpora
tion of robotics offshore further reduces carbon emissions, improves 
productivity, reduces costs and increases observability via the orches
tration of sensors, robots and assets offshore. The circular economy for 
RAI in OWFs has been identified alongside challenges and opportunities. 
A fully symbiotic system will maximize relationship efficiency between 
humans and machines resulting in trusted BVLOS deployment and 
optimization of the ORE sector. 
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