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Abstract  
Co-locating offshore renewable energy (ORE) technologies in hybrid farms can 
improve the use of marine space and shared assets, but the operation and 
maintenance (O&M ) implications of co -location remain insufficiently quantified.  

The present study evaluates the lifetime O&M impacts of co -locating ORE 
ʌǸǪțɅɐȺɐȓȡǸɾ ʔɾȡɅȓ ȒȡʬǸ ɾǪǸɅǍɶȡɐɾ ɾɳǍɅɅȡɅȓ ʌțɶǸǸ ɾȡʌǸɾ ṵ¸ɐɶʌț ñǸǍ ǍɅǱ æɐɶʌʔȓǍȺẏɾ 
Atlantic coast), multiple capacity scales, and combinations of floating and bottom -
fixed offshore wind, wave energy conve rters, floating offshore PV, and offshore 
hydrogen integration . For each scenario, farms were modelled both as standalone 
developments and in co -ȺɐǪǍʌǸǱ ǪɐɅȒȡȓʔɶǍʌȡɐɅɾ ʔɾȡɅȓ ÃéuÃ¶ ṵğǍʬM>ẏɾ æʳʌțɐɅ-
based Installation and O&M simulation tool ), with preventive and corrective 
maintenance plans informed by literature, internal expertise, and developer 
engagement; vessel strategies were tailored to reliability, metocean conditions, 
and logistics.  

Across all  scenarios, co -location consistently improves O&M asset utilisation, 
particularly via  higher crew transfer vessel (CTV) occupancy and bundling of 
interventions, reducing annual vessel trips  and yielding lifetime O&M cost 
reductions of approximately 1.5 Ṿʃ ṣᶵụ ɶǸȺǍʌȡʬǸ ʌɐ Ǎ ẌɾȡɃɳȺʳ ǍȓȓɶǸȓǍʌǸǱẍ ɾʌǍɅǱǍȺɐɅǸ 
baseline. At large scale, results also highlight operational constraints, notably 
increased port area requirements under the large tow -to -port (TTP) campaign 
maintenance of wave energy devices.  Sensitivity analyses show that outcomes are 
dominated by O&M strategy choices: an As-Soon -As-Possible  (ASAP) approach for 
offshore wind major component exchanges increases total O&M costs by 65 Ṿ69%, 
while seasonal failure clustering (considering a conservative assumption that all 
failures occur in the winter time) shows a lower effect than anticipated  ṵỘṾɳ8%) 
under the failure  assumptions considered (frequency and consequences) .  Overall, 
vessels dominate direct O&M costs, while downtime -driven revenue losses 
represent a substantial indirect cost.   

Finally, while  total O&M costs per installed capacity  remain effectively higher for 
co -located farms  than standalone offshore wind, co -location offers a solution for  
lower TRL technologies , such as wave energy and offshore solar,  to leverage  
existing infrastructure and effectively reducing their specific operational costs . 
Results also suggest that, by  coupling more effectively and opportunistically the 
offshore O&M interventions, the total number of vessel trips per year can be 
reduced, also reducing potential safety and operational  risks.  
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1 Introduction  

1.1 Scope and objective  

Aiming to achieve the decarbonization goals set for 2050, renewable energy 
sources have been increasingly integrated in the global energy mix. Offshore 
renewable energies (ORE) present significant potential for power production, 
reduced land use, and minim al visual and noise impact. Offshore wind is the 
leading technology, boasting nearly 70 GW of installed capacity globally as of 2023  
[1]. In recent years, other less mature technologies, such as wave energy converters  
and (floating) offshore solar , have been actively tested and developed. This 
progress is aligned with the European Commission targets for 60 GW of offshore 
wind  and 1 GW of ocean energy by 2030  [2]. 

As a potential enabler of the anticipated growth in offshore renewable energ y over 
the next decades, the co -location of different renewable generation technologies 
at the same offshore site has garnered the interest of technology developers, 
project developers, and policymakers. Several studies have postulated that due to 
its compl ementarity with offshore wind, co -locating wave energy systems  and 
solar photovoltaic syste m into  hybrid farm may lead to smoother energy output  
[3], [4] . Additionally, co -location may offer significant advantages such as shared 
use of offshore transmission systems, maritime area, port infrastructure and 
vessels  [5, 6]. While S. Astariz et al. have hypothesized additional advantages related 
to Operation and Maintenance (O&M) in  [7] , [8] , there is still a lack of rigorous 
research quantifying the O&M cost -benefits of co -locating wave and offshore wind 
systems.  

O&M is a major cost -driver in offshore renewable energy projects. In offshore wind, 
O&M generally  contributes to about 20 to 30% of the Levelized Cost of Energy 
(LCOE) [9] . In wave  and  offshore solar energy projects, estimating O&M costs is 
more difficult due to the lack of long -term operational experience, leading to high 
uncertainty. Some studies suggest that  reliability, accessibility, and survivability  
may become critical challenges for wave energy systems as devices are deployed 
in particularly harsh wave climates , which suggests that O&M costs may be equally 
if not more important  [10]. The same effect is expected for floating offshore solar 
when compared to inland floating solar and certain  onshore solar systems.  

Even though O&M costs in ORE projects are expected to diminish with increased 
operational experience and economies of scale  [11], logistics will be increasingly 
challenged by greater distances to shore, harsher weather climates, deeper waters, 
and the need to manage farms with a larger number and size of components. For 
this reason, it is imperative to investigate whether co -locati on can indeed 
streamline logistics and reduce total O&M costs, and, if so, to quantify any benefits.  

The present report investigate s the lifetime  O&M requirement s and costs  
associated with  large -scale , multi -source , offshore renewable energy farms . The 
report explores t he potential benefits of co -locati ng  of wave  and floating offshore 
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win d, as well as offshore sola r and fixed -bottom offshore wind  farms , with 
particular focus on shared vessels and electrical infrastructure. The potential 
economic impacts of deploying autonomous unmanned vehicles for offshore asset 
inspection as an alternative to traditional visual inspections are studied.  

The deployment of technologies below commercial readiness levels introduces 
significant uncertainty, limiting the robustness of business cases. The analysed  
scenarios for co -located, large -scale energy farms are therefore forward -looking 
and rely on futuristic technology pathways.  To enable these pathways, we assume 
parallel progress in enabling systems,  most notably on -site Autonomous 
Unmanned Vehicles  (UAVs). These assets are expected to  enhance inspection, 
surveillance, and light -logistics capabilities,  reduc ing  both economic exposure and  
health , safety and environment  (HSE) risks during O&M across large device fleets . 
Furthermore,  provid ing  continuous, real -time monitoring and control of assets.  
These assumptions are investigated  across scenarios to reflect plausible O&M 
efficiencies and risk reductions associated with technology maturation.  

1.2 Structure of the report  

The report is structured as follows. Section 2 presents in detail the  adopted  O&M 
modelling methodology , theory and assumptions . Section 3 opens with a list of the 
case studies and is subsequently structured into subsections in which the 
assumptions underlying each scenario and the corresponding main results are 
discussed in detail . Results are shown for individual deployment and co -location 
case . Sensitivities analyses  are conducted for failure distribution, failure rate 
increase, O&M strategies , port dist ance variation, and UAV resident on -site . Section  
4 summarizes the most important outcomes of the work.  Support data and 
complementary studies carried out in parallel to the main body of the report were 
added in the Appendix.  
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2 O&M Modelling Methodology  & Assumptions  

2.1 Modelling methodology  

The present report  focuses on the O&M phase of co -located offshore renewable 
energy farms and is based on a set of representative case studies , described in 
Section 3 . For each case study, offshore renewable energy farms were modelled 
both independently and  in co -location conditions. Comparing co -located 
arrangements with single -technology deployments was  essential to quantify the 
extent to which co -location can impact  O&M performance through shared 
resources, coordinated interventions, and potential econom ies of scale.  

The O&M analysis was conducted using ORIOM  (Offshore Renewables Installation, 
Operation and Maintenance tool), ğǍʬM>ẏɾ ȡɅțɐʔɾǸ ʌȡɃǸ-domain simulation tool, 
designed to evaluate the lifetime Installation and O&M costs of ORE farms. This 
python -based software  draws heavily on the open -source DTO+ Logistics & Marine 
Operations module (LMO), developed within the DTOceanPlus EU -funded project 
[12], [13], but with improved functionalities and adaptations implemented in EU -
SCORES and separate consulting projects  to accommodate co -located offshore 
renewable energy farms that can share electrical and vessel infrastructure.  The tool 
is scheduled for being released as open -sourc e in early 2026.  

The operating principle of the ORIOM tool is described in more detail in  Appendix 
A: ORIOM tool . 

2.2 Metocean data  

The metocean climate is a critical design input for offshore renewable energy 
(ORE) farms, as it directly influences energy production (and therefore revenues) 
as well as both capital and operational expenditures . Given that offshore operations 
can only be carried out during sufficiently long windows of acceptable weather 
conditions  (i.e. weather conditions meet the operation limits and conditions Ṿ 
OLCs), the weather climate on site directly affects O&M planning and scheduling.  

=ǍɾǸǱ ɐɅ ʌțǸ ɳɶɐȲǸǪʌẏɾ ɾȡʌǸ ȺɐǪǍʌȡɐɅṞ different environmental data were extracted 
from different sources over the period of 1990 to 2020:  
¶ Metocean conditions: Hourly timeseries  of significant wave height  (HS), peak 

wave period  (TP), wind speed ( W S), and current speed  (CS) were  obtained 
from ERA5 Copernicus hindcast reanalysis data [14]; 

¶ Solar  irradia nce : PVGIS [15]. 

2.3 Technology and Farm assumptions  

An ORE farm is a marine -based power plant comprising multiple power -
generation devices , such as offshore wind turbine generators (WTGs), wave energy 
converters (WECs), offshore  floating photovoltaics ( OFPVs), and potentially hybrid 
combinations  thereof.  These devices harness the renewable energy resources 
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(wind, waves, s olar radiation)  available at a given site to generate  carbon -free 
electricity that is subsequently transported and delivered  to the  onshore  electrical 
grid.  In co -located  configurations , different technologies may share electrical 
infrastructure such as collection hubs,  offshore substation  and export  cable (s). 

The entire farm  support infrastructure includes not only the electrical cables and 
offshore substations, but also the ports, vessels, drones, subsea equipment such as 
remotely operated vehicles (ROVs) , required for inspections and maintenance 
interventions.  

The present  section is organised by technology. For each technology, the specific 
operational requirements are outlined, together with the associated inspection 
campaigns, assumed  failure rates and  modes, and corrective maintenance actions 
considered in the analysis.  

It is worth noting that, from an O&M perspective, maintenance interventions  and 
corrections  associated with the export cables to shore and offshore substation 
assets are excluded from this analysis, as these activities are assumed to fall under 
the responsibility of the (offshore) Transmission System Operator (TSO).  

2.3.1 Bottom -fixed offshore wind  
As the name suggests, Bottom -fixed offshore wind (BFOW) farms are comprised  
of offshore  wind turbines  mounted on fixed support structures fixed  to the seabed , 
deployed in shallow to intermediate water depths.   

2.3.1.1 Energy generation  
For the case studies presented in Section 3.2 (Scenario  #2) , the WTG model 
considered is the Senvion turbine rated at 6.15 MW and the detailed turbine power 
curve  is provided in Figure 2-1. Array  losses were not considered  for simplicity . 

 
Figure 2-1: Senvion 6.15 MW wind turbine power curve.  

2.3.1.2 Maintenance aspects  
A BFOW turbine is composed of multiple systems, each with distinct operational 
and maintenance requirements. Maintenance assumptions were compiled based 
on ğǍʬM>ẏɾ experience , complemented with discussions with developers and 
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O&M managers within the EU -ñ>ÃéMñẏɾ ñʌɶǍʌǸȓȡǪ !Ǳʬȡɾɐɶʳ ǩɐǍɶǱṣ For this reason, 
detailed inspection campaigns, assumed failures, and the corresponding 
corrective actions are presented in  Appendix B , Table B -1 and Table B -2, 
respectively.  

Although the operational framework is complex, the OLCs applicable to offshore 
O&M activities can be summarised for safety compliance. These thresholds are 
primarily governed by : 
¶ The maximum weather limits for vessel survivability and operability;  
¶ The stability and integrity limits of offshore structures and devices facilities.  

For BFOW, the applicable OLCs are summarised in Table 2-1, disaggregated by 
activity and asset class . The vessel types considered  to cover all operations at site 
are CTV, Heavy -Lift Jack -Up Vessel ( HLJUV ), Survey Vessel ( SV), and Cable  Laying 
Vessel (CLV).  

Table 2-1: Metocean OLC for BFOW per  vessels type and activity . 

Asset/ 
Vessel  

Activity  HS 
[m]  

W S 10m  
[m/s]  

W S hub  
[m/s]  

Visibility  
Current 

[m/s]  
CTV Transit  1.5 - - - - 

CTV Stand -by / Manoeuvre  1.5 - - day  - 

CTV Drone / ROV operation  1.5 - 10 - - 

HLJUV  Transit  / Stand -by  1.8 - - - - 

HLJUV  Jacking (90 minutes)  1.25 15 - - - 

HLJUV  Jacked  6.0 - 10 - - 

HLJUV  Lifting  6.0 - 10 day  - 

SV 
Inter -array  cable 

inspe ction  
1.5 - - - - 

CLV 
Inter -array  cable 

repair/replacement  
2.0 20  - - 1.5 

 

Table 2-1 does not account for operational durations or the resources required, 
including personnel and ancillary equipment such as  ROVs. These can  be  
consulted in Table B -1 and Table B -2. 

Considering operations that require Major Component Ex change  (MCE), 95% of 
failures that trigger such interventions do not result in immediate turbine 
shutdown and only the remaining 5% of MCEs are treated as critical failures leading 
to immediate shutdown. This assumption is explained in detail  in Section 2.4.1.2. 

2.3.2 Floating offshore wind  
Floating offshore wind (FOW)  consists of deploying  offshore wind turbines 
mounted on floating platforms that are moored to the seabed using mooring 
systems  in  deeper waters  where BFOW becomes  uneconomic.  

2.3.2.1 Energy generation  
The USA National Renewable Energy Laboratory (NREL) 15 MW turbines [16] was 
considered  for the case studies  in Scenario  #1 (Section 3.1), Scenario  #3 (Section 3.3), 
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Scenario  #4 (Section 3.4 as BOFW)  and Scenario  # 5 (Section 3.5). The NREL 15 MW 
turbines [16] was considered  for the case studies  in Scenario  #1 (Section 3.1), 
Scenario  #3 (Section 3.3), Scenario  #4 (Section 3.4 as BOFW)  and Scenario  # 5 
(Section 3.5). This turbine model has been selected for its relevance to large -scale 
commercial floating wind developments. Power curves  performance is shown in 
Figure 2-2. Array losses were not considered for simplicity.  

 
Figure 2-2: IEA Wind Turbine 15MW.  

2.3.2.2 Maintenance aspects  
From the O&M perspective, FOW is very similar to BFOW, apart from the fact that 
the mooring systems and umbilical power cables must also be inspected, repaired, 
and sometimes replaced. Reliability and maintenance assumptions were adapted 
from different sources  based on WavEC  experience . This includes preventive and 
corrective maintenance strategies, component  failure  modes, failure frequencies, 
failure impacts (namely on energy production), corrective intervention procedures 
and urgency (whether immediate i ntervention is required or if intervention can be 
deferred in time), durations and vessel marine spread. More information is available  
in  Appendix B , Table B -1 and Table B -2. 

Aligned with the previous section, FOW OLCs are shown  in  Table 2-2. The vessel 
types considered are similar to BFOW , except that  HLJUV  is replaced with a Heavy -
Lift Vessel (HLV ), and  an  Anchor -Handling Tug Supply  (AHTS) vessel is added to 
handle  anchor -related operations.  

Table 2-2: Metocean OLC for FOW per  vessels type and activity.  

Asset/ 
Vessel  Activity  HS 

[m]  
W S 10m  

[m/s]  
W S hub  

[m/s]  Visibility  
Current 

[m/s]  

CTV Transit  1.5 - - - - 

CTV Stand -by / Manoeuvre  1.5 - - day  - 

CTV Drone / ROV operation  1.5 - 10 - - 

HLV  Transit / Stand -by  1.8 - - - - 
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HLV Operating  1.8 - 10 day  - 

SV Umbilical  inspection  1.5 - - - - 

CLV 
Inter -array cable 

repair/replacement  
2.0 20  - - 1.5 

AHTS 
Mooring system 

replacement  
1.5 - - - - 

 

Similarly to BFOW, only 5% of MCE failures result in immediate shutdown and 
require corrective action. Further details are provided in Section  2.4.1.2. 

2.3.3 Wave e nergy  
Wave energy farms or arrays describe a group of  devices  that capture wave energy 
and convert it into electricity . The Cor Power Ocean ( CPO) WEC farm comprehend 
WEC devices connected into strings that are joined into a collection hub. A feeder 
cable then connects  all the collections hubs present to the offshore substation  (see 
Figure 2-3). 

 

Figure 2-3: CPO CorPack. Source  [17]. 

2.3.3.1 Energy generation  
In this report, the WEC modelled is CPOẏɾ ʔɳɾǪǍȺǸǱ ǪɐɃɃǸɶǪȡǍȺ ǱǸʬȡǪǸṞ ɶǍʌǸǱ Ǎʌ 
350 kW, which is used in Scenario  #1 (Section 3.1), Scenario  #3 (Section 3.3), Scenario  
#4 (Section 3.4) and Scenario  #5 (Section 3.5). 

2.3.3.2 Maintenance aspects  
Inputs from CPOẏɾ ÃἉ¶ ɳȺǍɅɾ ǍɅǱ expected  maintenance requirement  were 
considered, although a sensitivity analysis to critical assumptions is later carried 
out .  
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Preventive maintenance plans, failure rates  and corrective operations considered 
for wave energy farms  are detailed in  Appendix B , Table B -3 and Table B -4. Table 
2-3 below , presents  the set  of activities carried out by each vessel type together 
with the associated  OLCs. 

Table 2-3: Metocean OLC for WEC  per vessels type and activity . 

Asset/ 
Vessel  Activity  HS 

[m]  
W S 10m  

[m/s]  Visibility  
Current 

[m/s]  

CTV Transit  1.5 - - - 

CTV 
Stand -by / Manoeuvre  / 

Working on a WEC at site  
1.5 - day  - 

SV Inter -array  cable inspection  1.5 - - - 

WV  Mooring system repair / 
replacement  

1.5 - day  - 

WV  WEC towing  2.0 - - - 

WV  WEC (dis)connecting  1.5 - day  - 

 

While  wave energy operations follow the same basic offshore principles applied to 
offshore wind (i.e. inspection campaigns conducted during favourable weather 
seasons and corrective interventions triggered by failures and predefined response 
strategies), the in spection strategy for WECs reflects the CPOẏɾ ǍɾɾʔɃɳʌȡɐɅɾ and 
maintenance philosophy . Specifically, CPO considers  an annual port -based 
inspection campaign is conducted for one fifth of the WEC devices . Under this 
approach, each device undergoes a full  inspection once every five years.  

It is assumed that  all  major repairs and component replacements are to be 
conducted during the five -year port -based inspection. This campaign comprises 
disconnecting the wave energy device from its mooring rod, wet -towing it to port 
using a tug vessel , lifting it onto the quay, undertaking detailed inspections and 
heavy maintenance in  the operations and maintenance hall , and once the work is 
completed, relaunching the device, towing it back to site, and reconnecting it.  
Once maintenance on a given device is completed, the port -based campaign 
proceeds to the next unit. In practice, the tug vessel can shuttle between site and 
port to retrieve additional devices while another device is undergoing inspection 
and heavy mainte nance at port , enabling overlapping towing and maintenance 
activities within the same campaign.  

A consequence of this  assumption is that  major failure events  (i.e., unplanned faults 
that would otherwise trigger immediate and prolonged shutdown until an on -site 
corrective intervention is scheduled ) are not explicitly modelled for WEC farms . 
This simplification can be understood as the  predictive and preventive 
maintenance programme s being sufficiently robust to identify incipient major 
failures in advance and address them proactively during planned port -based 
maintenance campaigns, rather than allowing  them to materialise unexpectedly 
in operation.  Minor failure that do not cause unscheduled downtime and that can 
be repaired on site have been considered . 
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This strategy presents challenges both for port infrastructure, which must 
accommodate a large number of WECs simultaneously, and for vessel scheduling 
and management. To optimise port -based inspection campaigns, towing 
operations are coordinated such that  devices are transported from port to site 
followed by the tow -to -port of another device on the way back of the working 
vessel, thereby improving vessel utilisation and reducing port congestion.  

It must be noted that t he maintenance assumptions  described above  are  based 
on  a maintenance assessment developed by CorPower Ocean in 2022, which was 
since then slightly updated to reflect their most up -to -date knowledge and 
deployment experience. The key difference is that at the present time, in addition 
to the planned tow -to -por t campaigns scheduled every 5 years  and the minor 
failures that can be addressed on -site , CorPower Ocean also considers randomly 
occurring component failures that require unplann ed tow -to -port maintenance, 
with a failure rate of 0.5 failures per year per device  (on average, one tow -to -port 
corrective intervention scheduled every two years) . These failure events and 
corrective interventions were not modelled in the present analysis , and while  they 
are expected to impact total O&M costs and farm downtime losses, they are 
expected to have a limited impact  on the co -location assessment.  

Details about staff and equipment requirements for wave energy are specified in 
0, Table B -3 and Table B -4. 

2.3.4 Floating Offshore solar  
Floating offshore solar farms consist of photovoltaic (PV) modules mounted on 
floating platforms deployed at sea. While the core PV technology is broadly 
comparable to onshore systems, offshore deployment introduces distinct 
operational and maintenance req uirements. The solar electrical layout considered 
in this study is composed by  string inverters  (see 0 for inverter pre -analysis 
comparison) ; each connected to 17 strings composed of 26 modules. Every two 
inverters are connected to a transformer rated at 0.6 MVA . Switch gears  and circuit 
br eakers were considered for the transformer connections. Modular islands of 50 
MW each were considered . 

2.3.4.1 Energy generation  
In respect to th e offshore floating solar farm , Monocrystalline PV panels were  
considered . Table 2-4 presents the assumed technical power specifications for 
OFPV in this study.  

PV panels are assumed to be installed with a tilt angle of 0º , whilst t otal system 
losses are assumed as 14% (default value adopted in PVGIS). Given that  PVGIS does 
not provide solar resource data for offshore locations, the energy yield assessment 
is based on data extracted from the nearest onshore reference point, selected as 
the closest to each offshore farm.  Table 2-4 summarizes the electrical devices  
considered for the case studies  regarding  OFPV systems.  
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Table 2-4: OFPV technology considered . 

Component  Power  Description  

Monocrystalline solar module [18] 0.67 kW  
Incident angle : 0º  

Panel degradation : 0.5%/year  

Inverter  330 kVA  String Inverter  

Power Transformer  600 kVA  Output 66 kV  

 

Some studies suggest that enhanced convective cooling in offshore floating PV 
farms can increase PV module efficiency (up to 12 -20%) relative to onshore systems 
exposed to similar solar resource conditions [19]. However, the offshore 
environment can also reduce overall energy yield due to platform motion, changes 
in optical conditions, and accelerated degradation [20] . This is particularly 
important in scenarios where the design assumption is that no preventive 
maintenance is planned throughout the project lifetime. Additionally, external 
factors, such as bird soiling, can have a higher impact on performance degradatio n 
than in onshore PV systems, potentially offsetting some of the efficiency gains. For 
these reasons and for consistency, no adjustments to solar PV energy efficiency 
were applied in the assessment.  

2.3.4.2 Maintenance aspects  
The assumed inspection campaigns, failure modes, and corresponding corrective 
actions are summarised in  Appendix B . Table 2-5 presents the list  of OFPV  O&M 
activities , including associated vessels and weather limits. These limits were 
obtained based on experience.  

Table 2-5: Metocean OLC for OFPV per vessels type and activity . 

Asset/ 
Vessel  

Activity  HS 
[m]  

W S 10m  
[m/s]  

Visibility  
Current 

[m/s]  
CTV Transit  1.5 - - - 

CTV Stand -by / Manoeuvre  1.5 - day  - 

CTV Drone / ROV operation  1.5 10 day  - 

CTV 
Working on  OFPV floater s 

at site  0.8  - day  - 

CTV Mooring system ins pection  1.5 - day  - 

SV Inter -array  cable  inspection  1.5 - - - 

WV  
Major  component  

replacement  0.8  - - - 

WV  Mooring replacement  1.5 - - - 

AHTS 
Mooring system 

replacement  
1.5 - day  - 

CLV 
Inter -array cable 

repair/replacement  
2.0 20  - 1.5 

 

In discussions with Oceans of Energy, two key assumptions were challenged : (i) the 
electrical architecture considered  and (ii)  the adopted O&M philosophy.  
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In respect to the  electrical architecture , previous EU -SCORES reports have 
considered the use of central inverters in offshore solar farms. Oceans of Energy 
claim ed  that using string inverters would be a preferred solution over central 
inverter architectures in an offshore context. ğǍʬM>ẏɾ ǍɾɾǸɾɾɃǸɅʌ ǪɐɅȒȡɶɃǸǱ ʌțǍʌ 
string inverter configurations  outperform central inverter architectures  
(challenging previously  proposed layouts by Uppsala University in Task T4.3). This 
is primarily because the failure of a s ingle string inverter affects only a limited 
portion of the array, whereas a central inverter failure can curtail a much larger 
share of installed capacity. More importantly , string inverters also offer practical 
offshore advantages: their lower size and weight simplify handling and 
replacement, enabling the use of smaller vessels with shorter mobilisation times 
and lower intervention costs. By contrast, major replacements of  central inverters 
are generally considered unfeasible  offshore unless the se units are located at the 
periphery of O FPV islands in positions accessible to vessel cranes.  

Secondly, in respect to the O&M philosophy, Oceans of Energy claimed that their  
preferred  O&M philosophy prioritises minimising offshore interventions , effectively 
adopting a run -to -failure approach for non -critical components , in order to reduce 
OPEX. As this strategy differs materially from offshore wind O&M best practice, 
WavEC carried out an O&M strategy assessment for O FPV farms under both central 
and string inverter architectures (see Appendix E).  The results suggest  that the 
most cost -effective appro ach is to repair all major component failures (e.g., 
inverters, transformers , moorings ) during the good accessibility  months (deferred 
maintenance) , while not intervening on minor failures (e.g., individual PV module 
faults), even though such minor faults may progressively accumulate over the 
project lifetime.  Only array cable corrections are considered with an  immediate 
reaction strategy.  

2.4  Operational assumption s 

2.4.1 Operation s 
As described in detail in Appendix A , ORIOM tool classifies maintenance 
interventions for ORE farms into two main categories: inspection campaigns, 
representing planned maintenance activities, and corrective interventions, 
representing unplanned maintenance.  

The scheduling of planned inspection campaigns is based on a monthly statistical 
assessment of workable shifts characterised by favourable metocean conditions. 
This assessment explicitly accounts for the applicable OLCs of each activity and the 
correspondi ng net duration of work at site. The same analysis is used to identify 
the most suitable months for conducting  deferred corrective maintenance 
campaigns, with the objective of maximising the number of workable shifts 
available over the campaign period. For  offshore operations, workable shifts are 
defined assuming up to 10 consecutive hours of daylight, while the maximum 
allowable working time for technicians is set to 12 hours per shift , allowing the 
transit between port and site to be around 1 hour.  
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Based on the monthly statistics of workable shifts  (Figure 2-4), the number of 
devices to be serviced, and the duration of the planned activities, ORIOM estimates 
the frequency of vessel transits between port and site required for crew changes, 
refuelling, and logistical support. These transit requirements are explici tly 
accounted for in the campaign duration and vessel utilisation modelling.  

 
Figure 2-4: Example of workable shift statistical analysis.  

For remote sites, where long transit distances significantly constrain effective 
offshore working time, the deployment of Service Operation Vessel (SOV) is 
assumed for inspection and deferred corrective campaigns. This modelling choice 
is informed by comparative assessments of transit -dominated versus on -site -
based logistics. The SOV is assumed to remain on site for continuous periods of up 
to two weeks before returning to port for refuelling and crew rotation.  

2.4.1.1 Inspection campaigns  
Inspection campaigns are scheduled at predefined intervals (e.g. annually, every 
five years, or multiple times per year, depending on the asset and component  
requirements ). These can be carried out at site or at port (after towing the device 
to port).  

On -site i nspection s comprise  all the planned maintenance operations that are 
conducted Ǎʌ ʌțǸ ȒǍɶɃẏɾ ǱǸɳȺɐʳɃǸɅʌ ȺɐǪǍʌȡɐɅ. The total number of work ing days 
needed is calculated considering the transit durations , the total work  length , the 
number of technicians , the number of vessels and whether multiple inspections 
can be carried out in parallel.  Where safety procedures permit, the model also 
allows for technician drop -off across different devices so that work can continue 
without the continuous presence of the vessel. Multiple vessels may be reserved 
concurrently for these activities. Each inspection campaign formally starts on its 
scheduled (planned) date; however, execution is contingent on weather suitability, 
with unsuitable conditions resulting in weath er delays. When weather conditions 
prevent any offshore activity, vessels remain docked in port.  

For some technologies  (namely wave energy in this study ), inspections at port are 
considered. As with on -site maintenance, multiple vessels may be mobilised for 
towing operations to reduce overall campaign duration. However, port 
infrastructure and operational constraints ( machine  hall and port area storage ) can 
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limit the number of devices that can be serviced in parallel. Once maintenance at 
port is completed, the device is wet -towed back to site for redeployment, and  Ṿ if 
further devices remain to be inspected  Ṿ another unit is disconnected and towed 
to port.  An inspection  campaign is only deemed  concluded once every single 
device scheduled for intervention has been serviced . 

2.4.1.2 Failures and corrective  maintenance  
In addition to planned maintenance, ORE farms are subject to random component 
failure events. Component failures are  modelled as a stochastic process governed 
by lifetime probability distributions and associated hazard (failure) rates. 
Depending on the dominant failure mechanisms, the hazard rate may increase 
with age (wear -ɐʔʌṶṞ ǩǸ ǸȺǸʬǍʌǸǱ ǸǍɶȺʳ ȡɅ ȺȡȒǸ ṵẌȡɅȒǍɅʌ ɃɐɶʌǍȺȡʌʳẍṞ ɐȒʌǸɅ ȺȡɅȶǸǱ ʌɐ 
manufacturing defects or installation errors), or remain approximately constant 
over the component lifetime.  

However, most publicly available offshore renewable energy reliability data are 
reported as a single annualised a verage (e.g., failures per component -year). While 
such metrics are useful as first -order indicators, they mask the temporal structure 
of failures . For example, observing 10 failure events over a 10 -year analysis window 
yields the same average rate of 1 failure per year whether failures are front -loaded 
in the first year, evenly distributed year -on -year, or concentrated in the final year  - 
and it similarly obscures whether failures are spread across many components or 
represent repeated failures of the same component. These scenarios imply very 
different underlying reliability behaviour and have materially different implications 
for O&M planning an d downtime risk.  

Finally, in most cases, failure rate figures reflect observed maintenance or 
intervention frequencies  rather than true underlying component failure rates, 
introducing an additional layer of uncertainty: maintenance actions and failures 
are correlated, but they are not equivalent, and the mapping between them 
ǱǸɳǸɅǱɾ ɐɅ ʌțǸ ɐɳǸɶǍʌɐɶẏɾ ɃǍȡɅʌǸɅǍɅǪǸ ɳțȡȺɐɾɐɳțy, detectability of degradation, 
and reporting practices . 

In the absence  of concrete information on failure distribution, a constant failure 
rate ( described by the  exponential distribution) was considered . However , a 
sensitivity analysis to different failure rate distributions was carried out , as 
explained in Section 2.6. Component f ailure s were distributed along the timeseries, 
determined as a function of the failure rate  and the installed number of 
components.  

Some c omponent failures may cause immediate device shutdown until repairs are 
schedule d, whereas  others may only require device shutdown during the 
maintenance intervention  itself. Depending on the adopted maintenance 
strategy, f ailure events  may trigger  corrective maintenance actions, which may be 
deemed as urgent ( to be performed As Soon As Possible  Ṿ ASAP) or  as defer able 
interventions, which can be scheduled for later periods with more favourable 
operational conditions and/or aligned with an already sch eduled preventive 
maintenance campaign . For these deferred corrective interventions, the same 
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metocean -based statistical analysis is applied to identify cost -efficient execution 
windows.  

Two  types of corrective operations have been defined : 

¶ Minor  corrective maintenance operations  are short -duration interventions 
that do not require specialist vessels. They are sufficiently simple to be 
modelled as a single activity (i.e., without being decomposed into multiple 
sub -activities with distinct durations and weather limits). Each minor 
operation is therefore represented as one task that includes personnel 
transit from port to site and requires only a single workable shift for 
execution.  

¶ Major  corrective maintenance operations  are complex interventions that 
require a defined sequence of steps for completion. They are modelled as a 
set of individual activities that may take place in port, on site, or in transit. 
Each activity specifies its purpose and associated operational requi rements, 
including whether the device must be disconnected during execution and 
whether OLCs are required. Maximum allowable waiting times between 
consecutive activities are also considered to account for weather -rel ated 
delays.  

While reliability and maintainability challenges persist in both fixed -bottom and 
floating offshore wind, discussions with a few  operators  and ORE Catapult  indicate 
that truly unexpected failures leading to immediate turbine shutdown  Ṿ until 
corrective action is completed  Ṿ are becoming less frequent . One example is the 
case of offshore wind turbine blade replacements, where supporting evidence 
from the SPARTA database [21] shows that almost all blade replacements in  are 
carried out in the context of planned multi -blade replacement  campaigns . 

In order to reflect  th is trend, it is assumed that the vast majority of major 
component  failures  (95%) in offshore wind farms are assumed to be non -critical, 
deferable, and to not generate immediate shutdown.   

2.4.2 Merging operations  
Over the lifetime of the farm various vessels type are required to carry out 
corrective interventions. An algorithm is applied to identify the periods where 
multiple corrective maintenance demand identical vessels and under compatible 
OLCs. Where these ope rations occur simultaneously, they are merged into a single 
optimised operation, reducing the use of resources.  

This approach is particularly relevant for operations carry out by CTVs, commonly 
used to transport the personnel to the offshore site. If personnel drop -off is feasible, 
the same CTV can serve multiple devices within a working shift, as is considered in 
the preventive maintenance schedule. Moreover, the algorithm evaluates 
whenever the work shift duration analysed is sufficient to allow consecutive 
corrections without compromising operational completion. This process reduces 
the number of the resources dep loyed, minimizing the cost and improving the 
realism of the simulation.  
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This  technique is further explained in Appendix A , Section A.3.4.2. 

2.4.3 Vessels and equipment  
In terms of vessels , all case studies assume CTVs with a capacity of 12 technicians. 
Depending on task requirements, the technicians can be divided into subgroups 
and sequentially deployed to different devices. This multi -drop capability enables 
bundling of interventions and higher task consolidation per vessel shift, materially 
influencing the operational cost.  

 
Figure 2-5: CTV approaching the WindFloat Atlantic  FOW  turbine ( FOWT ). 

For sites located further offshore , characterised by longer port -to -site  transit 
distances , the deployment of an  SOV stationed on  site  is assumed. This 
configuration reduces transit time  constraints (and cost), while  increas ing  the 
number of workable shifts.  

For all vessel types, an average travel time between devices of 20 min was  
assumed, accounting for both transit and vessel positioning.   

2.5 Cost assumptions  

To quantify total OPEX over the project lifetime, the analysis accounted for 
additional operational cost items beyond O&M, including insurance premiums, 
port dues, annual personnel costs . To quantify revenue losses, reference electricity 
tariffs were considered  (see Table 2-6). Operational control centre  and  training 
costs , generally a significantly smaller fraction of total annual OPEX, were not 
estimated  in this study.  

Table 2-6: Electricity selling price and fixed costs per technologies . 

Technology   
Price  

ṳặṩ¶ğțṴ  
Insurance cost  
ṳặṩ¶ğ]  

Port cost  
ṳặṩ¶ğṴ  

OFPV 120 
0.5% CAPEX [22] 

[23]  
875 .00  

BFOW  185 13 731.00  [24]  1 593.77 [24]  
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FOW  200  17 163.75 [25]  1 225.98 [25]  

WEC  200  14 766 .00  

 
fɐɶ ʌțǸ ÃfæĞṞ =fÃğṞ ǍɅǱ fÃğ ȒǍɶɃɾṞ ǍɅ ǍʬǸɶǍȓǸ ǱǍȡȺʳ Ǫɐɾʌ ɐȒ ặᶱᶳᶮ1 per offshore 
technician was assumed. For the wave energy farms, following CPOẏɾ inputs, 
technician costs were not modelled separately, as they were already included 
within the annual cost figures provided.  

2.6  Sensitivity analysis  

O&M assessments are highly sensitive to input assumptions. Sensitivity analyses 
were therefore performed to quantify how variations in key input parameters affect 
total O&M costs and energy production, and to test the robustness of the results. 
Variations in the following input data were investigated in this study . 

2.6.1 Sensitivity to  failure  assumptions  
One of the most influential inputs in O&M modelling are  failure assumption s. In this 
study, sensitivity analyses were performed on both the overall failure rates but also 
the seasonal  and project lifetime  distribution of failures . 

O&M reliability data for offshore technologies remain limited, and some of the 
technologies considered are still at low maturity, meaning component lifetimes 
and failure rates are uncertain. To reflect this uncertainty, an additional case was 
analysed in w hich failure rates were increased by a factor of 1.5.  

Secondly, there is an intuitive and well demonstrated correlation between more 
energetic sea states and harsher weather conditions with an increased number of 
component failure events in offshore systems [26, 27, 28] . Yet, this causality effect 
is difficult to quantify precisely. Unfortunately, months with harsher weathers and 
increased failure likelihoods are also the ones with the lowest weather windows, 
for obvious reasons.  

Running multiple simulations with different seasonal distributions of failures (e.g. 
increased likelihoods of failure events during winter times compared to other 
seasons, while keeping the same failure rate) is useful to test how metocean 
conditions affect corrective maintenance  intervention planning, durations, costs 
and downtime losses. This can be a plausible stress -case for wind and wave 
technologies, which generally experience higher loading and harsher conditions in 
winter. Conversely, shifting failu res towards summer is expected to reduce delays 
and costs due to more frequent workable windows. In practice, however, robust 
season -resolved failure statistics are rarely available, which limits the ability to 

 
 

1 According to  [60]  the average remuneration per employee  ȡɅ ᶰᶮᶰᶱ ʭǍɾ ặ71,500 per year . 
For simplicity  and to consider potential inflati onṞ ʌțȡɾ ȡɾ ɶɐʔɅǱǸǱ ʔɳ ʌɐ ặᶶᶮṞᶮᶮᶮ ǍɅɅʔǍȺȺʳṣ 
Assuming a  worker is active for  230 days  per year,  this corresponds to an estimated cost of 
Ǎǩɐʔʌ ặ348  per day per employee . 
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define a defensible seasonal failure profile.  The different failure distributions 
considered are plotted in Figure 2-6. 

 
Figure 2-6: Failure event distribution for different seasons.  

2.6.2 Sensitivity to  port distance  
When assessing offshore operations, port infrastructure is a key consideration. 
Access to a suitably equipped port close to the project site can reduce both upfront 
investment (e.g., upgrades, logistics set -up) and lifetime maintenance costs.  

In this study, the distance between the O&M base port and the ORE farms was 
varied to quantify its impact on energy production and maintenance costs. Beyond 
increasing fuel consumption, greater transit distance reduces the effective 
working time available offshore within a shift. This constraint is particularly relevant 
for vessels that cannot remain offshore overnight, as it limits the number of days 
on which interventions can be completed and can increase weather -related delays 
and downtime over the proje ct lifetime.  

2.6.3 Sensitivity analysis to  the implementation of fully -resident UAV s on -
site  

Several studies have already demonstrated the potential of using remotely 
operated or autonomous platforms for O&M, including ROV -based wind -turbine 
blade inspection and drone -based PV module inspection for solar farms [29]  [30]  
[31]. Recent developments in sensing, autonomy, and offshore infrastructure are 
expected to enable the deployment of fully -resident drones at sea , which will 
enable improved monitoring, remote inspection capabilities, and lower costs and 
HSE risks . 

To explore the potential impact of these innovations  in the long -term future , a 
sensitivity case was evaluated in which UAVs (and underwater drones, where 
relevant) are resident on site. In this scenario, resident platforms replace selected 
visual preventive inspections planned over the farm lifetime: aerial drones enable 
autonomo us wind -turbine blade inspections and thermal/visual inspections of 
offshore floating PV modules, while underwater drones support visual monitoring 
of mooring lines and umbilical c ables without requiring offshore mobilisation of 
personnel.  
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In this scenario , the corresponding inspection activities are removed from the 
maintenance plan and substituted by drone -based inspections. In addition, 
quarterly preventive checks are scheduled for the drones themselves to maintain 
operability and functionality. The asso ciated assumptions and additional costs for 
drone equipment, maintenance, and technician support  were obtained in 
discussion with INESC -TEC and  are provided in Appendix A.5 (Drone, ROV and UAV 
data).   

2.6.4 Sensitivity analysis on immediate MCE correction  
As previously mentioned, i n bottom -fixed and floating offshore wind systems , most  
critical faults develop through detectable degradation and, with continued 
advances in monitoring systems and diagnostic technologies, failures can 
increasingly be anticipated with greater confidence. On this basis, and as described 
in Section 2.4.1.2, annual deferred campaigns are adopted as the baseline approach 
for major component failures that require major component replacement.  

However, b ecause these interventions typically require mobilisation of high -cost 
vessels (e.g., a Heavy -Lift Vessel, HLV, or Heavy -Lift Jack -Up Vessel, HLJUV), a 
sensitivity case was also evaluated in which all MCEs are addressed using an 
immediate  corrective strategy (ASAP) rather than being deferred into annual 
campaigns , to quantify the impacts on losses and costs.  

Under an ASAP corrective strategy, any failure that triggers an  MCE, generate  a 
repair /replacement  operation at the earliest feasible time step. The actual start of 
the operation is constrained by three  factors: (i) the availability of suitable weather 
conditions ; (ii) the mobilisation time of the chartered  vessel(s)  and ; (iii)  the lead time 
for any replacement components. Only when  these constraints are satisfied the 
MCE can be executed.  

In practice, failures occurring during winter months typically result in significant  
longer total intervention durations. Vessel  waiting at port , either  for favourable 
weather and /or  component lead times, significantly increase overall costs 
compared to equivalent interventions planned in advance during summer 
months, when weather accessibility is higher and logistical delays are more 
predictable . 
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3 Co-location c ase studies  
Five  co -location scenarios were included, ensuring  alignment with remaining  work 
packages  of the EU -SCORES project and considering different combinations of 
bottom -fixed offshore wind, floating wind, wave energy,  and  offshore solar, as well 
as two different  time horizons  (near future and large -scale up  scenario ): 
¶ Scenario #1: Co-location  of wave energy with floating wind project  in the 

Atlantic, in Viana do Castelo  (VDC), Portugal  (near -future) . 
¶ Scenario #2: Co -location of offshore floating solar with éğMẏɾ bottom -fixed 

offshore wind  farm in the North Sea (near -future) . 
¶ Scenario #3: Co -location of a large wave energy farm with floating wind 

project in the Atlantic, in Viana do Castelo, Portugal (large scale -up scenario ). 
¶ Scenario #4: Co -location of both wave energy and offshore floating solar 

with a BFOW  farm in the Ten Noorden van de Waddeneilanden  (TNW ) site 
in the North Sea (large scale -up scenario ). 

¶ Scenario #5: Co -location of offshore hydrogen with floating wind and wave 
energy co -located project in Viana do Castelo, building on Scenario #1.  

The scenarios are further described in Table 3-1. 

Table 3-1: Cases study analysed . 

 Co-located scenarios  

 #1 #2  #3  #4  #5  

Reasoning  
FOW -WEC  
Near -future  

BFOW -
OFPV  

(validation 
with RWE)  

FOW -WAVE 
Scale -up 
scenario  

BFOW -OFPV-
WEC  

Scale -up 
featuring  3-

techs  

FOW -WEC -H2 

Primary  
farm  

Floating 
wind  

Bottom -fixed 
wind  

Floating 
wind  

Bottom -fixed 
wind  

Floating wind + 
W ave  

Co-located 
tech . 

Wave  
Offshore 

solar  
Wave  

Offshore solar + 
Wave  

H2 

Turbine  
size  

15 MW 6.15MW 15 MW 15 MW 
15 MW FOW  

+ 350  kW WEC  

Wind farm 
size  (units)  

300 MW  
(20 units)  

295 MW  
(48 units)  

1 095 MW  
(73 units)  

600 MW  
(40units)  

FOW: 300 MW  
(20 units)  

 

WEC: 26 MW  
(75 units)  

Co-located 
farm size  

26 MW  
(75 units)  

298 MW  262 MW  

OFPV : 895 MW  
(150 MW arrays)  

 

WEC: 175 MW  
(500 units)  

167 MW  
(5MW 

Electrolysers)  

Where  
Atlantic coast 

(Viana do 
Castelo)  

North Sea : 
RWE  site  

Atlantic coast 
(Viana do 
Castelo)  

North Sea : TNW  
site  

Atlantic coast 
(Viana do 
Castelo)  
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3.1 Scenario  # 1: 300 MW FOW  + 26.25 MW WEC  in VdC  

3.1.1 Scenario definition  
This scenario  assesses a near -future co -location of wave energy with a floating 
offshore wind project on the Atlantic coast of  Viana do Castelo (Portugal , 
approx imate coordinates:  ᶲᶯṣᶴᶶἏ¸Ṟ ỎᶷṣᶮᶲἏMṶṣ ÿțǸ ǪǍɾǸ ɾʌʔǱʳ ǪɐɃǩȡɅǸɾ Ǎ ᶱᶮᶮ ¶ğ 
floating wind with a 26.25 MW wave farm. With a  relatively short transit distance, 
the Port of Viana do Castelo is used as the O&M base port ( approximately  25 km 
from site).  

Table 3-2: Scenario  #1 ẙ Farm sizing . 

Description  Farm Size  #Devices  

FOW farm  300  MW  20  

WEC farm  26.25 MW  75 

 
Figure 3-1: Viana do Castelo offshore wind site  (Source: WavEC).  

In respect to the electrical layout, it is considered that  the 15 MW WTGs are 
arranged in  four  strings of 5 turbines each,  and each string is  connected to an 
offshore substation.  Similarly,  WECs are arranged in six strings of 12 to 13 devices  
each and those strings are connected  to a n electrical  collection hub . This last is 
then c onnected with a 66 kV feeder cable to the offshore substation . A simplified 
representation of this layout is shown  in Figure 3-2. 
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Figure 3-2: Co-located floating wind and  wave energy farm simple layout in Scenario  #1. 

3.1.2 Main tenance  assessment  
3.1.2.1 Preventive maintenance and inspection  campaigns  
Inspections and preventive operations were scheduled following the requirement 
specified in Appendix B . Firstly, the analysis started by analysing the expected 
monthly number of workable 10 -hour periods  under the OLCs relevant to 
preventive maintenance interventions, reporting P50, P10, and P90 values to 
capture inter -annual variability  and weather risk. These (intermediate) results were 
then used to inform assumptions on preventive maintenance strategy ( e.g., timing 
of campaign start and end),  and insight were retrieved  for long -term vessel 
contracting , based on expected weather window availability and workload . 

Figure 3-3 shows  the expected number of workable days for the specified 
preventive maintenance interventions in  the FOW and WEC farms , considering 
two operation types with different OLCs  at the Viana do Castelo offshore site . The 
results indicate  that workable -day availability is substantially  higher in the summer 
months, when  inter -annual variability is also lower.  Introducing an additional 
operational constraint of a 10 m/s maximum wind speed at hub height  (on top of 
the 1.5 m H S wave limit ) reduces  the number of workable days per month, but not 
significantly.  
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Figure 3-3: Scenario  #1 Statistically available workable days  for 10-hour shifts considering different 

OLCs for FOW and WEC farms in Viana do Castelo  site . 

Based on the operational assumptions for the FOW and WEC farms defined in 
Sections 2.3.2 and 2.3.3, respectively, together with the workable shift availability 
shown in Figure 3-3, Table 3-3 summarises the number of 10 -hour shifts required 
to meet the preventive maintenance obligations for each technology.  

The required number of working shifts accounts for port -to -site transits, net on -
device work durations, inter -device transits, and , where safety permits , 
maintenance parallelisation (e.g., dropping off technicians at multiple devices so 
work can proceed without the vessel remaining on station).   

Results show  how the number  of 10-hour workable shifts compare between the 
wave and floating wind farms. The FOW farm requires a total of 31 preventive 
maintenance shifts, while 93 workable shifts are expected annually. This balance 
suggests that a single CTV operating on a long -term charter would be sufficient to 
complete the full inspection campaign for the FOW  farm within the available 
weather windows.  

By contrast, the WEC farm requires 214 preventive maintenance shifts, while only 
93 workable shifts  Ṿ less than half Ṿ are available on an annual basis. This mismatch 
demonstrates that a single vessel would be insufficient to meet the preventive 
maintenance requirements. Consequently, the analysis  indicates that at least two 
long -term CTVs would be required to complete the WEC preventive maintenance 
workload within the available operational windows . 

The analysis adopts the shift strategy described in  Section 2.4.1.1: a single 12 -hour 
working shift per day . 

Table 3-3: Number of shifts  of work for preventive maintenance  in Scenario  #1. 

Description  
Preventive 

shifts  required  
P50 Yearly 

w orkable shifts  

WEC farm  HS=1.5 214 
93 

FOW farm  
HS=1.5 26 

HS=1.5 
W SHUB =10 

5 86  
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Because  the WECẏs major maintenance interventions  rel y on a TTP maintenance 
philosophy , a dedicated statistical assessment was performed to dimension port -
based maintenance operations. This assessment explored the sensitivity of the 
total maintenance campaign duration to (i) the maximum number of WEC devices 
that can be  simultaneously accommodated at port and (ii) the shift strategy 
adopted for port -based works  (one 12-hours shift per day vs. two 12-hour  shifts per 
day) . 

 
Figure 3-4: Scenario  #1 WEC Maintenance at port duration analysis ẙ parameter selection.  

Figure 3-4 illustrates the strong influence of port capacity , shift strategy , transit 
durations, and weather delays  on overall campaign duration. For the present case, 
one working vessel only has been utilized to conduct the towing operations. The 
total campaign duration, as well as inter -annual variability is expressed as quantile 
plots . Neglect ing  potential weather delays , the  theoretical  minimum  time  port 
time for a given tow -to -port maintenance campaign  Ὕ ȟ Ȣ  , depicted as the 
dashed line, can be calculated  as: 

Ὕ ȟ Ȣ

ρ

ρς
ẗ
Ὠ ȟ  ẗὔ

ὲ Ⱦ ẗὲ  
ȟ 

where Ὠ ȟ   is the net port work duration per device (hours) , ὔ  is the 
total number of devices serviced during th e campaign,  ὲ Ⱦ  is the number of 
12-hour work shifts in a day (1 or 2), and ὲ   is the number of devices that 
can be serviced simultaneously at port.  

Results show that f or a 75 -WEC farm at Viana do Castelo,  given the local metocean 
conditions and associated weather delays, the farm Ṿport distance, and the 
assumed annual volume of TTP operation s, increasing from one to two shifts per 
day brings very significant reductions in total campaign duration , particularly for 
smaller numbers of parallel device  maintained . While better port capabilities will 
always prove to be beneficial, results show that suitable machine hall should allow 
for  a minimum of two device s being serviced simultaneously  so that the annual 
campaign can be adequately  carried out within a calendar year.  Ensuring two 12 -
hours shifts (i.e. taking advantage of working during night) seems to be the most  
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effective option to significantly cut down weather delays, revenue losses, and 
mitigate reduced port capabilities.  

In addition, the assessment evaluated the sensitivity of the port -based 
maintenance duration to the campaign start month, as shown in  Figure 3-5. 

 
Figure 3-5: Scenario  #1 WEC Maintenance at port duration analysis ẙ month selection.  

Selecting the most suited period to start the maintenance campaign at port will 
not only reduce the wait -on -weather but will also reduce the variability of 
campaign durations  (hence costs and risk) . Results show  that the tow -to -port 
maintenance campaign should be scheduled for the  summer season . Based on 
the analysis, campaign start was scheduled for the month of June.  Finally,  Table 
3-4 provides an estimate of the port area requirements associated with different 
numbers of WEC devices stored concurrently at port, offering additional guidance 
for port infrastructure planning.  

Table 3-4: Port hub requirement per n umber  of WEC device stored at port.  

# WEC s at port  2 3 4  5 
Required port area  

[m 2]  
5 667  8 500  11 333 14 167 

 

Based on  th e results of this assessment , Scenario  #1 assumes  that two  WECs can 
be accommodated at the port simultaneously , that the port maintenance 
campaign starts each  year in June, and that port -based operations are conducted 
on a continuous 24/7 basis . 

3.1.2.2 Corrective interventions  
CPO assumes that all major failure s can be identified in advance and addressed 
during scheduled inspection campaigns at port. As a result, only minor corrective 
interventions are explicitly modelled for WEC technologies . 

Minor corrective interventions are defined as short -duration operations that can be 
completed within a single working shift (assumed here to be 6 hours of effective 
work  at site ). Because they can fit within a typical working shift  all minor 



 

 

 
ÿțȡɾ ɳɶɐȲǸǪʌ țǍɾ ɶǸǪǸȡʬǸǱ ȒʔɅǱȡɅȓ ȒɶɐɃ ʌțǸ MʔɶɐɳǸǍɅɾ ĆɅȡɐɅẏɾ oɐɶȡʽɐɅ ᶰᶮᶰᶮ ɶǸɾǸǍɶǪț  
& innovation programme under grant agreement number 101036457.  

25 

corrections  are always scheduled for the next available working shift in the 
timeseries . 

Major corrective intervention s, as explained in Section 2.4.1.2, are complex 
operations that consist of multiple activi ties and are not required  to be completed 
within  a single working shift.  When planning  a deferred corrective  maintenance 
campaign, it is therefore essential  to characterise the site -specific  workability of 
these operations  throughout the year. For offshore wind, Figure 3-6 illustrates  the 
monthly distribution of available workable  shifts for a 10-hour  operation performed 
using a n HLV. 

 
Figure 3-6: Scenario  #1 Statistically available workable days for 10 -hour shifts for HLV operations in 

Viana do Castelo site.  

It is evident  that July is the month with the highest probability of workable days  for  
the OLC considered  in major operations . To reduce weather delays and maximise 
the u tilization  of the available  vessel , an HLV is reserved from the beginning of July 
to conduct all the deferred MCE operations required . 

3.1.3 O&M  modelling  results  
The O&M modelling results are presented for two main areas:  (i) Operational 
performance, with a focus on vessel  utilisation, and  (ii) Economic performance.  For 
both areas, results are compared between Ẍsimple aggregation ẍ of the two 
technologies and co -location.  

ẌSimple aggregation ẍ assumes that the FOW farm and the WEC farm are operated 
ȡɅǱǸɳǸɅǱǸɅʌȺʳṣ uɅ ʌțȡɾ ǪǍɾǸṞ ɶǸɾʔȺʌɾ ǍɶǸ ɐǩʌǍȡɅǸǱ ǸȡʌțǸɶ Ǎɾ ʌțǸ ɾʔɃ ɐȒ ʌțǸ ʌʭɐ ȒǍɶɃɾẏ 
outputs or as weighted averages, depending on the Key Performance Indication  
(KPI ), using the number of devices or the installed capacity of each technology.  

Co-located results are obtained by simulating joint operation of the two 
technologies, where vessels, technicians, and offshore infrastructure are shared 
between the farms. This setup captures a shared -logistics approach (used in 
ORIOM) that enables opportunistic maintenance and the consolidation of 
compatible activities into merged operations.  
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3.1.3.1 Operational performance  
Securing a sufficient number of assets to conduct O&M effectively reduces  the 
reaction time , mobilisation costs , and weather downtime. However, increasing  the 
number of long -term  (LT) contract s may result in  low vessel usage . The optimal 
number of CTVs under long -term  contract for the present case study has been 
iteratively calculated. The analysis starts from a reference case in which all 
preventive and corrective operations are conducted exclusively using short -term 
(ST) chartered CTVs. Under this assumpt ion, the average annual vessel -related 
O&M cost is calculated. Then, one CTV is assumed to be secured under a LT 
contract, while the remaining operations are covered by ST charters. The annual 
cost is then re -evaluated. This process is repeated iteratively  by increasing the 
number of LT -contracted CTVs and recalculating the corresponding total annual 
costs for each configuration.  

For each iteration, the total cost reflects the trade -off between the fixed annual 
cost of additional LT vessels and the progressive reduction in short -term chartering 
costs due to improved vessel availability and operational flexibility. As illustrated in  
Figure 3-7, increasing the number of LT -contracted CTVs initially leads to a 
reduction in total O&M costs, driven by lower ST charter expenditure. Beyond a 
certain threshold, however, the marginal benefit diminishes and total costs 
increase, as the fixed cost of und erutilised LT vessels outweighs the savings from 
reduced ST chartering. The optimal number of LT -contracted CTVs is therefore 
identified at the minimum of the total cost curve: 4 CTVs.  

 
Figure 3-7: Scenario #1 CTV cost comparison for ST and LT contract strategy.  

Table 3-5 presents a comparison of CTV utilisation indicators for the individual 
technologies, its simple aggregation, and the co -located case.  
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Table 3-5: Scenario  #1 CTV utilization comparison.  

Technolog y 
Avg. no. of  
CTV Visits  
per year  

Avg. no. of  CTV 
Visits  per year 

per device  

LT 
CTV l 
usage 
ratio  

CTV Tech 
occupancy 

rati o  

CTV Merged 
Operations  

ratio  

Nº 
optimal 
LT CTV  

FOW  153.14 7.66 0.74  5.31 0.47  2 

WEC  496.32  6.61 0.80  2.7 0.21 3 

Simple 
aggregation  

649.46  6.84 2 0.74 5.13 0.45 3 5 

Co-located  641.03 6.75 0.74  5.48  0.51 4 

 

Co-locating the two farms led to a slightly more efficient use of vessels  compared 
to simple aggregation. Although the average number of annual CTV site visits 
ǱǸǪɶǸǍɾǸǱ ɐɅȺʳ ɃǍɶȓȡɅǍȺȺʳ ṵỘᶯ%), an improvement of vessel us age is evident . In fact, 
the ratio of CTV visit s for corrective operations that sustain more than one single 
operation with a single CTV vis it increase d to 0.51 compared to the aggregated CTV 
merge  ratio of 0.45 . This reduct ion  can be  explained by the complementary O&M 
annual requirements of floating wind and wave energy technologies. Co-location 
also improved  the average number of technicians transported per trip that 
increased from 5.1 to 5.48, as reflected by the  CTV technician occupancy rate . This 
provides  a further  indicator of improved operational efficiency  indicating that 
operations that would otherwise be carried out separately for each technology are 
increasingly performed in parallel using the same vessel . Almost ha lf of the 
corrective interventions that require a normal CTV are merged with other 
operations . In addition, the number of  optimal year ly CTV to be charted for LT has 
been reduced from 5 to 4 , as described more in detail in Section 3.1.3.4. Anyway, t he 
usage ratio of the CTV LT charted remain almost unchanged  with a rate  of 0.74 day  
of  activation  over the total  days of  LT CTV charted per year .  
 

3.1.3.2 Energy generation  
Figure 3-8 shows the yearly  energy availability, co -located energy farms result in  an 
availability of  98% and 93.8%  for WEC s and FOW  respectively.  Variability in FOW 
production over  the operational lifetime is primarily driven by the distribution  of 
failure events , as illustrated  in Figure 3-8 and Figure 3-9. The higher  availability  
observed for WECs  is attributed to a combination of a very low number of failure 
events , failures with no impact on energy production , and the scheduling of  on -
site maintenance activities  during periods  of lower energy production  (spring and 
summer).  

 
 

2 Weighted average using number of devices as the weighting factor  
3 Weighted average u sing installed capacity as the weighting factor  
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Figure 3-8: Scenario  #1 energy availability  for the co -located . 

 
Figure 3-9: Scenario  #1 Average monthly energy production of the technologies  for the co -located 

case . 

3.1.3.3 Economic performance  
Table 3-6 comp ares the main economic and production -related KPIs between 
simple aggregation and co -location. The following KPIs are reported:  
¶ Lifetime direct cost  ṳ¶ặṴ: total O&M -related costs over the 30 -year project 

lifetime, including vessels, technicians, fuel, spar e parts, insurance, and other 
fixed costs, as defined in  Section 2.5. 

¶ Yearly cost per MW installed  ṳặṩ¶ğṴṝ ǍʬǸɶǍȓǸ ǍɅɅʔǍȺ ÃἉ¶ Ǫɐɾʌɾ ɅɐɶɃǍȺȡɾǸǱ 
by installed capacity . 

¶ OPEX LCOE  ṳặṩ¶ğțṴṝ ÃæMĤ share when breaking  down the  LCOE, it 
consider all direct cost sustained , insurance, port and technician cost . 

¶ Average A nnu al Energy Production ( AEP) [GWh]: energy not produced due 
to downtime associated with failures or planned inspections and repairs . 

¶ Mean availability production  [%]: average technical availability . 
¶ Capacity Factor ( CF) [-]: ratio between actual and energy production  at rated 

power . 
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Table 3-6: Scenario  #1 technologies farm overall KPI s comparison . 

Parameter  Unit  FOW  WEC  
Simple. 

aggregation  Co-located  

Lifetime direct cost  ṳ¶ặṴ 571.80 243.77  815.57 796.34 

Yearly cost  per MW installed  [kặṩ¶ğṴ 63.53 309 .55 83.154 81.26 

OPEX LCOE 5 ṳặṩ¶ğț]  17.81 80.61 22.824 22.30 

Average AEP  [GWh]  1 059.74  100.63 1 160.37 

Yearly En loss  [GWh]  69.56 3.49 73.05 

Mean availability production  [%]  93.84  96.65 94.06  

CF [-]  0.40  0.43  0.4 0 

 

Firstly, comparing each  technology , it is shown  that  wave energy farms still  ha ve a 
significantly higher annual cost per MW compared to  FOW ( 310 kặṩ¶ğ vs. 64 
ȶặṩ¶ğṶṣ With regards to comparing the operation of the two farms (simple 
aggregation vs. co -location), t he results show that co -locating the two 
technologies reduces total lifetime O&M costs by approximately 2. 4% compared to 
managing the farms separately.  This reduction has a cascade effect  in  both the 
yearly cost per MW installed and the OPEX contribution to the LCOE.  

The energy production estimation of the co -located technology does not change  
when compared to the single deployment cases. This due to the fact that  each ORE 
farm produce energy independently and are separately connected to the offshore 
electrical substation.  Consequently, AEP, energy losses, availability, and capacity 
factor remain identical between the co -located and simple aggregation cases . 

For the co -located case, t he O&M costs have been breakdown  and shown in  Figure 
3-10. The main direct cost is vessels related. Revenue losses can also represent a 
major source of indirect costs, particularly  for wind technologies , where higher 
installed capacity and a greater frequency of failure events lead  to reduced  energy 
availability . Total O&M costs for the co -located farm accounts around 125 ,600 
ặṩ¶ğṩʳǸǍɶṣ 

3.1.3.4 Other  results  
As vessels account for the largest share of direct O&M costs  (see Figure 3-10), a 
detailed breakdown of vessel -related expenditures is presented in  Figure 3-11. It is 
observed that mo re than half of the total vessel costs are attributable to CTVs, 
reflecting their intensive utilisation during O&M  campaigns .  

 
 

4 Weighted average using installed capacity as the weighting factor.  
5 Discount rate of 8%, only direct cost considered . 
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Another significant cost component arises from the use of  HLVs for MCEs on WTGs . 
These vessels are characterised by very high day rates and limited market 
availability, which strongly influences the cost of such interventions.  

 
Figure 3-10: Scenario #1 annual OPEX cost breakdown.  

 
Figure 3-11: Scenario  #1 vǸɾɾǸȺậɾ Ǫɐɾʌ breakdown per type of vessel . 

3.1.4 Sensitivity analysis  
Sensitivity analys es were  performed  to quantify  how variations in key assumptions 
affect both  cost estimates  and  energy production , and to assess  the robustness of 
the results.  The resulting impact on the annual O&M cost per MW for  the co -located 
case is illustrated  in Figure 3-12. The corresponding effects  on energy production  
are presented in Figure 3-13 and Figure 3-14 for FOW and Figure 3-15 and Figure 
3-16 for WEC . 
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Figure 3-12: Scenario #1 Co -located yearly cost variation on input variables . 

Modifying the seasonal distribution of failures  by forcing a higher concentration of 
failure events in specific periods , highlights the strong weather dependency of 
operations at the Viana do Castelo offshore site. Compared to the reference case, a 
summer -biased failure distribution results in a 6% reduction in annual O&M costs, 
while a winter -biased distribution leads to a 6% cost increase. Summer failures are 
addressed more rapidly due to more favourable metocean conditions, reducing 
energy losses. In con trast, winter failures increase downtime and reduce the 
average annual energy availability of the FOW farm . 

Increasing all failure rates by a factor of 1.5 leads to a substantial rise in O&M costs 
and represents the most critical scenario for energy production. In this case, the 
average annual availability for wind decreases to approximately 92%, resulting in 
significantly  higher energy losses and, consequently, increased revenue losses.  

For the wave energy farm, energy losses are not significantly affected by either the 
failure distribution or the increased failure rate  due to the assumed very  low failure 
rates and the absence of critical failures that originate immediate shutdown . It 
must be noted t hat these results would certainly change if the new CorPower 
Ocean failure assumptions had been implemented (see Section  2.3.3.2). 

The port -site distance  has a moderate  influence on overall O&M costs. 
Nevertheless, reducing the port distance from 20 km to 10 km leads to an 
approximate 4% reduction in costs, while increasing the distance to 50 km results 
in a cost increase of about 5%. Energy losses for FOW  seem to be only marginally 
affected by this parameter. For the wave energy farm, however, distance to port 
has a larger  impact on energy losses, mainly  due to its influence on TTP operations, 
which limits the number of devices that c an be towed within a single workable day.  
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Assuming an ASAP repair strategy for all MCEs in FOW  has the most relevant  effect 
on the results . Because these interventions require the mobilisation of high -cost 
vessels, this scenario yields the highest O&M costs over the asset lifetime, without 
delivering a proportional reduction in energy losses.  

On the other hand, lower  O&M costs are achieved when UAVs are deployed for 
offshore inspections. UAV utilisation eliminates  the require ment  for visual 
inspections of WTG blades, mooring lines, exposed WEC components, and 
dynamic  cables. This approach also decreases energy losses by shortening 
inspection -related shutdown periods.  

 
Figure 3-13: Scenario  #1 Yealy Energy availability production  failure  variation F OW . 

 
Figure 3-14: Scenario  #1 Yealy Energy availability production variation OFW . 



 

 

 
ÿțȡɾ ɳɶɐȲǸǪʌ țǍɾ ɶǸǪǸȡʬǸǱ ȒʔɅǱȡɅȓ ȒɶɐɃ ʌțǸ MʔɶɐɳǸǍɅɾ ĆɅȡɐɅẏɾ oɐɶȡʽɐɅ ᶰᶮᶰᶮ ɶǸɾǸǍɶǪț  
& innovation programme under grant agreement number 101036457.  

33 

 
Figure 3-15: Scenario  #1 Yealy Energy availability production failure variation WEC . 

 
Figure 3-16: Scenario  #1 Yealy Energy availability production variation WEC . 

3.2 Scenario  # 2: 295  MW BFOW + 298  MW OFPV  co -location  at 
RWE site  

3.2.1 Scenario definition  
Scenario  # 2 focuses on a co -location floating offshore solar farm  with the bottom 
fixed wind energy farm Nordsee Ost , on  the co ast of Germany  (approx. 54.43 ºN , 
7.68ºE).The simulated scenario combine s a BFOW farm corresponds to an existing 
295 MW wind farm of 6.15 MW WTGs  operated by RWE  with 298 MW of OFPV . Two 
O&M ports were selected to reflect different operational requirements. The port of 
Helgoland, located 32 km from the farm, was chosen as the base for regular O&M 
activities, as its facilities are sui table for small -sized vessels. For major corrective 
operations and the use of larger vessels, the port of Cuxhaven, located 100 km from 
the co -located,  was selected.  Both ports and the farm geographical location are 
illustrated  in Figure 3-17. 
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Table 3-7: Scenario  #2 ẙ Farm sizing . 

Description  Farm Size  #Devices  

BFOW  farm  295.2 MW  48  

OFPV  farm  298.5 MW  445  536 

 
Figure 3-17: Scenario  #2 RWE offshore wind site geographical representation  

The  electrical  layout considered  assumes a connection to the existing  shared  
offshore substation  Helwind2  with the dedicated offshore substation  by  two 
separate export cables  of 155 kV, consistent with the current real configuration. 
Inter -array  cable of 33 kV  are considered to individually connected  the different 
Offshore Energy Farms ( OEFs) to the ȒǍɶɃẏɾ offshore substation . Wind turbines 
inter -array connection s are arranged in loop configurations , securing power 
generation in case a failure in inter -arra y cable occurs. Solar electrical layout is 
shown in a simplified form in  Figure 3-18 and follows the assumption described in 
2.3.2. Six m odular islands of 50 MW each were defined , individually connected to 
the offshore substation . 

 
Figure 3-18: Co-located floating wind  and  OFPV  energy farm  simple  layout in  Scenario  #2. 
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3.2.2 Maintenance  assessment  
3.2.2.1 Preventive maintenance  and inspection campaign  
The maintenance assessment  was  conducted as in the previous case study : 
monthly workable -shift availability was statistically quantified for 10 -hour 
operations under the relevant OLCs (reporting P50/P10/P90 to capture inter -
annual variability and weather risk) and then combined with the case -specific 
operational assumptions (t ransits, net task durations, inter -device movements, 
and  Ṿ where feasible  Ṿ parallelised execution) to estimate the number of shifts 
required to meet preventive maintenance obligations . These comparisons 
between available and required shifts were used to set the timing of preventive 
maintenance campaigns and to size the long -term CTV contracting strategy 
needed to deliver the annual preventive workload within the expected weather 
window s. 

The  statistical weather -window  analysis  is shown in Figure 3-19 and Figure 3-20.  

 
Figure 3-19: Scenario  #2 Expected number of workable days per month for 10 -hour shifts: (left) OLC 

HS=0.8 m and (right) OLC H S=1.5 m. 

 
Figure 3-20 : Scenario  #2 Expected number of workable days per month for 10 -hour shifts: (left) MCE 

BFOW operation with HLV and (right) BFOW technology . 

For the BFOW and OFPV farms, the p reventive maintenance assumptions were 
taken  as defined in Sections  2.3.1 and 2.3.4, respectively . The strategy for solar 
interventions and inspections is defined in Appendix B.3. Table 3-8 indicates the 
number  of days required to maintain the energy farms and the expected number 
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of working shifts (P 50) for the site with different OLC requirements. The analysis 
highlights a low yearly occurrence of 7 workable shifts  in April due to the H s limit  
set at  0.8 m for safety reasons , while the preventive operations  on electrical 
component are assumed to require 54 shifts . Instead, s tructural component can 
be inspected in 21 working days along the month of September , with only 4 
workable shifts expected  for this period .  

Meanwhile , for the fixed -bottom offshore wind farm,  the OLC are more relaxed : the 
site is characterized by  a the 50 th -percentile  of  169 workable shifts  per year . 
Furthermore,  it has been identified May as the month optimal month to conduct 
deferred campaigns with HLJUV has is the  highe st 10th -percentile of  workable 
days .  

To meet all the yearly O&M requirement s for both energy farms,  two annually 
chartered (LT)  CTV vessels are considered , while three  short -term chartered CTVs 
(ST CTVs) are hired for in April  to carry out prescribed  OFPV  interventions.  

Table 3-8: Scenario  #2  number of working  shifts  for preventive maintenance.  

Description  Preventive days 
required  

P50 Yearly 
Workable days  

BFOW farm  
HS=1.5 48 169 

HS=1.5 
W SHUB =10  8 120 

OFPV  farm April  

April   
HS=0.8  

54 7 days in April  

September  
HS=0.8  

21 
4 days in 

September  
 

3.2.2.2 Corrective  maintenance  
Failure s on OFPV are  corrected with a deferred strategy as defined in Section 2.3.4. 
Corrective operations  on solar electrical components  are planned  in the months of 
April  along the preventive maintenance operations  to re -establish the maximum 
power availability , before the peak power production season.  Furthermore, d ue to 
the high redundance assumption of Oceans of Energy  (OOE) on the structural 
components , these failures  are corrected in September, before the winter season 
that highly stress the foundation.  

3.2.3 O&M  modelling  results  
Results for single ORE farm and co -located ORE farm are compared to highlight  
operational and economical synergies  over a 30 -year project lifetime . 

Simple aggregation assumes the OREs  farm are operated independently. Their 
outputs are combined and presented  with the c o-located results that consider 
assets sharing and joint operation when possible .  

3.2.3.1 Operational performance  
Similarly as done in Scenario #1, a preliminary iterative study has been conducted 
to evaluate the optimal yearly number of LT CTV to chart for the co -located case. 
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Figure 3- illustrates  the cost that will be sustained with a number that range from 
0 to 5 of LT CTV contracts without modifying the number of CTV. Result s suggest  
to stipulate  two  yearly charting contracts  for CTV per year for this scenario.  

 
Figure 3-21: Scenario  #2 CTV cost comparison for ST and LT strategy . 

Figure 3- shows the CTVs utilization along the lifetime O&M for single technology 
deployments and for the co -located case.  

Due to the different strategy assumed  in  OFPV techno logy that concentrate the 
interventions in specific dedicated campaign along the year , minor synergies have 
been observed  in the simulations between the co -located ORE farms .  

A similar  merge ratio in CTV operations is observed  in BFOW compared to the 
previous FOW  case study . This  factor does not show a proportional increase 
corresponding to number of wind turbines compared, due to the different climate 
weather considered and a variation in available working shifts along the year.  

Table 3-9: Scenario  #2 CTV utilization comparison  

Technolog y 
Avg. no. of  
CTV Visits  
per year  

Avg. no. of CTV 
Visits  per year 

per device  

LT CTV l 
usage 
ratio  

CTV Tech 
occupancy 

rati o  

CTV Merged 
Operations  

ratio  

Nº 
optimal 
LT CTV  

BFOW  258 5.38 5.380.98  4,91 0.48  1 

OFPV  178.6 29.776 - - 0  1 

Simple 
aggregation  

436.6 8.097 0.49  - 0.24 8 2 

Co-located  435.29  8.06 0.60  4.92 0.48  2 

 

It must be noted how the different location with different metocean condition can 
affect the results obtained. Compared to the case study in Sectio n 3.1, BFOW 
exhibits  lower  number of CTVs visit s to the turbines  with an average value of 5.38 

 
 

6 Yearly visit per OFPV island  
7 Weighted average using number of devices  as the weighting factor  
8 Weighted average using installed capacity  as the weighting factor  
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visits a year . A usage ratio of 0.98 for LT CTV is observed , highlighting the better 
climate for O&M compared to Scenario #1 .  

OFPV operational results does not show  any merg ing  of immediate unplanned 
operation s, which is aligned with the adopted  deferred maintenance strategy . For 
th is reason , the  LT CTV ratio use was not evaluated for th is technology.  

Co-located operational results display a  small decrease of yearly visit s compared to 
the single technology deployment. Anyway , significant variation of vessel 
utilization can not be  evaluated , due to the different operation strategy 
intervention of the technology considered .  

3.2.3.2 Energy generation  
Following OOEẏɾ ɃǍȡɅʌǸɅǍɅǪǸ ɳțȡȺɐɾɐɳțʳ to reduce direct costs and risks to 
workers, no corrective interventions were considered  on solar modules or minor 
components. This  inevitably impacted  the availability and  energy production 
achieved over the project lifetime. Figure 3-22 shows  how  the yearly mean energy 
production availability of the OFPV  farm is higher than  the wind farm for  the initial 
years of operation  while , after approximately six years, this trend is reversed, with 
the solar availability dropping below the wind average .  

As shown  in Figure 3-23, the colocations of  solar energy farm  with  wind 
technologies, result s in  a lower seasonal  variability in energy generation along the 
year s. It is reported that, d ue to lower resources available and to a non -optimal 
inclination of the solar modules, OFPV  farm produce almost five time less energy 
than wind technology with the same power capacity installed.  

 
Figure 3-22: Scenario  #2  technologies farm energy availability.  
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Figure 3-23: Scenario  #2 Averaged monthly energy production for wind, solar and co -located 

technologies.  

3.2.3.3 Economic  performance  
Table 3-10 compares the main economic and production -related KPIs between 
simple aggregation and co -location. The following KPIs are reported:  
¶ Lifetime direct cost  ṳ¶ặṴṝ total O&M -related costs over the 30 -year project 

lifetime, including vessels, technicians, fuel, spare parts, insurance, and other 
fixed costs, as defined in  Section  2.5.  

¶ Yearly cost per MW installed  ṳặṩ¶ğṴṝ ǍʬǸɶǍȓǸ ǍɅɅʔǍȺ ÃἉ¶ Ǫɐɾʌɾ ɅɐɶɃǍȺȡɾǸǱ 
by installed capacity.   

¶ OPEX LCOE  ṳặṩ¶ğțṴṝ ÃæMĤ share when breaking  down the  LCOE, it 
consider all direct cost sustained, insurance, port and technician cost.  

¶ Average AEP  [GWh]: energy not produced due to downtime associated with 
failures o r planned inspections and repairs.   

¶ Mean availability production  [%]: actual energy generated over the energy 
that could have been  generated given the resource at the time .  

¶ CF [-]: ratio between average power  and rated power.   

Table 3-10: Scenario  #2 farm overall KPIs . 

Parameter  Unit  BFOW  OFPV  
Simple 

aggregation  
Co-located  

Lifetime O&M  cost  ṳ¶ặṴ 630.48 128.28 758.75 711.54 

Yearly cost  [kặṩ¶ğṴ 71.19 14.48  42.68 9 39.949  

OPEX LCOE 10  ṳặṩ¶ğțṴ 17.22 14.57 15.849 14.83 

Average AEP  [GWh]  1 221 246  1 467  

 
 

9 Weighted average using installed capacity as the weighting factor . 
10 Discount rate of 8%, only direct cost considered . 
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Yearly En loss  [GWh]  36.29 11.92 48.01 

Mean availability 
production  

[%]  97.1 95.0 96.29 

CF [%] 47 % 9% 28% 

 

The difference s in annual O&M  per installed  capacity is evident for the different 
technologies , with a cost of 71.19 k ặ/MW  and 14.48 k ặ/MW for BFOW  and OFPV 
respectively. The comparison of lifetime costs between individual deployment of 
ORE and their co -location shows a clear reduction in overall costs of more than 
6.2%. 

Comparing  the BFOW  results with the F OW case in Scenario #1 ( reported  in 
Section 3.1.3.3), slightly higher costs are observed. Despite the milder metocean 
conditions in Scenario #2 , less expensive vessels required for MCE,  and the 
comparable installed capacities to Scenario #1, this difference is primarily driven by 
the turbine count : the BFOW farm uses smaller units and therefore has 2.4 times 
more turbines . Under the assumption that preventive maintenance requirements 
and failure rates are defined on a per -turbine basis and do not scale with turbine 
rating, a larger turbine count translates directly into more interventions, higher 
O&M effort, and higher costs  for the BFOW farm in S cenario #2.  Although the 
failure rate per device may not be perfectly independent of size  (as considered in 
this study) , empirical evidence suggests a favourable trade -off for larger units . 

For  this site conditions , higher values of  energy availabilit ies were observed for 
BFOW , reaching a value 97.1%. Offshore solar farms, by contrast,  achieved  an  
average  energy availability  of 95 %, decreasing  to about  92% in the final  years as the 
number of accumulated failed components  progressively increased . The  capacity 
factor  for BFOW  reache d 0.47 while OFPV  technology reach es a lower value of 0.09 . 
The difference in energy resource in the site investigated  and the different 
extrapolation  coefficient of  the two technologies explain the variation in  AEP 
reported . In fact, the OFPV farm produce on average only ~17% of the total energy 
generated along the year  by the co -located farm.  

The  breakdown  of  operational yearly cost for  the co -located case  is shown in  Figure 
3-24. Similarly in the previous  case study, vessel -related cost s represent  the main 
expense . Revenue losses are now  considerable, particularly  for BFOW  where ~2.9% 
of energy is loss each year.  Solar energy losses  instead represen t a higher 
downtime loss  with  ~4.6% of the potential  solar yearly production .  

Total O&M costs for the co -located farm accounts around 55,623 ặṩ¶ğṩʳǸǍɶṣ  
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Figure 3-24 : Scenario  #2 Yearly cost aggregation for Categories.  

3.2.3.4 Other results  
Figure 3-25 demonstrates  that th e CTV vessel types  related costs represent the 
highest source of  expenditures  among the vessels  charted along the lifetime , 
followed by the HLJUV.  

 
Figure 3-25: Scenario  #2  Vesselậs cost breakdown . 

3.2.4 Sensitivity analysis  
To assess the uncertainty and variability affecting the results for the scenario under 
investigation, a set of sensitivity analyses was performed and is presented in this 
section . Figure 3-26 summarises the impacts of the selected parameters on 
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economic  outputs, while Figure 3-27, Figure 3-28, Figure 3-29, and Figure 3-30 
show the corresponding variation in mean annual energy availability . 

Comparing to Scenario #1 , overall  result  variability is low . Concentrating failure 
events in  specific season s is shown to have  limited impact  on direct O&M costs 
(typically within 1 Ṿ2%). Similarly, solar energy production availability did not show 
substantial variations, whereas wind availability exhibits a somewhat more 
noticeable response . This is consistent with the comparatively milder  metocean 
conditions in  the Nordsee site, which limit the benefits  of seasonal clustering on 
access and repairability . 

A similar pattern is observed for the distance -to -port sensitivity . Increasing the port 
distance by 20 km results in an approximately 2% increase in direct OPEX, while 
reducing the distance has a negligible effect.  Wind energy availability is largely 
insensitive to this parameter , whereas  solar energy production showed  stronger  
dependence  to the port distance , reflecting changes in effective on -site working 
time and the scheduling of deferred inspection and corrective campaigns . 

The  largest variations arise in the high -failure and immediate -response cases for 
wind major corrective events (MCEs), with increase s of approximately 23% and 65% 
in total direct costs . The pronounced cost variation under the  immediate  MCE 
correction  strategy is driven by the high mobilisation cost of the Jack -up vessel 
required for the interventions.  While  for the BFOW farm,  the  immediate  MCE 
correction strategy  does not substantially affect wind production availability, an 
increase of 1.5 in the failure r ate coefficient led to a significant in crease in energy 
losses for both wind and solar technologies, as expected.  

Finally, in Scenario #2, considering  resident Autonomous  Unmanned Vehicles 
(AUVs) at site did not materially affect either  direct operational cost  or  energy 
availability production .  

 
Figure 3-26: Scenario  #2  Co-located yearly cost variation on input variables . 
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Figure 3-27: Scenario  #2  Yealy Energy availability production failure variation BFOW . 

 
Figure 3-28: Scenario  #2  Yealy Energy availability production variation BFOW . 

 
Figure 3-29: Scenario  #2  Yealy Energy availability production failure variation OFPV . 
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Figure 3-30: Scenario  #2  Yealy Energy availability production variation OFPV . 

3.3 Scenario  #3 : 1095 MW FOW  + 262.5  MW WEC  co -location  (VdC 
upscale)  

3.3.1 Scenario definition  
Scenario  # 3 focuses on the upscale  of the Scenario  #1, described in Section 3.1, co -
locat ing  262.5 MW wave energy farm with 1 095  MW floating offshore wind farm in 
the Viana do Castelo offshore site, in Portugal. Table 3-11 reflects the previous 
definition.  

Table 3-11: Scenario  #3 ẙ Farm sizing . 

Description  Farm Size  #Devices  

FOW farm  1 095  MW  73 

WEC farm  262.5 MW  750  

 

The simplified electrical layout considered for  Scenario  # 1 was  extrapolated to  this 
scenario . For the wave energy farm, the layout assume d the deployment  of 10 WEC 
clusters /islands , each with an installed capacity  of 30 MW . Each island is connected 
to the offshore substation through dedicated  feeder  array cable s. An illustrative 
example of a 30 MW WEC island is shown in  Figure 3-31. The 73 f loating WTGs are 
arranged into  9 strings and connected to the offshore substation  through 66 kV 
inter -array cables . 
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Figure 3-31: Electrical layout in Scenario #3 ẙ (left) Single 30 MW island of WECs and (right) FOW 

energy farm . 

3.3.2 Maintenance assessment  
As this scenario represents an upscaling of Scenario #1, most  assumptions defined 
in Section 3.1.2 were  retained.  

3.3.2.1 Preventive maintenance  and inspection campaign  
The maintenance assessment  was  conducted as in the previous case stud ies: 
monthly workable -shift availability was statistically quantified for 10 -hour 
operations under the relevant OLCs (reporting P50/P10/P90 to capture inter -
annual variability and weather risk) and then combined with the case -specific 
operational assumptions (t ransits, net task durations, inter -device movements, 
and  Ṿ where feasible  Ṿ parallelised execution) to estimate the number of shifts 
required to meet preventive maintenance obligatio ns. These comparisons 
between available and required shifts were used to set the timing of preventive 
maintenance campaigns and to size the long -term CTV contracting strategy 
needed to deliver the annual preventive workload within the expected weather 
wind ows.  

The workable shifts for the FOW farm are consistent with those presented in Figure 
3-3. However, reflecting weather -driven accessibility constraints and the 
expectation that technology maturity will improve for larger farms in the future, 
this scenario assumes an increased WEC operability limit of  HS=2.0m (up from HS = 
1.5m). Figure 3-32 presents the statistical assessment of workable shifts assuming 
an HS=2.0, revealing a higher number of workable days per month, as expect ed. 
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Figure 3-32: Scenario  #3 Statistica l analysis of  available workable days for 10 -hour WEC shifts 

considering H S=2.0 m at the  Viana do Castelo site.  

Table 3-12 summarises the number of shifts required to complete  preventive 
maintenance for both  FOW and WEC  farms . 

Table 3-12: Scenario  #3 Number of shifts  of work for preventive maintenance  in Scenario  #3 . 

Description  
Preventive shifts  

required  
P50 Yearly w orkable 

shifts  of 10 hours  

WEC farm  HS=2 m  1 030  182 

FOW farm  
HS=1.5 m  37 93 

HS=1.5 m  
W SHUB =10 m/s  

5 86  

 

For this upscaling scenario, the results indicate that the FOW farm requires a total 
of 42 preventive maintenance shifts, while the WEC farm requires a very high 
number of 1 ,030 workable shifts in a single year. As in previous scenarios, this large 
disparity implies that multiple vessels will have  to be  mobilised  whenever a suitable 
weather window becomes availa ble.  

Given the large number of devices installed in the WEC farm, a dedicated analysis 
was conducted  to assess the feasibility of performing annual TTP maintenance on 
one -fifth of the devices . Similarly to the methodology adopted in  Section 3.1 port -
based maintenance  interventions for  WECs were analysed in detail. Two 
parameters previously considered were retained : (i) the maximum number of WEC 
devices that can be simultaneously accommodated at the port and (ii) the shift 
strategy adopted for port -based operations  Ṿ while an additional parameter was 
introduced : (iii) the simultaneous  deployment of two or three WV.  The results of 
this analysis are presented  below  in  Figure 3-33. 
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Figure 3-33: Scenario  #3 WEC Maintenance at port duration analysis ẙ parameter selection.  

The analysis identifies a clear bottleneck in the execution of TTP maintenance : 
considerably larger port capacity is needed . The maximum number of WECs that 
can be maintained  at the port simultaneously  is the main  driver in reducing the 
overall maintenance duration, whereas the number of work  vessels assigned to the 
operation has much small er  influence on the results. Adopting continuous 24/7 
shift operations for port -based maintenance is absolutely critical  to complete the 
planned interventions within a one -year period (365 days). Moreover, the 
implementation of uninterrupted shifts minimises the residence time of each 
device at the port, thereby reducing associated energy production losses.  

The optimal start month for port -based preventive maintenance was identified as 
March ( Figure 3-34), as it minimises the expected overall campaign duration . 
Consistent with Scenario  #1 (Section 3.1), Table 3-13 provides an estimate of the total 
port area requirements as a function of the number of WEC devices 
accommodated simultaneously at  port.  

 
Figure 3-34: Scenario  #3 WEC Maintenance at port duration analysis ẙ month  selection . 

Table 3-13: Port machine hall  requirement per n umber  of WEC device maintained  at port . 
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# WEC devices at port  5 6 7 8 9 10 11 

Port size requirement [ m 2] 14 167 17 000  19 833 22 667  25 500  28 333 31 167 

 

Based on the results of this assessment, Scenario  #1 assumes that a minimum of 
six WECs must  be accommodated at the port simultaneously , port -based 
operations are conducted on a continuous 24/7 basis , and that two WV are 
chartered annually to conduct  TTP operations . 

3.3.2.2 Corrective interventions  
The same assumptions adopted in Scenario  #1 with respect to failure rates and 
ǪɐɶɶǸǪʌȡʬǸ ɃǍȡɅʌǸɅǍɅǪǸ ɾʌɶǍʌǸȓȡǸɾ ǍɶǸ ǍɳɳȺȡǸǱ ȡɅ ʌțȡɾ ɾǪǸɅǍɶȡɐṣ >æÃẏɾ ğM>ɾ early -
stage assumptions do  to not consider  (unforeseeable) major critical failures that 
will require a tow of the device at port for the correction throughout the lifetime of 
the project . These  failures would be identified and proactively corrected during the 
maintenance campaign at port carried out once every  five  year s. As a result, only 
minor corrective interventions are explicitly modelled for the WEC technologies 
considered in this assessment.  

Consistent with the assumptions defined for Scenario  #1, minor corrective 
interventions are assumed to be completed within a single working shift. When 
major corrective interventions are required, they may either be planned during the 
most operationally suitable periods of the year  Ṿ in  July, as assumed in Scenario  #1 
Ṿ or executed as soon as practicable, depending on the nature of the failure and its 
associated level of criticality.  

3.3.3 O&M  modelling  results  
For Scenario  #3, O&M results are reported in terms of operational and economic 
performance, following the same evaluation framework established in previous 
scenarios . Results compare a simple aggregation approach with a co -located 
operational strategy.  

Under simple aggregation, the FOW and WEC farms are assumed to operate 
independently, with results obtained through summation or weighted averaging, 
depending on the metric . The co -located case considers joint operation of both 
technologies, reflecting the increased scale of deployment in Scenario  #3 and 
enabling shared use of vessels, personnel, and offshore infrastructure.  

3.3.3.1 Operational performance  
Similarly,  as conducted in the previous S cenarios , Figure 3-35 shows  an annual 
optimal number  of fourteen CTVs to be chart ed LT , minimizing the total 
operational costs  under this operational strategy . 
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Figure 3-35: Scenario #3 CTV cost comparison for ST and LT contract strategy.  

Table 3-14 presents a comparison of CTV utilisation indicators for the individual 
technologies, its simple aggregation, and the co -located case.  

Table 3-14: Scenario  #3 CTV utilization comparison.  

Technolog y 

Avg. no. 
of CTV 

Visits  per 
year  

Avg. no. 
of CTV 

Visits  per 
year per 
device  

LT CTV l 
usage ratio  

CTV Tech 
occupancy 

rati o  

Ratio of 
CTV 

Merged 
Operations  

Nº optimal 
LT CTV  

FOW  522.68 7.16 0.47  7.77 0.76  7 

WEC  1 866.70  2.49 0.54 6.09  0.64  8 

Simple 
aggregation  

2 389.38  2.90 11 0.4 812 7.412 0.74 12 15 

Co-located  2 347.63  2.85 0.46 8.52 0.84  14 

 

Co-locating the FOW and WEC farms in Scenario  #3 results in a reduction in the 
total number of yearly CTV visits compared to simple aggregation  (1.7%). While the 
absolute decrease in vessel trips is limited, the co -located configuration clearly 
improves vessel utilisation efficiency  increasing the merged CTV ratio from 0.74 to 
0.84  indicating a higher incidence of opportunistic maintenance . More 
significantly, a reasonable  share of operations  that would otherwise be executed 
separately for each technology a re instead carried out in parallel using the same 
vessel. This is further reflected in the increase in the mean number of workers per 
merged CTV operation, from 7.44  to  8.52, which is consistent with fewer site visits 
being required to deliver the same workload.  Furthermore, the optimal number of 

 
 

11 Weighted average using number of devices as the weighting factor  
12 Weighted average using installed capacity as the weighting factor  
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CTV to chart yearly decrease from 15 to 14 when considering the co -location of the 
technologies.  

Overall, despite the harsher metocean conditions at the Viana do Castelo site and 
the larger scale of deployment considered in Scenario  #3, the results confirm that 
co -location delivers tangible operational benefits through increased integration of 
offshore activities and more efficient use of CTVs. 

Table 3-15 compares CTV utilisation metrics for Scenarios  #1 and #3, highlighting 
the effect of co -location at different scales of deployment.  

Table 3-15: CTV utilization  comparison  for Scenario #1 and #3 . 

Scenario  
Yearly 

CTV 
Visits  

Yearly CTV 
Visit per 
device  

LT CTV | usage 
ratio  

CTV Tech 
occupancy rati o  

Ratio of CTV 
Merged 

Operations  

#1 Aggreg.  649.46  6.84  0.74  5.1 0.45  

#1 Co-locat.  641.03 6.75 0.74  5.48  0.51 

 -1.30% -1.32% +0.00 % +7.45 % +13.33% 

#3 Aggreg.  2 389.38  2.90 0.48  7.44  0.74  

#3 Co -locat.  2 347.63  2.85 0.46  8.52 0.84  

 -1.75% -1.72% -4.2 0% +14.52% +13.51% 

 

Comparing the co -located configurations of Scenario  #1 and Scenario  #3, co -
location slightly increases  its benefits with  farm size and installed capacity. The 
larger farm in Scenario  #3 shows  that co -location improves  overall efficiency, 
particularly by enabling more merged operations and better utilisation of 
personnel per vessel trip. However, the  CTV LT use  is decreasing  at larger scales. 
Overall, Table 3-15 suggests  that co -location becomes increasingly valuable for 
larger deployments, allowing more streamlined operations and improved resource 
utilisation across the two technologies.  

3.3.3.2 Energy generation  
Figure 3-36 shows t he energetic outputs of the analysis. WEC devices maintain a  
stable  power output  throughout the lifetime of the project,  which is consistent 
with  the low failure rates assumed . In contrast, the FOW farm presents a variable 
annual  mean energy availability  along the years due  unpredicted failures  
shutdowns and related weather delayed to correct them.  

The 100% availability observed for WECs in the final year of the project is explained 
by the absence of maintenance port  campaigns at the end of the project.  
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Figure 3-36 : Scenario #3  technologies energy farm availability.  

 
Figure 3-37 : Scenario #3  averaged monthly energy production for wind, wave and co -located 

technologies.  

3.3.3.3 Economic  performance  
Similar to previous scenarios, Table 3-16 compares economic and production -
related indicators  between simple aggregation and co -loc ation. The following KPIs 
are reported:  
¶ ¬ȡȒǸʌȡɃǸ ǱȡɶǸǪʌ Ǫɐɾʌ ṳ¶ặṴ; 
¶ Yearly cost per MW installed  ṳặṩ¶ğṴ; 
¶ OPEX LCOE  ṳặṩ¶ğțṴ, considering all direct cost sustained, insurance, port 

and technician cost ; 
¶ Average AEP  [GWh] ; 
¶ Mean availability production  [%]: actu al energy generated over the energy 

that could have been generated given the resource at the time .  
¶ CF [-]: ratio between average power  and rated power.   
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Table 3-16: Scenario  #3 technologies farm overall KPIs comparison.  

Parameter  Unit  FOW  WEC  
Simple. 

aggregation  Co-located  

Lifetime direct cost  ṳ¶ặṴ 1 765.27 1 403.46 3 168.73 3 084.80  

Yearly cost  per MW 
installed  

[kặṩ¶ğṴ 53,74 178.22 77.8113 75.75 

OPEX LCOE 14 ṳặṩ¶ğț]  15.22 49.02  21.7613 21.18 

Average AEP  [GWh]  3 858.18 938.88  4 797.06  

Yearly En loss  [GWh]  263.79 102.26 366.05  

Mean availability  
production  [%]  94.20  90.18 93.42 

CF [-]  0.40  0.41 0.40  

 

Firstly, when analysing the technologies operated independently, the results show 
that WEC technologies have a  significantly higher yearly cost per MW installed 
than FOW , as expected . As in Scenario  #1, this implies that any combined operation 
of the two farms  will penalise  FOW indicators  and improve  WEC in d icator s. 

When comparing the two  strategies, the results indicate that co -location reduces 
total lifetime O&M costs by approximately 2.6% relativ e to simple aggregation (3  
ᶮᶶᶳ ¶ặ ʬǸrsus  3 ᶯᶴᶷ ¶ặṶṣ ÿțȡɾ ɶǸǱʔǪʌȡɐɅ ȡɾ ɶǸȒȺǸǪʌǸǱ ǪɐɅɾȡɾʌǸɅʌȺʳ ȡɅ ʌțǸ ʳǸǍɶȺʳ Ǫɐɾʌ 
per MW installed, which decreases from 77  ᶶᶮᶶ ặṩ¶ğ ʌɐ ᶵᶳ ᶵᶲᶵ ặṩ¶ğ ȡɅ ʌțǸ Ǫɐ-
located case. These results confirm that, for  larger scale deploymen ts, co -location 
continues to deliver cost efficiencies relative to managing the two farms 
independently.  

Similarly to Scenario  #1, energy production Ṿrelated KPIs are not affected by the 
ǪțɐȡǪǸ ɐȒ ɐɳǸɶǍʌȡɐɅǍȺ ɾʌɶǍʌǸȓʳṣ EʔǸ ʌɐ ÃéuÃ¶ẏɾ ǸɅǸɶȓʳ ɳɶɐǱʔǪʌȡɐɅ ɃɐǱǸȺȺȡɅȓ ǍɅǱ 
the assumption that most failure events are non -critical, co -location does not 
impact  energy availability. Therefore , AEP, yearly energy losses, mean availability, 
and capacity factor are  identical between the two strategies . 

Table 3-17: Economic performance comparison for Scenario #1 and #3.  

Parameter  Unit  
Scenario #1  Scenario #3  

Aggreg.  Co-locat.  Diff [%]  Aggreg.  Co-locat.  Diff [%]  

Lifetime direct 
cost  ṳ¶ặṴ 815.57 796.34  -2.36% 3 168.73 3 084.80  -2.65%  

Yearly cost per 
MW installed  

ṳặṩ¶ğṴ 83 153.56 81 262.44  -2.27%  77 808.19  75 747.33  -2.65%  

OPEX LCOE  ṳặṩ¶ğț 22.82 22.30 -2.28%  21.76 21.18 -2.65%  

 
 

13 Weighted average using installed capacity as the weighting factor.  
14 Discount rate of 8%, only direct cost considered . 
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Table 3-17 compares the main economic performance KPIs for Scenarios  #1 and  #3, 
highlighting the effect of co -location at different scales of deployment.  

In terms of economic performance, as shown in  Table 3 -17, the results indicate that 
larger -scale deployments do deliver additional economic benefits  when 
considering direct cost, in fact a reduction of 6.7% is observed . The relative 
improvements achieved through simple aggregation and co -location remain 
similar for both operational strategies . 

For the co -located case, t he O&M costs have been broken down  and are presented  
in  Figure 3-38. As expected, t he main direct cost is related to vessels. Among  
indirect costs , revenue losses are the largest contributor, particularly for wind 
technologies, where higher installed capacity and more frequent failures reduce  
energy availability . 

 
Figure 3-38: Scenario  #3 annual  OPEX cost breakdown . 

Total O&M costs for the co -located farm amount to approximately  
129i377ặṩ¶ğṩʳǸǍɶ, which is higher than in  Scenario  #1 that  was estimated to  
125i195 ặṩ¶ğṩʳǸǍɶ. These  results are  explained  by the increase of energy losses 
derived by a large r implementation of WEC device , requir ing  a complex 
maintenance at port planification th at is conducted along almost all the year . In 
fact , the share of power capacity installed for WEC technology was the 10% in 
Scenario  #1 while in Scenario #3 accounted to almost 20% of the total power 
installed.  As the increase d capacity installed for  this scenario is not equally applied 
to the two technologies,  higher operational expenses were  found  when 
considering the addition of indirect revenues losses . 

3.3.3.4 Other results  
As seen in the previous case studies, sharing assets and infrastructure  may lead to  
a reduction in the overall operational costs. The results presented throughout  this 
section  were obtained  by simulating O&M activities considering  the co -location of 
the  individual  farms investigated in th e scope of this  scenario.  
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The  infrastructure  composed of 73 FOWTs and 750 WEC require  a substantial fleet 
of CTVs to conduct the  operational activities throughout the farm ẏɾ lifetime. As 
indicated earlier, eight CTVs were assumed to carry out preventive inspections at  
site  in parallel . Furthermore, it is observed that CTVs represent once more the 
ɃǍȲɐɶȡʌʳ ɐȒ ʬǸɾɾǸȺẏɾ Ǫɐɾʌɾ (see Figure 3-39). 

 
Figure 3-39: Scenario  #3 : ĞǸɾɾǸȺậɾ Ǫɐɾʌ breakdown . 

3.3.4 Sensitivity analysi s 
The sensitivity analysis conducted for the present case study highlights once again  
the low accessibility  of the Viana do Castelo site. In this section, the impact of  inputs 
variation  on the results is observed . The overall O&M costs for each sensitivity are 
presented in Figure 3-40  while Figure 3-41, Figure 3-42, Figure 3-43 and Figure 3-44  
show the variations in the yearly mean energy availability for FOW and WEC farm.  

Consistently  with the Scenario  #1, the seasonal distribution of failure  events affects  
the overall direct operational expenditure  by a factor  of 8 %. Forcing the majority 
of the  failures events toward the summer period reduces costs enabling faster 
response to events and allowing for shorter charter durations for contracted 
vessels . Conversely, a higher failure  distribution in winter periods  result in higher 
expenses for the opposite reason.  Energy production and energy availability  also 
reveals to have a l arge  influence with  the occurrence of seasonal failure s. 

Assessing an increas e of failure events through  the farm ɾẏ lifetime  by a factor of 1.5 
represents  lowest yearly mea n energy availability  among all  input data variations  
for the OFW . Due to the increased energy losses derived  it is found  an annual  cost 
of 90  ɳ ᶱᶵ ặṩ¶ğṩʳǸǍɶ for the co -located technologies , 19% higher than  the base case  
scenario . 

The variation of  the  port distances by 15 km has  a small  influence on O&M costs, 
with variations in the range of 2 -4%. Wind yearly mean  energy production 
availability is only slightly affected by this parameter, since  wind -related operations 
are generally short and can still be completed within a single shift, even if their 
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duration increases due to longer travel distances . Nevertheless, a shorter distance 
from the port is clearly associated with reduced energy losses. In contrast, when 
considering WEC , an improvement in production availability is observed with 
shorter port distances. This is mainly due to the reduction of  towing operation 
durations during WEC TTP maintenance activities, which also enables the 
possibility of performing consecutive towing operations within the same day.  

The deployment of in -situ  UAVs resulted in a slight reduction of O&M  costs. This 
reduced impact  is mainly due to the fact that  UAV s were already being considered 
for the WEC farm  due to the high number of devices  installed.  Given that UAVs are 
only used  for preventive tasks, the reduction in O&M expenditure remains 
marginal; however, a noteworthy  improvement is observed in reducing  energy 
production availability due to the  visit to the turbine  when conducted umbilical 
and floaters inspections . 

Implementing  ASAP corrective strategy  for  all  FOWT MCE interventions seems to 
significantly increase  total  O&M lifetime costs  by a factor of 66% . This is the result  
of chartering  expensive vessels in short notice and the high probability of weather 
delays .  

 
Figure 3-40 : Scenario  #3  co -located yearly cost variation on input variables . 
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Figure 3-41: Scenario  #3  Yealy Energy availability production  failure  variation for FOW . 

 
Figure 3-42 : Scenario  #3  Yealy Energy availability production variation for FOW . 

 
Figure 3-43: Scenario  #3  Yealy Energy availability production variation  for  WEC . 
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Figure 3-44 : Scenario  #3  Yealy Energy availability production  failure  variation for WEC . 

3.4  Scenario  #4 : 600  MW BFOW  + 895  MW OFPV  co -location  + 175 
MW WEC  co -location  at TNW site.  

3.4.1 Scenario definition  
This scenario corresponds to the largest energy farm configuration investigated 
within the scope of the present study. It comprises the co -location of three 
different technologies: 600 MW of bottom -fixed 15 MW wind turbines, 175 MW of 
wave energy converters, and 895 MW of floating offshore solar, for a total installed 
capacity of 1.67 GW.  

The selected site is located off the Dutch coast, in the Ten Noorden van de 
Waddeneilanden area, (approx.  54.025° N, 5.725ºE). The port facility selected is the 
port of Eemshaven , with a high distance of  85 km . The specification s of the present 
case study  are  shown in Table 3-18. 

Table 3-18: Scenario  # 4 ẙ Farm sizing.  

Description  Farm Size  #Devices  

BFOW farm  600  MW  40  

WEC farm  175 MW  500  

OFPV  farm  895.53 MW  1 336 608 
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Figure 3-45: TNW offshore  energy site . 

The co -location of three different technologies introduces additional complexity in 
the simulations . The co -located farm configuration was derive d from the work 
carried out in Task T5.10 of the EU -SCORES project (see Figure 3-46 ). The electrical 
layout considered consists of 66 kV inter -array cables connecting the various ORE 
devices to the offshore substation. The offshore wind farm is composed of a 
complex network of six strings  independently connected to the offshore platform . 
The OFPV  system, in contrast, is organized into six clusters, each comprising three 
interconnected islands of 50 MW capacity ensuring compatibility with standard 66 
kV int er -array cables and simplifying grid integration . WEC devices are situated in  
the northern edge where the wave energy density is higher, acting also as a wave 
attenuator barrier  for the other ORE  farms . WEC devices are regrouped similarly to 
Section  3.3, with a total number of 40 strings, connected  to a  66kV  feeder cable 
that transmits the energy production to the offshore substation.  

 
Figure 3-46 : Co-located offshore wind -wave -solar farm layout in TNW  from Task T5.10. 

3.4.2 Maintenance assessment  
Similarly to the Section 3.3.2, a greater operational confidence to sea -state limits for 
in -situ inspections and towing operations has been applied due to  the large 
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number of WEC devices modelled in this case study . For so,  an increase o f the HS

limit to 2.0 m for these operations  was considered .  

The large number of devices installed at the site, combined with the considerable 
distance from the port, led to the assumption that UAVs are permanently stationed 
on site. For the WEC devices, two underwater UAVs were considered for each 
island, while one aerial UAV was assigned to each solar string and one to each wind 
turbine string.  A team of 8 UAVs operator were annually  contracted,  and bimestrial 
UAV inspections were considered.  Aerial UAVs substituted man -work for solar  
thermal inspections  and  wind turbine blade inspections  while underwater UAVs 
handle  dynamic cable  and mooring inspections for WEC and OFPV  devices.  

Siteẏɾ long  distance from port led also to a different approach  on the  preventive 
operations  strategy. Due to the excessive transit time for  CTVs, inspections were 
scheduled using dedicated SOV. Such vessel has the capability of remain  overnight 
in a location close to the energy site, accommodating personnels  for weeks.  

Similar ly to the assumption made in Section 3.2.2, failures of  minor OFPV  
components and subsystems  (e.g. PV panels)  are not repaired.  

3.4.2.1 Preventive maintenance  and inspection campaign s 
The maintenance assessment  was  conducted as in the previous case stud ies: 
monthly workable -shift availability was statistically quantified for 10 -hour 
operations under the relevant OLCs (reporting P50/P10/P90 to capture inter -
annual variability and weather risk) and then combined with the case -specific 
operational assumptions (t ransits, net task durations, inter -device movements, 
and  Ṿ w here feasible  Ṿ parallelised execution) to estimate the number of shifts 
required to meet preventive maintenance obligations. These comparisons 
between available and required shifts were used to set the timing of preventive 
maintenance campaigns and to size the long -term C TV contracting strategy 
needed to deliver the annual preventive workload within the expected weather 
windows.  

The results of the statistical assessment  for workable shifts  are  presented  in  Figure 
3-47 , Figure 3-48 , Figure 3-49 . It can be observed that , statistically,  there are 
virtually no workable days  for WEC and OFPV interventions in the months of 
January, February, November and December  with a duration of 10 hours due to 
light constriction . 
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Figure 3-47 : Statistical workable days  MCE BFOW  operation with HLJUV  (left), BFOW  weather 

requirement . 

 
Figure 3-48 : Statistical workable days WEC  on 12 h shifts ( left ), OFPV weather limits (right) . 

 
Figure 3-49 : Scenario  #4 Statistical workable days  BFOW operation with HS=1.5 m and W SHub =10 

m/s . 

Following the operational assumptions defined for BFOW, WEC and OFPV 
technologies in  Section s 2.3.1, 2.3.3, 2.3.4, respectively,  Table 3-19 summarises  the 
number of working shifts required to fulfil the maintenance  inspection  for each 
technolog ies. The analysis adopts the shift strategy described in  Section  2.4.1.1 Ṿ a 
single 12 -hour working shift per day.  For completeness,  also reports the expected 
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number of workable shifts per year (P50), as derived from the site -specific 
metocean assessment.   

Table 3-19: Scenario  #4 Number of days of work for preventive  maintenance . 

Description  Preventive days required  
P50 Yearly Workable 

days  

BFOW farm  
HS=1.5 m  34 152 
HS=1.5 m  

W SHUB =10 m/s  3 109 

WEC farm  HS=2 m  334 140 (12 h shifts)  

OFPV farm  
HS=0.8 m  79 11 days in April  

HS=0.8 m  13 6 days in September  
 

WEC and OFPV  operations are planned to start in the month of March requiring 
334 and 79 days of work , respectively. The above -mentioned devices are  inspected 
sharing two SOV  between them and four  daughter vessels to move  personnel from 
the SOVs to  site. Wind turbines inspections require instead a total of 37 working 
days and are conducted starting from the month of June by means of one single 
dedicated SOV equipped with two daughter CTVs used for transferring personnel 
between the mother vessel and the site . Due to the extended on -site deployment 
of the vessels, the SOVs are scheduled to return to port approximately every two 
weeks for refuelling and crew change operations.  

Deferred corrections on the offshore floating solar farm were carried out according 
to the strategy defined in Annex B.3, though the mobilization of two SOV 
specifically allocated for such activities. The month of July has been identified as 
the best period to conduct MCE wind operations by the utilization of a HLJUV  (see 
Figure 3-47 ). Considering port  WEC maintenance,  100 WEC  must be towed to port  
every year to A dedicated statistical assessment was performed to dimension port -
based maintenance operations .  

This assessment explored the sensitivity of the total maintenance campaign 
duration to (i) the maximum number of WEC devices simultaneously 
accommodated at port and (ii) the number of w orking vessels  adopted for towing 
operations , as illustrated  in Figure 3-50. 

It is observed that the number of WVs allocated for the towing operations have less 
impact on the total maintenance duration than the number of devices that can be 
simultaneously maintained at port. Port maintenance considers 24/7 hours shift to 
reduce dow ntime losses. Results show the needs of minimum four devices to be 
maintained simultaneously at port to ensure the completion of maintenance to 
the 100 WEC devices. Considering also two WVs dedicated to towing operations, a 
reasonable space at port is rese rved and port maintenance can be conducted in 
time. On this analysis, the month of March was selected for the starting of TTP 
maintenance, as assure statistically a lower overall yearly duration (see Figure 3-51).  
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Figure 3-50 : Scenario  #4 WEC Maintenance at port duration analysis ẙ parameter selection . 

 
Figure 3-51: Scenario  #4  WEC Maintenance at port duration analysis ẙ m onth selection . 

3.4.2.2 Corrective interventions   
All corrective interventions considered are based on the assumption s listed in  the 
Appendix  B.1, B.2, and B.3. 

3.4.3 O&M  modelling  results  
3.4.3.1 Operational  performance  
The present case study represents  a complex configuration for offshore O&M. As 
already mentioned in  Section  3.4.2, SOVs have been considered as mother vessel 
to be resident at site along the preventive inspection of the OREs farms. Table 3-20 
shows the CTV utilization, integrating in the analysis normal CTV implied in 
corrective operations that travel from port to sit e and smaller daughter vessel used 
for OFPV and WEC inspections  that are only used for the transit from the SOVs to 
the devices.  The inspections operations regarding BFOW turbine were conducted 
with SOV by means of normal CTV for the transit to work of personnel.  
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Table 3-20 : Scenario  #4 CTV utilization comparison . 

Technolog y 
Avg. no. of  
CTV Visits  
per year  

Avg. no. of  CTV 
Visits  per year 

per device  

LT CTV l 
usage 
ratio  

CTV Tech 
occupancy 

rati o  

Ratio of CTV 
Merged 

Operations  

BFOW  224.7 5.62 0.64  4.53 0.4  

WEC  806.85  1.61 0.57 2.08  0.04  

OFPV  454.32  25.24 0.42  - - 

Simple 
aggregation  

1 485 2.6615 0.5116 3.9816 0.3216 

Co-located  1 423 2.55 0.75 6.05 0.36 

 

Is it demonstrated  once again, that co -locati ng different technology  allows for 
optim al assets  u tilization.  In fact , it is observed a reduction of almost 4.2% of visit 
per year in the col -located case compared to the individual ORE deployments. 
Such results it has been achieved by the increment ation  of the CTV merged ratio 
that permits the share of CTV vessel for corrective interventions between BFOW 
and WEC devices .  

It can be noted that for WEC farm independently  deployed, a n  average occupancy 
number of 2 .08 is estimated. This represents  an inefficient use of the vessel, 
effectuating a single transit per operation can lead to higher O&M costs, especially  
when long distance  to port is considered. When considered the co -located case, a 
more efficient use of the CTV  was evident , increasing the occupancy vessel rate  of 
52% from a value of 3.98 to 6.05.  

In addition, a higher usage ratio of the LT CTV charted yearly has been estimated 
when co -locating offshore technologies due to the higher workload  required from 
the energy farm across the year.  

3.4.3.2 Energy generation  
Figure 3-52 depicts  the energy availability production of the co -located farm. Both 
wind  and solar power availabilities are affected by failure occurrences and by the 
yearly weather conditions that variate the parameter analysed. In addition, solar 
availability decreases along the farm lifetime under a no -intervention policy for 
minor componen ts. WEC devices, on the other hand, are characterized by a stable 
energy availability  due to the CPO assumption where each failure does not lead to 
a shutdown of the farm . For so, the  main driven of WEC availability are  the TTP 
maintenance s-related downtimes and its energy losses calculation is based on 
statistical monthly productions.  

 
 

15 Weighted average using number of devices as the weighting factor  
16 Weighted average using installed capacity as the weighting factor  
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Figure 3-52:  Scneario#4 technologies farm energy availability.  

Furthermore, co -location technologies ensure  a more balanced and continuous 
energy production profile, as solar generation compensates for the reduced wind 
output during summer months  (see Figure 3-53). This can result in investment cost 
reductions by sizing the export cables in accordance with the complementary 
generation profiles of wind and solar resources, rather than the individual peak 
capacities.  

 
Figure 3-53: Scenario  #4 Averaged monthly energy production for wind, solar and co -located 

technologies.  

3.4.3.3 Economic performance  
The r esults of  30 years of operational lifetime for OREs farm considered are shown 
in  Table 3-21 comparing the outputs of single independent deployment of each 
technology  with the co -location strategy.  

The following KPIs are reported:  
¶ ¬ȡȒǸʌȡɃǸ ǱȡɶǸǪʌ Ǫɐɾʌ ṳ¶ặṴṨ 
¶ Yearly cost per MW installed  ṳặṩ¶ğṴ; 
¶ OPEX LCOE  ṳặṩ¶ğțṴ, it consider all direct cost sustained, insurance, port 

and technician cost ; 
¶ Average AEP  [GWh] ; 
¶ Mean availability production  [%]: actual energy generated over the energy 

that  could have been generated given the resource at the time .  
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¶ CF [-]: ratio between average power  and rated power.   

Table 3-21: Scenario  #4  technologies farm overall KPI s. 

Parameter  Unit  BFOW  WEC  OFPV  
Simple 

aggregation  
Co-located 

farms  

Lifetime direct cost  ṳ¶ặṴ 785.58  885.34  792.64  2 463.56 2 424 .89 

Yearly cost  [kặṩ¶ğṴ 43.64  168.98 29.50 49 .1917 48 .39 

OPEX LCOE 18  [ặṩ¶ğțṴ 8.14 343.83  30.22 55.141717 54.24  

Average AEP  [GWh]  3 245.51 85.61 822.92 908.53  

Yearl y En loss  [GWh]  106.57 11.78 54.34  172.69 

Mean availability 
production  

[%]  96.82  87.90  93.68  94.20  

CF [-]  0.62 0.06  0.10 0.28  

 

The yearly operational  cost per capacity installed o f w ind and wave energy farm 
decreased compared to the precedent cases observing values of 43 .64 
kặṩ¶ğṩʳǸǍɶ ǍɅǱ ᶯᶴᶶ.97 kặṩ¶ğṩʳǸǍɶ ɶǸɾɳǸǪʌȡʬǸȺʳ. On contrary , OFPV  O&M costs 
increased to 29 .50 kặṩ¶ğṩʳǸǍɶ ǱʔǸ ʌɐ ʌțǸ ȡɅǪɶǸǍɾǸǱ ɾȡʌǸ ǱȡɾʌǍɅǪǸ ȒɶɐɃ ɳɐɶʌṣ 

The co -location of different offshore technologies permitted the share of expenses 
for common assets neede d. A reduction of around 1.5  % on the  OPEX lifetime costs  
is achieved . In the specific case study, additional cost reductions can be obtained  
through the sharing of the offshore substation and export cable  that in this  study 
is not covered . 

Two factors  are responsible for the surprising low  OPEX LCOE estimat ion  of the 
present case study regarding the BFOW farm with a cost of 8.14 ặṩ¶ğh. Firstly, 
the failure rate, and in  consequence the corrective immediate interventions, are 
derived from database that consider offshore turbine with a lower power size. This 
led  to a lower cost of operational expenses along the farm lifetime. Secondl y, the 
high CF factor  of the turbine considered , that reach values of 62%, generate a high 
AEP along the operation of the energy farm. This furtherly reduced the OPEX LCOE 
cost estimated.  

A deeper  investigation has been conducted regarding the energy production  of 
the scenario considered.  Such high  wind  energy production is explained by the 
high wind speeds  that characterize the location  throughout the year , as shown in  
Figure 3-54.  

Similarly,  Figure 3-55 presents  the sea conditions throughout the timeseries 
considered and compares it against  the characteristic power matrix  of the WEC s. 
It  is observed  that the device considered is better suited for ha rsher  ocean 

 
 

17 Weighted average using installed capacity as the weighting factor.  
18 Discount rate of 8%, only direct cost considered . 
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conditions with higher HS and longer TP, justifying  the low energy produc tion  and , 
consequently,  the low CF  estimated . 

 
Figure 3-54 : Scenario  #4 Wind  power production distribution with IEA 15 MW turbine power curve . 

 
Figure 3-55: HS and T P scatter diagrams: (left) for Scenario  #4 and (right) normalized power matrix 

for the WEC considered.  

No variations in energy output production are observed between single -
technology deployment and co -located configurations, as failure rates and 
downtime -related losses remain unchanged and independent across the two 
analyses.  

O&M costs breakdown are  shown in  Figure 3-56 where is observed that t he main 
direct cost  remains vessels related  represent ing  43.9 % of  the  total indirect yearly 
costs.  Revenue losses can represent the second highest expense,  and it can be 
considered as of indirect costs . Among these, wind -related revenue losses account 
for the majority of downtime impacts, due to the high power output levels of this 
technology.  

Total O&M costs for the co -located farm accounts around 65 484  ặṩ¶ğṩʳǸǍɶṣ  
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Figure 3-56: Scenario  #4  Yearly cost aggregation for Categories.  

3.4.3.4 Other results  
Vessels cost breakdown is presented in Figure 3-57 where is highlight that  SOV 
vessels allocated for WEC and OFPV  represent 45.8% of the ʬǸɾɾǸȺẏɾ costs. CTVs 
costs account for 23.1 % of the vessel expenditure, as for this case study are mainly 
used singularly for unplanned operations . A contract for three CTVs per year is 
found to correspond to the minimum annual costs  for this vessel type . 

 
Figure 3-57: Scenario  #4 ĞǸɾɾǸȺậɾ Ǫɐɾʌ: (left ) vessel percentage  use and  (right ) CTV cost LT chart 

strategy . 

3.4.4  Sensitivity analysi s 
Conform  to the  previous case study, sensitivity analyses were conducted to better 
estimates uncertainties and robustness of the assessment.  Figure 3-58 display the 
O&M direct cost variation on the selected parameters while Figure 3-59, Figure 3-60  
and Figure 3-61 present the yearly mean energy availability production for BFWT, 
WEC and OFPV respectively.  

Variations in the seasonal distribution occurrences of failure ẏɾ events results  in an 
3% range change in OPEX. A limited impact on energy availability is observed for 
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wave and solar technologies, whereas wind energy production exhibits a higher 
sensitivity to the forced  failure events  in specific  period.  

The analyses conducted highlight a comparatively moderate increase in OPEX 
when considering a higher number of failure events, relative to the other case 
studies investigated. The direct  expenses estimated increase by approximately 11% 
with respect to the base case scenario, while energy losses due to downtime 
significantly rise for both wind and solar technologies.  

For the present scenario UAV permanent at site were considered as base case 
study  due to the large number of devices installed . The results observed by not 
employ  UAV  at site exhibit  a large increase by 19% of the  direct  operational costs , 
highlighting the importance of th is equipment in remote areas and in  future ORE 
large scale implementations.  

 
Figure 3-58: Scenario  #4  Co-located yearly cost variation on input variables . 

 
Figure 3-59: Scenario  #4  Yealy Energy availability production variation BFOW . 


















































































































































