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OWT 
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O&M 

WTG 
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Remote Operating Vehicle 

Self-Propelled Modular Transport 

Technological Readiness Level 

Tension Leg Platform 

Operational Expenditure 

Offshore Wind Turbine 

Oil & Gas 

Operations & Maintenance 

Wind Turbine Generator 

Work package 
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Executive Summary 

The ambition of this deliverable is to provide input for a roadmap to an industrialized development of 

FOWT technology by briefly summarizing on the following key objectives: 

1. Industrialization of floating wind in general and differences to fixed-bottom wind 

2. The development of an industrialized numerical design process for FOWTs 

3. Industrialized procedure for the transition from conceptual to detailed design 

4. Key areas from design conceptualization to manufacturing process development 

5. Development of a generalized manufacturing methodology for the large-scale production 

6. Economic considerations during offshore operations 

Furthermore, information regarding the design of internal structures and opportunities for structural op-

timisation are provided. A proposal for a design methodology using coupled simulations combined with 

structural analysis is made. The application of a method based on analysis of instantaneous quasi-static 

states is demonstrated and used iteratively to obtain the instantaneous stresses for predefined time steps. 

The results are then used as inputs for Finite Element analysis. This methodology is exemplified by 

using a generic concept, which was designed according to the specifications of the LIFES50+ project 

Task 5.3 on industrialisation processes. 

As the technology matures and gradually reaches the stage where it needs to be mass-produced, the 

manufacturability of the concept needs to be assessed. A Manufacturing Readiness Level (MRL) ques-

tionnaire was used with concept designers as part of the assessment procedure. The MRL questionnaire 

may be utilized as a template for future design assessments. TRLs and MRLs should ideally propagate 

in conjunction and any existing TRL and MRL gaps should be reduced to enable industrialisation of the 

designs. An overview of the current level of manufacturing maturity of selected FOWT concepts is 

presented and the interdependencies of the technological readiness with manufacturing and commercial 

readiness are described. 

One of the main conclusions of the MRL assessment is the need for a manufacturing proof of concept 

to increase the manufacturing maturity. Ramboll in cooperation with concept designers, subcontracted 

third-party consulting companies specializing in offshore manufacturing and conducting a fabrication 

study separated for steel and concrete. This established an interactive loop between the concept design-

ers and the experts in steel and concrete structures. An outcome is a generalized manufacturing meth-

odology taking the manufacturing constraints into consideration. The study considered a mass produc-

tion scenario for producing 50 FOWT units in 2 years, each unit supporting a 10 MW turbine. Recom-

mendations and industrial best practices at various stages of the FOWT development life-cycle are high-

lighted. A comparison of manufacturing methodologies is made. 

The installation procedure of a FOWT after manufacturing generally consists of load-out, transit to site 

and hook-up to mooring lines and dynamic cable. To facilitate the installation process and minimize 

costs, three main logistical aspects have to be considered: vessel requirements, distance from port to site 

and weather impact. The weather mainly impacts the installation procedure due to sensitivities of re-

quired marine operations to wave height and wind speed. This impact increases for larger distances. 

Furthermore, the floater towing speed, draft and other requirements, mooring and dynamic cable hook-

up times and procedures and other technical aspects greatly influence installation, particularly for TLPs. 

For floating wind substructures, only limited information about the decommissioning process is availa-

ble. Generally, floating devices will  be detached from the mooring lines and towed to the shore for 

further decommissioning. Mooring lines may be recovered while pile anchors remain in the sea bed.  
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1 Introduction 
Due to the relative novelty of FOWT (compared to onshore and bottom-fixed offshore wind [FB]), their 

LCOE is currently higher than that of FB. Therefore, to compete with the already mature FB market, 

development costs of the FOWTs must be reduced. The current FOWT industry currently is in its early 

pre-commercial stage and exhibits a high LCOE compared to its FB counterpart. However, FOWTs 

show an enormous potential for cost reduction in the future, considering the many synergies with bottom 

fixed and onshore wind, as well as oil and gas. To capitalize on this opportunity and speed-up its ma-

turity, industrialization aspects and risks related to manufacturing and offshore workings need to be 

identified in advance. A basic methodology for the development of FOWTs is presented herein.  

Design is a crucial stage in this development process and a focus is applied to develop an industry 

applicable design process. A numerical design process adapted from the FB design process shall be 

proposed for the FOWT design. The numerical design process differs from the FB since coupled analysis 

is required for FOWT rather than an iterative process. Due to the nature of the numerical design process 

of FOWT, issues related to confidentiality and sharing the risks, liabilities, warranties and responsibility, 

while sharing data between the Wind turbine designer and substructure designer may arise.  

For further industrialization efforts to take place, a selected concept must make the transition from its 

concept stage to detailed design under consideration of serial production. This involves the specification 

of the hull structure, such as braces, girders and stiffeners in a cost-effective, industrialized manner. The 

industrialized numerical design procedure for making this transition from conceptual design to detailed 

design is proposed using a generic concept. The various loads and types of analysis involved will be 

presented. 

As an effort to study the manufacturability of the concept so that relevant manufacturing constraints can 

be considered during design, it is essential to evaluate the Manufacturing Readiness Levels of the se-

lected concepts. Ideally, the MRL must mature in tandem to the TRL, but often this is hardly not the 

situation. This is usually the case when the aspect of manufacturability is not addressed before a design 

is frozen, respectively too much emphasis is given to the technical design aspects, as often the case for 

demonstrator projects, where industrialisation is typically a secondary target. The non-involvement of 

manufacturers during the early design phases creates then a gap between the technological development 

and the manufacturing process development. This gap can potentially lead to delays and other unneces-

sary expenses when the actual production begins, respectively lead to concepts which lack the ability to 

industrialise them. To exemplify this, an MRL assessment was conducted using a questionnaire for the 

two selected concept developers. Their answers provide a good overview about the manufacturability 

and also provide a template for future designs. At later stages of technological maturity, a commercial 

readiness index (CRI) assessment for evaluating commercial readiness is also considered and the inter-

action between the CRI, MRL and TRL are depicted. 

The MRL assessment shows exemplarily a typical gap between technological maturity and the manu-

facturing maturity, which in the case of a R&D project such as LIFES50+ is to be expected. For com-

mercial projects, the early involvement of substructure manufactures is thus essential for ensuring that 

the manufacturing constraints associated with the site selection, equipment, capacity and supply chain 

are addressed during the design. Their early involvement also allows the identification of critical areas 

and potential bottlenecks during the process. To exemplify the benefits of such an early involvement, 

Ramboll in cooperation with the concept designers initiated a manufacturing study for addressing the 

large-scale manufacturing related aspects into the design. The study was supported by subcontractors 

selected for each of the steel and concrete floater concept. The study assumed the production of 50 units 

in a span of 2 years. Separate manufacturing methodologies for the steel and concrete floating concepts 
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were developed. A generalized manufacturing methodology for FOWT substructures was then devel-

oped based on the individual methodology proposed in the study. Potential bottlenecks and critical areas 

in the manufacturing were identified and recommendations for upgrades and automation are provided. 

Results are transferable to all steel and concrete concepts. 

The installation procedure of a FOWT after manufacturing generally consists of load-out, transit to site 

and hook-up to mooring lines and dynamic cable. To facilitate the installation process and minimize 

costs, three main logistical aspects have to be considered: vessel requirements, distance from port to 

site and weather impact. The weather impacts the installation procedure due to sensitivities of required 

marine operations to wave height and wind speed. This impact increases for larger distances. It may 

be, thus, beneficial to invest in closer ports and upgrade its infrastructure. High investments must be 

compared to the alternatives including higher risks regarding weather forecast and higher vessel costs. 

Furthermore, the floater towing speed, draft and other requirements, mooring and dynamic cable hook-

up procedures and other technical aspects greatly influence installation, particularly for TLPs. 

For floating wind substructures, only limited information about the decommissioning process is availa-

ble. Generally, floating devices will be detached from the mooring lines and towed to the shore for 

further decommissioning. Mooring lines may be recovered while pile anchors remain in the sea bed. 

This is a clear advantage over fixed-bottom structures. The decommissioning can be done, after the 

floaters are towed back to the port followed by recycling or disposal of the employed materials like steel, 

concrete, synthetics, etc. 
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2 Industrialized development of the FOWT technology 
Figure 1 indicates, cost from new and innovative technologies tend to increase from initial conception 

to detailed development and then decrease when the concept is optimised and industrialised. As a tech-

nology at the early stages of development, the CAPEX and LCOE estimates for floating wind may 

underestimate the full costs of deploying the technology. This has already been observed in the fixed-

bottom industry [1] and is also evident in demonstrations at the Fukushima FORWARD project in Japan 

or Hywind Demo, which were very expensive. The industrialisation stage is here indicated to take place 

beyond TRL 7 and is characterized by considerable reductions in cost. In LIFES50+ the project aims at 

achieving TRL 5 for the selected concepts at the end of the project. While an actual industrialisation of 

the concepts in LIFES50+ is beyond the project scope, WP5 only aims at outlying the general consider-

ations by creating a roadmap towards industrialisation. 

 
Figure 1. Potential of cost reduction in industrialisation phase [2]. 

Some of the lessons learnt during the last almost 30 years of experiences with offshore wind farms on 

fixed foundations should also be considered when envisioning an industrialized FOWT design process: 

¶ When looking at the development of forecasts of offshore wind capacities, most predictions in 

the past were overly optimistic. These overinflated or unrealistic expectations were damaging 

for governments, developers and the supply chain. Key reasons for that were the under-estima-

tion of the issues related to the offshore environment which resulted in major delays and mas-

sively increased construction costs. Additionally, complex environmental permitting has proven 

to be an important factor and source of delay.  

¶ The learning curve in offshore wind until around 2010 was inverted [1], with costs increasing 

rather than decreasing regardless of the increased number of units installed. This contradicts the 

conventional theory and basis of industrialized markets. However, it appears to be well aligned 

with the statements made above. 

¶ Development of an efficient supply chain took a considerable amount of time and many lessons 

were learnt to reach this level of maturity.  

2.1.1 Key aspects for the industrialized FOWT design: 

¶ Centralization of Production: Utilization of expensive equipment and facilities is feasible only 

with production performed at a single location, i.e. a harbour/shipyard for a particular region. 

Such a hub is ideally comprised of a large turbine assembly plant, a host of manufacturers of 

ancillary equipment including gearboxes, blades, nacelles and cables alongside a series of in-

stallation, logistics and operations and maintenance companies. The process will thus use the 
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economies of scale with respect to capital investment, management and auxiliary services. From 

this central location the product is shipped to the various installation sites. 

¶ Mass Production: The investment in equipment and facilities associated with an industrializa-

tion process can be justified economically only with a large production volume. Such volume 

allows a distribution of the fixed investment charge over a large number of product units without 

unduly inflating their ultimate cost.  

¶ Standardization: Production resources can be used in the most efficient manner if processes 

and procedures are standardized. Then the production process, machinery, and workersô training 

can best be adapted to the characteristics of the product.  

¶ Specialization: Large volume and standardization allow a high degree of labour, software and 

design procedure specialization within the production system. The process can be broken down 

into a large number of small homogeneous tasks. Workers continuously engaged in any of them 

can perform at a higher productivity level. 

¶ Good organization: Centralization of production, high volume, and specialization of work 

teams requires a sophisticated organization capable of high quality of planning, coordination, 

and control functions with respect to design, production and distribution of the products. This 

includes incorporation of well-defined and comprehensive risk and asset management strate-

gies, as well as quality assurance procedures (i.e. mature Design Standards and internal QA 

processes). 

¶ Integration:  To ensure optimal results, a very high degree of coordination must exist between 

design, production, and marketing of the product. This can be ensured in the most efficient way 

within an integrated system in which all these functions are performed under a unified authority. 

¶ Project Pipeline and Policy: All aspects above can only be achieved if a clear and reliable 

pipeline of floating wind projects exists. LIFES50+ thus urges policymakers to set out ambitious 

goals for floating wind development on a commercial scale. Without such clear goals, the learn-

ing curve will be delayed and the road to industrialization and cost competitiveness will be 

blocked. 

2.1.2 Main difference between FB and FOWT numerical design 

While some design aspects for floaters exhibit less complexity, such as geotechnical analysis (for cate-

nary moored systems) and individual design variations for locations within a wind farm, the complexity 

increases in other areas related to the detailed design of structure and moorings, where the FOWT global 

motions need to be accounted for. Table 1 provides some of the main differences below.  

Table 1. Key differences between the numerical design procedures of FB and FOWT substructures. 

Item Difference to fixed-bottom design 

Components Mooring lines, dynamic cable / umbilical, anchors, tower, RNA, floating 

substructure are components that are either not present for fixed-bottom 

OWTs or do require modification for application in FOWTs. 

Loads analysis Limited application of uncoupled approaches in the detailed design due 

to the more important coupling effects and the influence of the controller 

that are very difficult to capture with sequential methods; tower loads, 

and RNA loads are significantly influenced by floating foundation and 

controller so that coupled models are very important. 
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Numerical model fidelity Regarding hydrodynamics, potential flow methods of 1st and 2nd order are 

applied for most (hydro-dynamically in-transparent) concepts instead of 

Morison based approaches; however due to this difference the wave 

representation is typically less advanced and only considers irregular 

waves up to 2nd order. 

Controller The controller has increased importance and needs to be re-qualified and 

often modified for floaters. Due to the controller changing the global 

system dynamics, consideration in early design phases may be beneficial 

for compliant concepts so ULS loads can be improved 

Tower Tower needs to be re-qualified taking platform motions, increased loads 

and eigenfrequency changes into account 

Installation Installation procedures allow much more flexibility, but procedures are 

not yet well established and proven 

O&M Consideration of possibilities for tow-in; little experience over lifetime; 

challenges in accessibility, maintainability and workability. 

Geotechnics Not influencing dynamics (major contrast with fixed-bottom where 

particularly soil damping is highly relevant); only important to select 

anchor types (has highest relevance for TLPs); 

DLC selection; wind farm 

clustering/lumping 

Due to the expectation that in large wind farms the floating foundations 

will likely only differ by their mooring system, different methods will be 

applicable to cluster design conditions and potentially reduce simulation 

effort; however, directionality and wake interaction will be of increased 

importance (low floater yaw stiffness) and add additional, worst case 

conditions specific to the regarded concept may need to be added as 

DLCs. 

Out of these differences, the major numerical design approach difference between bottom fixed and 

floating foundations are the requirements for more integrated and coupled design tools. Deliverables 

D4.4 [3] and deliverable D7.4 [4] are dedicated to the discussion of various numerical tools and state-

of-the-art numerical design approaches for FOWTs. The current design process for bottom fixed struc-

tures is usually based on an iterative, sequential procedure, i.e. exchanging wind and wave loads, be-

tween the foundation designer and wind turbine designer to clearly distribute responsibility and risk and 

protect confidential information. Opposite to that, FOWTs are usually simulated with a fully coupled 

approach for the majority of concepts, where both load contributions are simultaneously applied, includ-

ing consideration of the controller for operational loads. Otherwise the resulting load predictions may 

be of limited accuracy. It is essential for the industry to agree on a way to address this key issue.  

Even though significant differences exist between the industrialized design of fixed-bottom and floating 

offshore wind turbine structures, a majority of these are focused around the design of the primary struc-

ture and the controller. Key design element synergies related to many aspects, such as secondary struc-

tures, structural analysis, mechanical and electrical design, geotechnics, and others can as well be iden-

tified and knowledge transfer from the fixed-bottom design will enable a more rapid development to-

wards a mature floating wind industry by adopting and adapting existing methods. By making use of 

established best practice experience the learning curve timescales associated with cost reductions can 

be reduced.  
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3 Transition from conceptual design to detailed design 
As the design reaches higher levels of fidelity, it must make the transition from its conceptualization 

stage to detailed design. This involves the specification of structural details, such as inner shells, girders 

and stiffeners to the existing conceptual design in a cost-effective manner allowing for industrialised 

manufacturing. The industrialized numerical design procedure for making this transition from concep-

tual design to detailed design is proposed using a generic concept. The flowchart in the Figure 2 repre-

sents the main stages involved in this procedure. To accomplish this task, a generalized approach de-

scribed by Kräckel [5] and Tiedemann [6] is applied, which were based on existing Ramboll internal 

processes. This structural design and optimization studies are intended for ease of comprehension and 

adaptability of the proposed detailed design approach to different types of floater designs. It shall be 

emphasized that the below described approach is generic in the sense that for commercial detailed design 

projects, procedures adapted to specific commercial designs will be made containing more specific de-

tails. The below process is the process developed within LIFES50+ and not necessarily identical with 

Ramboll internal detailed design processes, which cannot be fully shared due to confidentiality. 

 
Figure 2. Flow chart representing generic numerical procedure for detailed design. 
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Loads are assessed based on environmental conditions of Ultimate and Fatigue Limit States. During a 

simulation in the frequency domain, the hydrostatic and -dynamic characteristics, as well as the pressure 

distribution on the hull are determined by the potential flow solver. The used model of the floaterôs 

wetted surface is a direct export provided by a macro. Subsequently, the geometry is assessed during a 

time domain simulation executed by a fully coupled aero-hydro-servo-elastic computer-aided engineer-

ing tool. The resulting sectional loads and states for global motion for every time step can then be applied 

to the FE model. Furthermore, the internal pressure, which is determined based on the flooded structureôs 

fill level is added. A finite element model for the structural analysis is generated by a parametrized 

macro. Within its limitations, the script processes user input automatically to build an arbitrary model. 

It allows the variation of multiple parameters like general dimensions of the hull, or number and sizes 

of different internal structural elements. The macro offers the ability to generate automatized multiple 

designs with minimum effort.  

3.1.1 Potential areas for cost cutting during the basic design phase 

3.1.1.1 Steel floater:  

¶ For the steel floater, the use of durable, welder-friendly and high-tensile offshore steel is rec-

ommended. A high availability on the market of this type of steel is necessary. S355J2+N rep-

resents a suitable example.  

¶ As a non-alloy, low-carbon structural steel can be used for construction, as critical components 

and major structural members. It has good cold-forming properties and is available in a variety 

of width, length and thickness. 

¶ For simplified construction, it would be possible to build the hull of substructures with stiffened 

flat panels only. Since these cause higher drag and/or drift forces, this advantage might be offset 

by higher costs for the mooring system. Thus, a cylindrical columnar structure is preferred.  

¶ The main parts of a floating semi-submersible substructureð the columns and pontoonsð are 

designed for hydrostatic pressure which is handled by internal braces, stringers and stiffeners.  

¶ Bracings are avoided for the overall shape to cut production and maintenance costs and reduce 

the vulnerability to fatigue.  

3.1.1.2 Concrete floater: 

¶ On the other hand, the concrete floater can be built based on a simple design with clear load 

bearing, repetitive modules etc. Due to the well matured concrete construction industry, indus-

trial best practices already exist for pre-fabricated modules of concrete sub-blocks and mecha-

nized rebaring operations are available.  

¶ The floating unit shall be optimized for its main purpose, namely the operation phase and min-

imum extra cost shall be required to solve temporary conditions. 

¶ The floater must be designed to be manufactured at quayside to eliminate all challenges related 

to offshore lifting operations, future lack of suitable lifting tools etc.  

3.1.2 Structural optimisation of the design 

During a quasi-static structural analysis that features the loads resulting from the above-mentioned cal-

culations, the stress distribution is assessed for the hull and all internals. This gives an overview on 

locations where hotspots occur during a specific wave period. The examined models can be used e.g. in 

sensitivity studies for the assessment of global stress distribution of internal and external structural ele-

ments. A suitable framing and compartmentation strategy is developed by following the common DNV 

standards, so that an economically feasible design for the internal structure is obtained. It is a critical 

area for cost savings and carries major implications related to the manufacturability of the substructure. 

Figure 3 shows a sample output from such a procedure. 



                                                                             D5.5 Overall summary of the industrialization process 

 LIFES50+ Deliverable, project 640741 13/45 

 
 

 

 

Figure 3: Top: Final design of the semi-submersible floating offshore structure (ANSYS model, no mesh); Bottom left 

and right: Distribution of overall stress and internal structure of lower column. 

3.2 Design for manufacturing guidelines from the automotive and oil and 

gas industry 

To standardize the simplification of design a set of design guidelines were developed and are commonly 

referred to as Design for Manufacturing and Assembly or DFMA in short.  

In most conventional cases, the manufacturer is rarely involved during the design process even though 

a significant proportion of the overall costs are linked to manufacturing process-related operational ex-

penses. This leads to many issues later and need for costly changes. Most of the issues arise only after 

the start of actual production, making them difficult to detect. Unfortunately, by this time it might be 

too late to mitigate these issues, which in turn causes problems in the form of unwanted costs and un-

precedented delays. The manufacturerôs input during the design will help identify manufacturing risks 

that the design may be subjected to.  

In more general terms, using DFMA can help tackle these issues and simplifying design earlier during 

the manufacturing process development. DFMA has been widely accepted and successfully integrated 

into the design processes of many of the well-known global companies from many operating in many 

different industrial sectors. Moreover, these companies have reported savings worth billions in terms of 

manufacturing costs after successfully integrating this concept during design. The DFMA concept in-

cludes a set of guidelines to help with the simplification of the design [7] [8] and are listed as follows in 

Table 2 
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Table 2. DFMA guidelines for simplified design. 

DFMA guide-

line 

Description 

Modular design Modularization basically reduces the complexity in design. Typical manufacturing 

activities can be more easily applied to the modules. The biggest benefit provided 

by modularization is how it deals with change. Design changes of a module are 

simpler to adapt rather than design changes to the entire design which is more time 

consuming. Modules also allow the design to integrate more variety and flexibility, 

allowing the design to cater to varying needs without needing huge changes. 

Reduce total 

number of parts 

The total number of parts in the design have a direct relationship to the cost and 

time. This provides the best opportunity for reducing manufacturing costs. In gen-

eral, it affects all activities related to the fabrication of the structure and not just the 

area of manufacturing. One way to reduce the number of parts is to identify the 

critical parts. The critical parts are those which fulfil a particular function and have 

relative motions with respect to the other parts. Parts that make the assembly and 

fabrication difficult should either be redesigned or eliminated. 

Standardizing 

components 

The use of standard items readily brings down costs and improves the overall effi-

ciency of the process. The reliability and availability of the goods are also well 

documented, and the chances of errors are also minimum. 

Multi -functional 

parts 

When parts can be designed to handle multiple functions, then they indirectly lead 

to the reduction of the number of parts. For example, a part can be designed to be a 

structural member and a stabilizer for a ship hull design which eliminates the need 

for an extra component. 

Design for easy 

fabrication 

The component must be designed while considering the manufacturing process and 

assembly in mind. The designer must have a good idea about the different manu-

facturing processes that are used to produce the component. When the designer 

lacks details regarding the manufacturing process, it is recommended to take the 

inputs of the manufacturer and create an interactive feedback loop to design. This 

will allow the design to consider limitations of the manufacturing process and stay 

within manufacturing constraints. Moreover, the optimum combination of mate-

rial, labour and type of manufacturing processes can also be determined using this 

method. 

Integrate fasten-

ers into design 

Separate fasteners like screws, bolts or rivets increase the cost and time during 

manufacturing and assembly of a part due to the numerous handling and feeding 

operations that need to be performed. These operations in addition to being unnec-

essary, reduce the overall manufacturing efficiency. Thus, designers should avoid 

separating modules and if necessary, should keep the number of connection points 

to a minimum.   

Minimize as-

sembly move-

ment 

As much as possible, the design should encourage assembly from one direction. 

The best direction is considered as adding parts from above, in a vertical direction, 

using the effects of gravity. This way the assembly does not have to compensate 

for its effect while moving heavy parts.  

  



                                                                             D5.5 Overall summary of the industrialization process 

 LIFES50+ Deliverable, project 640741 15/45 

Increase 

compliance 

It is quite common for errors to occur during insertion or joining operations. It is par-

ticularly common for these errors to take place when the parts overshoot the specified 

geometric tolerances. For this reason, it is considered good DFMA practice to include 

compliance into the design. A popular example of built in compliance features include 

tapers or chamfers and moderate radius sizes to facilitate easy fitting and joining of 

parts.  

Minimize 

handling 

Minimize the amount of time a part spends travelling from inventory to the manufac-

turing area or from one place to another. This is considered to be wasteful and delays 

production processes.  
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4 Transition from design conceptualization to manufacturing pro-

cess development 
To help in the assessment of manufacturing maturity for FOWT technology, there exists a pre-defined 

set of stages referred to as the Manufacturing Readiness Level (MRL). These indicators work similarly 

as the Technology Readiness Level (TRL), but the evaluation procedure is oriented towards building a 

cost-effective and low risk manufacturing methodology. TRL and MRL should ideally mature in parallel 

but this rarely happens in real-life situations, as often a focus is set on technology first. 

As a general disclaimer, it shall be emphasized that LIFES50+ is a H2020 RIA R&D project and the 

floater concepts were matured within the framework of this &D project, which inherently implies that 

they are focussed on TRL and only partially align with MRL, as e.g. a H2020 RI action or moreover a 

commercial development will be. Therefor it must be stated that the below results should be assessed on 

this basis and does not necessarily relate to the commercial versions of the concepts assessed below. 

Nonetheless, the study results provide relevant insight into typical challenges regarding MRL levels and 

also can provide a template for MRL assessments. 

4.1.1 MRL assessment 

To investigate the status of the manufacturing maturity of the selected concepts, a MRL questionnaire 

was sent to the selected concept developers for steel and concrete. In total, the original questionnaire [9] 

comprises of 419 questions distributed among MRL 1 to 10. The number of questions increases with 

MRL maturity. This is understandable since during the early basic research phases, uncertainty is high, 

and a basic manufacturing methodology is not in place yet. However, since the LIFES50+ projectôs goal 

is to reach TRL 5, only questions related up to MRL 5 were deemed necessary and answered by the 

concept developers. The answers were later evaluated and the results from this evaluation are consoli-

dated and presented in this section. The answers and their respective company names will not be in-

cluded due to reasons related to confidentiality and to maintain brevity. 

 

 

Figure 4: Exemplary, generalized results from the MRL assessment. 

Figure 4 depicts the status of the MRL consolidated according to the answers by concept developers.  

The structure of the questionnaire, however, needed modification to make it simpler to use and improve 

clarity. Responses to the previously open-ended questions were now restricted to just three replies (YES, 

NO or Not Applicable (N/A)). Only if a question is answered YES, then these questions transform into 

an open-ended form. In this case, they must be supported with reliable proofs (if applicable) or alterna-
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tively, few comments describing how that phase was achieved must be included. If all questions per-

taining to an MRL are answered with a YES, then that MRL is said to be attained and the maturity passes 

on to the next MRL. Note that since the questionnaire has quite a general outlook and is not particularly 

customized to the manufacturing of floating offshore structures, there were some questions identified in 

each level that were not relevant to FOWT manufacturing. These were marked as N/A. 

 

One can notice questions that were not applicable to the floater fabrication scenario represented by the 

yellow bar. In contrast, the green bars represent a completely mature MRL. Whereas, the red bars rep-

resent the relative percentage of questions that were answered with a NO. On closer observation, it is 

evident that the number of questions that received a NO increased while moving from MRL 3 to 5.  

Relative inconsistencies were found between the answers given by different concept developers as well. 

These discrepancies can be traced back to the subjective interpretation of the questions by the concept 

developers. This questionnaire was originally designed with the primary intention of providing a com-

prehensive self-assessment in terms of manufacturability. So, using the results as a relative measure to 

compare the MRL maturity between concepts should not be the main goal here. It is important to factor 

in this subjective bias if at all a comparison between the floater concepts is to be made in terms of their 

respective MRL status. However, a comparison and is not recommended. The results from the question-

naire were separately sent back to concept developers for further assessment as their manufacturing 

technology matures and may provide useful input for commercial designs outside LIFES50+ as well. 

 

Figure 5: Exemplary graph indicating areas of knowledge scarcity. 

An attempt to further analyse the information obtained was made by grouping them into separate cate-

gories as shown in Figure 5. These independent categories represent the building blocks in a typical 

manufacturing process development.  

The main advantage of using this type of a classification is that now it is much easier to identify areas 

that may have been overlooked or ignored during the development process until now. A lack of research 

in these areas now, can potentially lead to missed process improvement opportunities or unidentified 

risks leading to costly changes later. Hence it is strongly recommended to acquire adequate information 

in these critical areas before proceeding to full scale demonstration.  

Figure 5 depicts some such areas where research efforts need to be diverted. In general, the most critical 

area was identified as ñQuality Managementò. On the other hand, ñProcess Capabilityò, ñManufacturing 
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Personnelò and ñFacilitiesò were other areas that that showed gaps which may be typical for technology 

focussed developments such as the LIFES50+ concepts. 

One conclusion, which was very evident from the questionnaire ð without being subjected to any biasð 

was that the current MRL lags the current TRL. To put this into perspective, it can generically be said 

that the rate at which the floating technology has advanced in terms of its technology is higher than the 

rate at which its accompanying manufacturing processes is advancing.  

Although a few prototypes and one pre-commercial floating wind farm have been already developed, 

and basic expertise is already in place in terms of floater fabrication, the FOWT technology for the 

concepts generally still lacks a manufacturing proof of concept for large scale commercial serial pro-

duction. Particularly, if a large-scale production scenario involving 50 units is considered, no prototypes 

or demonstrations exist currently. A proof of concept involves a methodological description of the op-

erational steps needed to fabricate, assemble, load-out and install the substructures at sea. Figure 6 de-

picts the current state of MRL for the LIFES50+ concepts in this project, representative for many float-

ing wind concepts at similar development stages. 

 

Figure 6: MRL and TRL relationship and scope of MRL assessment. 

4.1.2 Future research considerations regarding MRL 

To better understand the type of manufacturing risks involved and the essential steps that need to be 

taken to close the knowledge gap between MRL 3 to 5 (see Figure 4 and Figure 6), the following list of 

questions are provided.  

Note that the purpose of these questions is to provide generic input to the community of FOWT concept 

developers regarding the challenges of commercialization and industrialization which may be addressed 

in the future. Although these questions are customized to be applied to the assessment of FOWT manu-

facturing, they are still based on the original MRL questionnaire and are divided accordingly into their 

respective categories as mentioned previously in Figure 5. For reasons of brevity, only the most essential 

questions are listed. For further details refer to the MRL questionnaire found in [9]. 
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A. Technology and Industrial Base  

¶ Is the available industrial technology adequate for FOWT manufacturing?  

¶ Does the industrial base use the state-of-the-art manufacturing technology? 

¶ Have manufacturing processes and risks been identified for the concept? 

¶ Have required investments for technology development (for the attainment of both design 

and manufacturing maturity) been identified and funded? 

¶ Have potential manufacturing sites been selected? 

¶ Have potential constraints and limitations pertaining to the site been identified?  

¶ Have potential obsolescence issues and site related problems been identified? 

¶ Do the existing facilities and manufacturing technologies need substantial upgrades? 

¶ Has manufacturing risk (availability of process, sources and materials) been considered? 

B. Process Design 

¶ Have the concepts been assessed for manufacturability? 

¶ Have trade-offs between different manufacturing options assessed? 

¶ Is the conceptôs lifecycle and technical requirements evaluated with respect to manufactur-

ing? 

¶ Are different manufacturing options weighed based on costs and development time? 

¶ Have broad performance goals been identified that may drive manufacturability? 

¶ What are the new frontiers in FOWT manufacturing where breakthroughs are likely to have 

a major impact to the way FOWT substructures are built? 

¶ What are the major bottlenecks (critical areas) in the FOWT substructure manufacturing 

process? 

¶ Which new manufacturing concepts are being explored and how do they tackle bottlenecks? 

¶ Is a high-level process chart developed? 

¶ Have the basic steps and work centres in the process been defined? 

C. Cost & Funding 

¶ Is a heavy investment needed in setting up the manufacturing facility? 

¶ Who are the major investors for manufacturing and which programs are they funding? 

¶ Have relevant approaches for the design of a cost model been defined?  

¶ Which is the cost-intensive areas in the FOWT substructure manufacturing process? 

¶ Is a dedicated cost model for analysing manufacturing costs already in place? (The parame-

ters for this model could include costs associated with design, transition, ramp/learning, 

hidden factory costs, logistics, supplier, after-market, O&M, disposal, etc.). 

¶ Have areas with the highest cost reduction potential been identified in the manufacturing 

process? 

¶ Have different solutions to make the process more affordable been analysed? 

¶ Do the cost estimates consider the costs associated to rework, scrap and repair? (Production 

cost estimation can be conducted by using several means, including formal Production Cost 

Models, parametric estimates, sensitivity analysis, cost risk bands based on technical ma-

turity, etc.). 

¶ Are relevant cost drivers such as material, labour, overhead, tooling, yields, rework, repair, 

etc. for each part of the product life-cycle cost identified? 

¶ Has the uncertainty involved in the cost drivers been quantified? (Process variables need to 

be quantified based on costs). 

¶ Are critical issues involving large cost items with large variations or new items with un-

known costs identified? (Variability in costs can be visualized using sensitivity analysis) 

¶ Has a value stream mapping been conducted for the process? (It shows the high-level break-

down of the process with different work centres and its associated cost centres). 
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D. Materials and Supply Chain Base 

¶ Does the type of material being used by the substructure affect the manufacturing process 

drastically? 

¶ Is it likely that new materials would replace the existing materials used in the near future? 

¶ Are there new manufacturing processes needed to produce the FOWT substructure? 

¶ Have make/buy decisions been initiated? 

¶ Do the make/buy evaluations include production considerations reflecting the pilot line, 

Low Rate Initial Production (LRIP), and Full Rate Production (FRP) needs? 

¶ Have potential supplier survey/ supplier selection strategies been identified? 

¶ Have on-site assessment of potential suppliers been conducted? 

¶ Have the lead time estimates related to material procurement estimated? 

¶ Has the feasibility of the supply chain been demonstrated in other industrial projects? 

¶ Are proper mitigation strategies in place for addressing risks associated with the supply 

chain? 

E. Process Capability and Control 

¶ Have initial simulation models pertaining to the manufacturing process been developed? 

¶ Have model parameters, variables and boundary conditions been specified? 

¶ Are existing models available which can be adapted to FOWT floater manufacturing? 

¶ Have initial estimates of the yields and rates based on assumptions been completed? 

¶ Have critical processes and pathways been identified? 

¶ Have process capability requirements been identified for pilot line, Low Rate Initial Pro-

duction (LRIP) and Full Rate Production (FRP) scenarios? 

¶ Have the risks associated with the critical process been identified? 

¶ Have potential production scale up issues been identified? 

F. Quality Management 

¶ What data is available from similar, more mature systems to assist in quality planning? 

¶ Are there any lessons learned on quality strategies from other similar industrial sectors? 

¶ What is the effect of quality control on costs, schedule and performance? 

¶ What are the critical areas in FOWT manufacturing that need effective quality control? 

¶ Are inspection and acceptance testing strategies already in place? 

¶ Is an investment in new tooling and test/inspection equipment required? 

¶ Are quality control procedures for weight restrictions and dimensional tolerances available? 

¶ Is the quality of the raw materials controlled? 

¶ Which areas do not need strict compliance to quality and does slacking in these areas have 

implications to cost and time reduction? 

¶ What feature/key components need total quality control? (E.g. Critical joint sections) 

¶ Have supplier quality issues been addressed? (if any). 

G. Manufacturing Personnel  

¶ Have new manufacturing skills been identified? 

¶ Have the manufacturing skills needed to produce, test and support the proposed concepts 

been assessed in the required number and time frame? 

¶ Do existing personnel have similar skills to those required and/or can they be cost-effec-

tively cross-trained? 

¶ Have production workforce requirements (technical and operational) been evaluated? 

¶ For high tolerances and quality requirements, are skilled workers fulfilling such require-

ments difficult to find and how does it influence cost? 

¶ Have special skills, certification and training requirements been established? 
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H. Facilities 

¶ Has the availability of manufacturing facilities for prototype development and production 

been evaluated? 

¶ Is available capital enough for required facilities, test equipment and tooling? 

I. Manufacturing Management 

¶ Has a manufacturing strategy been developed and integrated with the projectôs commercial-
ization goals and acquisition strategy? 

¶ Have prototype schedule risk mitigation efforts been incorporated into this commercializa-

tion strategy? 

¶ Is there a well-documented roadmap to achieve manufacturing maturity? 

¶ Has the manufacturing strategy been able to refine and fine tune based upon this MRL eval-

uation? 

¶ Has the manufacturing strategy been refined based upon the preferred concept? 

¶ Is a baseline risk mitigation strategy in place to identify and mitigate all kinds of risks in the 

different life cycle stages of the floater? 

¶ Have the technology development components been associated to lead time and cost esti-

mates? 

 

 

4.1.3 Commercial readiness and its implications to TRL and MRL 

During later stages of technological maturity, it is also recommended to assess the commercialization 

aspects related to the technology using the Commercial Readiness Index (CRI). Although the CRI cer-

tainly does not concern itself with the design, it may have major implications at later stages of the con-

cept development at higher levels of TRL and MRL maturity. As technology matures and more compli-

cated large-scale demonstration starts, it becomes increasingly important to find the necessary invest-

ments for the development of these projects. Finding investors and presenting them with a clear over-

view of the process and the design then becomes crucial to maintain transparency and funding. One way 

to tackle this issue presents itself in the form of Commercial Readiness Index (CRI) developed by the 

Australian Renewable Energy Agency (ARENA) [10], see Figure 7. 
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Figure 7: Scheme demonstrating integration of TRL, MRL and CRI in various stages. 
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5 Key areas relevant to the large-scale production of FOWT 
This deliverable covers the development of a conceptual manufacturing methodology for the large-scale 

manufacturing of FOWT substructures. A manufacturing study was conducted for each of the two se-

lected concepts for steel floater, developed by NAUTILUS Floating Solutions (hereafter NAUTILUS), 

and the concrete floater, developed of Dr. Techn. Olav Olsen (hereafter OLAV OLSEN). The studies 

were supported by subcontracted companies with relevant practical hands-on expertise in handling the 

production of offshore structures. Ramboll with close cooperation with the concept developers ensured 

that the objectives of this study were always being met. A generalized manufacturing methodology fo-

cussing on the large-scale manufacturing of multiple floating units was later developed by taking the 

proposed methodologies from the subcontractors. The scope of the study was an industrial production 

of 50 units in 2 years.  

5.1 Manufacturing 

Both steel and concrete floater manufacturing are considered, and relevant recommendations are pro-

vided. Firstly, a generalized methodology is presented based on proposed methodologies for steel and 

concrete by the subcontractors. Then the main items in the proposed methodologies for steel and con-

crete are separately highlighted. Please note that the optimal design, material and fabrication strategy 

is highly market dependent (existing supply chain, infrastructure) and site-specific and, thus, difficult 

to obtain through a basic study. Therefore, the results of this study should be considered highly generic 

and may be different for individual cases. A detailed investigation on a case-by-case basis must be 

conducted for optimal values. 

5.1.1 Basic Manufacturing methodology for the large-scale manufacturing of FOWT 

substructures 

The generalized manufacturing methodology is based on the results from the comprehensive manufac-

turing studies conducted for the steel and concrete floating concepts respectively. The steps encompass-

ing this methodology are applicable to the mass production of any floating concept. Figure 8 depicts the 

sequence of steps, and the key inputs and outputs from each step. The start of production is indicated by 

ñRUNò, which initiates after the production scheduling step. Once production begins, the process must 

be continuously monitored and improved in order to achieve a lean and optimised process.  

 

Figure 8. Generalized production methodology for floater manufacturing. 
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5.1.2 Conceptual production methodology for steel floater 

Two shipyards were proposed for the production of 50 units for LIFES50+ reference site A [11]. The 

first site was chosen as the Chantier Naval de Marseille shipyard situated in Marseille, France. The 

fabrication of blocks takes place in the workshops and then the completed blocks are transported to the 

final assembly dry dock as shown in Figure 9. The shipyard is a repair yard consisting of many dry 

docks, which means that workshops need upgrades and that it has limited capacity in terms of storage 

and manufacturing. Due to the limitations, this shipyard alone cannot manufacture the entire set of 50 

units in 2 years, as required in this study. So, the production of only 30 units is assumed from this yard. 

 

Figure 9. The main fabrication and assembly sites at Chantier Naval de Marseille (steel). 

To meet the capacity requirements, another yard in Cadiz, Spain was chosen as well. The Navantia yard 

is a new building yard, which unlike Marseille, is well equipped with on-site manufacturing facilities 

and required equipment and dry docks. It is also well experienced at handling offshore wind projects as 

shown in the Figure 10 below. The production of the remaining 20 units is assumed to take place in this 

yard in this study. Note that the production at both sites start simultaneously to reduce lead time. 

 

Figure 10. Dedicated fabrication and assembly sites at the Navantia shipyard in Cadiz, Spain (steel). 
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The key figures for both these yards are summarized in the following Table 3. 

Table 3: Overview of the assumed production capacities of the selected sites. 

Particulars Marseille Cadiz 

Floaters to be built 30 20 

Output of floaters 1.5 floater/month 1 floater/month 

Steel throughput 5700 t/ month 3800 t/ month 

Lead time to installation offshore  20 months 17 months 

The schedule for the final assembly at Marseille follows a serial production setup for assembling 5 

floaters in series in 100 days in dry dock and is depicted in Figure 11 below. 

 

Figure 11. Final assembly schedule at Marseille (serial production, steel). 

In contrast, the final assembly at Cadiz follows a batch parallel setup for assembling a batch of 5 floaters 

at a time in 125 days in dry dock and is depicted in the Figure 12 below. 

 

Figure 12. Final assembly schedule at Cadiz (batch parallel production, steel). 

By comparing the assembly schedules with each other, it can clearly be seen that the serial production 

setup at Marseille (100 days) is faster compared to the batch parallel production setup in Cadiz (125 

days). The batch wise assembly suffers from intermittent delays due to the uneven utilization of the 
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workforce and equipment (painters, welders, etc.), as the resources must wait until its preceding pro-

cesses are finished. From this basic and exemplary investigations, a serial production setup is recom-

mended during the final assembly of floaters at this scale. 

After the final assembly, the floaters are floated up in the dry docks and then towed to their respective 

sites, where the WTG is assembled. For Marseille, the assembly of the WTG takes place at the same 

site, whereas the completed floaters in Cadiz are towed to Marseille for further assembly of WTG. Once 

the WTG installation is completed, these floaters are ready to be towed to and installed at the wind farm 

site. 

5.1.3 Recommendations for steel floater manufacturing 

For large-scale manufacturing of steel floaters requiring shipbuilding techniques, the usage of newbuild-

ing shipyards instead of repair shipyards is recommended as these kinds of shipyards usually have a 

full -fledged steel fabrication facility close by. In general, shipyards are located at shore or close to the 

open sea at large rivers which makes them a well-suited production facility in comparison to inland 

facilities, which increase the overall distance to the farm installation site. These characteristics make 

these yards well suited for the large-scale manufacturing of steel floaters. The employees of the yard are 

also well trained in operations related to steel structures (rolling, bending, cutting, blasting, welding, 

painting, etc.) due to their experience in dealing with ship building and other offshore O&G structures, 

maybe even related to wind energy projects such as jackets or monopiles.  

Particularly, a manufacturing methodology is proposed that makes use of existing shipyard facilities. It 

must be ensured that the chosen facility complies with the dimensions of the floater. A detailed layout 

of the facility must be drawn considering additional space requirements which may be needed if an 

upgrade is necessary. Existing fabrication facilities generally have necessary equipment already availa-

ble according to their ship building and steel fabrication needs. But if a large-scale production scenario 

needs to be initiated, the available capacity of these facilities in terms of the equipment, workspaces and 

manpower needs to be thoroughly evaluated and the capacity constraints must be identified. Trade-offs 

between outsourcing a part of the operations or capacity to other shipyards would then have to be con-

sidered and the most economically viable option must be chosen. 

Pre-fabrication of sub-blocks during fabrication is highly recommended, for example refer to Figure 13. 

This means that the pre-fabrication may take place at separate sites dedicated to handling the production 

of steel modules for the floater. These modules would be then transferred to the coating area and, finally, 

to the assembly area where the entire floater gradually takes shape. It must be investigated whether the 

available workshops are designed to meet pre-fabrication. The design must also be subdivided accord-

ingly into pre-fabrication modules while considering the facility, transportation and manpower con-

straints. It is highly recommended to involve the manufacturer during the planning of block subdivision 

to ensure the design breakdown takes every aspect of the manufacturing process into account. Manufac-

turers also are well informed about best practices and may recommend design changes which may have 

critical cost saving benefits. 
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Figure 13. Basic design breakdown of the NAUTILUS floater using sub-blocks [modified from NAUTILUS].  

The list of recommended upgrades needed in case of existing shipyards is as follows: 

¶ Dry docks (if applied) need to be upgraded for final assembly of multiple floaters.  

¶ Inclusion of an additional sea lock within the dry-dock to make more room for final assembly 

before float-up (depending on the production methodology), see Figure 22. 

¶ Workshop automation by equipping high-tech rolling, bending and cutting machines  

¶ Gantry cranes with magnetic grippers for easy material handling. 

¶ Automatized submerged arc welding machines for better quality and efficient welding 

¶ Storage areas with high tech (Radio Frequency Identification) RFID tracking system to track 

material flow is recommended 

¶ Load bearing capacity must be checked for the accommodation of floater parts 

¶ Workshops, coating sites and dry docks must be ideally located close to each other to mini-

mize time spent in logistical operations 

¶ An assembly sequence following a serial continuous production flow is found to perform 

faster than a parallel batch production flow in this exemplary, basic study 

It shall be noted that in the market today also modular steel floater designs with different industrialisa-

tion approaches are proposed, relying on smaller supplied components to be assembled at port, not ap-

plying shipbuilding manufacturing techniques. Above results may not be fully applicable to such de-

signs, as these have not been considered as part of LIFES50+. 

5.1.4 Conceptual Production methodology for concrete floater 

In contrast to the steel floater manufacturing, one dedicated manufacturing facility is proposed for the 

mass production of the OLAV OLSEN concrete floater. The nature of the concrete construction allows 

the portability of the equipment and raw materials allowing for a mobile plant setup. The location pro-

posed for setting up such a production plant is Lundevågen in Farsund, Norway. This will act as the 

main construction site. Details regarding the site are provided by Figure 14 and Figure 15 below. 


































