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Abstract 

 

3D woven fabrics face many barriers to acceptance as composite materials, with 

lack of cost information a key reason. A potential application is wind turbine spar 

caps. Renewable energy generation is increasing while prices for wind turbine 

generated electricity are decreasing. To reduce Levelised Cost of Electricity 

(LCOE), either the entire turbine is replaced at end of life or new blade spar caps 

are retrofitted. Utilising the principle that cost increases with complexity, two 

parametric, resource-based Technical Cost Models were developed, one for 3D 

woven preforms and another for assessing the feasibility of retrofitting glass and 

carbon fibre spar caps.  

 

A relationship equating manufacturing time and 3D woven preform complexity, 

defined as a function of fibre tow number and preform shape, was introduced. 

Manufacturing time and therefore cost was found to scale with preform complexity 

for seventeen bespoke manufactured 3D woven preforms. There was good 

agreement between the cost of a preform estimated by the model and by a 3D 

woven fabric manufacturer. Two 3D preform sub-Models were derived for a 

Weavebird loom and a Jacquard loom. Organizational Learning can reduce 

preform cost.  

 

A spar cap cost curve from 35m to 75m length was derived from 35m spar cap 

cost data, with good agreement between model and manufacturer-estimated 

costs. LCOE decreased more for carbon fibre than for glass fibre 5-year life 

extended retrofits compared to a 20-year glass fibre baseline. To aid cost-

effective 3D woven fabric design for various composite applications, an outline 

framework linking both models is proposed for assessing the economic feasibility 

of a 3D woven fabric for a given composite application. The model framework 

could incorporate appropriate learning curves with multivariate analysis so that 

the cost per preform of bespoke 3D woven fabrics manufactured at required 

production rates for mass customisation may be predicted with greater accuracy. 
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Chapter 1  Introduction 

 

1. Background 

Composite materials can minimize weight and reduce fuel costs in sectors 

ranging from aerospace to renewables. They are increasingly penetrating new 

market applications, however barriers to acceptance for certain composite 

materials, such as 3D woven fabric composites, are still prevalent. One reason is 

a lack of understanding of how 3D woven architecture affects the mechanical 

properties of 3D woven composites1. Another factor is that 3D woven fabric 

preforms can be expensive even though they permit high volume, low cost 

production techniques such as near net-shape moulding and reduced component 

weight. For example, aircraft weight can be reduced by up to 30%2. Although 

automation is now commonplace for very large parts such as automated tape 

laying of wing skins, and while it is possible to automate production of parts in 

the small to medium size range up to 3m wide and 10m long and save 20- 30% 

costs compared to conventional aerospace composites part production, 

aerospace safety protocols are preventing the deployment of high-volume 

automated processes for manufacturing complex structural parts3.  

For aerospace, a more globalized competitive environment is allowing new 

players to challenge the dominance of organizations such as Bombardier, Boeing 

and Airbus. Another issue is the benefits versus costs of one material compared 

with another. For example, wind turbine blades made from carbon fibre can result 

in increased electricity generation and net lower life cost per unit of electricity 

generated (cost/kWh) compared with blades made from glass, even though glass 

is significantly cheaper than carbon4.  

Faced with these challenges, manufacturers require as much cost information as 

possible when deciding on a given material. With accurate cost and design inputs, 

a concurrent engineering approach that emphasizes concurrent product design 

and manufacture thereby reinforcing organizational “learning by doing”5, can 

result in an optimum part cost that meets design service specifications while 

delivering commercial benefits over its lifetime, for example enhanced electricity 

generation from a 3D woven carbon fibre composite wind turbine blade compared 
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with a 2D glass fibre composite blade. For wind turbines, resource sustainability 

and the environmental costs of composite materials in terms of material and 

energy consumption, end-of life recovery, disposal and contamination issues6 are 

important considerations if retrofitting as an option is being considered compared 

with a system re-design or replacement. In a retrofitting scenario, any cost model 

will account for engineering and performance criteria that retrofits must meet.  

1.1 Objectives of Research Project 

The objectives of this Project are as follows. Firstly, develop a cost model for 

each of the following: 

-       Model 1: bespoke manufactured 3D woven fabric preforms. 

-       Model 2: batch manufactured wind turbine fibre composite spar caps.  

Each model will account for limited available commercial data and employ a 

concurrent engineering methodology whereby all manufacturing cost drivers are 

considered together. 

Secondly, derive a set of cost estimation rules for each model that accounts for 

the effect of complexity or part features on cost, e.g. material mass and shape. 

These rules will reflect the manufacturing context for each model. The spar cap 

cost model will calculate electricity generation for a range of spar cap blade 

lengths based on spar cap cost data, operational & maintenance and turbine 

investment costs so that the feasibility, in terms of levelised cost of electricity, of 

carbon and glass fibre spar cap retrofits can be assessed compared with turbine 

system redesign and replacement.  

To validate Model 1, a case study is presented that compares the cost of a new 

3D woven fabric preform estimated by the Model with the cost independently 

estimated by a Northern Ireland – based 3D woven fabric manufacturer, 

employing constants derived in this study from manufacturing time – preform 

complexity relationships. Established learning relationships, in which part cost 

decreases as the volume of parts produced increases, will be employed to 

estimate the cost of the new preform that is competitive with the cost of the 
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preform currently manufactured by a US supplier.  To validate Model 2, costs for 

spar caps from 35m to 75m will be compared with costs independently estimated 

by a spar cap manufacturer  

Finally, an outline framework linking both models for assessing the feasibility of 

3D woven fabrics as materials for wind turbine spar caps is presented. This 

framework should assist 3D woven fabric design for composite parts in various 

applications, thereby promoting more widespread use of 3D woven fabric 

materials. 

1.2 Thesis Outline 

 

The thesis is structured as follows. Chapter 2 is a review of the literature for 

markets and growth potential for composites, 3D woven fabric materials, 

manufacturing cost models and cost models for composites in the automotive, 

aerospace, marine, built environment and wind turbine sectors. Resource 

sustainability and blade retrofit for wind turbine life extension, blade design and 

operational performance are also reviewed, together with manufacturing 

complexity and component complexity. A wide-ranging review of learning-cost 

relationships has been included as learning has a critical effect on part cost. 

Chapter 3 describes the development of a cost model for the bespoke 

manufacture of 3D woven preform fabric materials. A feature factor describes part 

complexity and how manufacturing time and therefore cost will vary with part 

complexity. The model is based on a resource and technical cost model 

philosophy with Excel software as a modelling tool. The cost of a manufacturing 

process will be made up of resource costs such as material cost, dedicated 

tooling cost, capital cost of equipment and general overheads such as energy 

and maintenance. Cost is not simply the addition of cost elements. How they 

interact with each other is a function of either Static or Dynamic Complexity and 

the level of organisational learning.  

Chapter 4 describes a cost model for estimating the manufacturing cost per part 

of wind turbine blade glass and carbon fibre composite spar caps at varying 

lengths. Retrofitting wind turbine spar cap blades at end of turbine blade life is a 

possible strategy for reducing levelised cost of electricity (LCOE) for wind 
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generated electricity in a cost environment where wind generated electricity 

prices are falling. The model can estimate electricity generation for a range of 

spar cap blades, turbine investment and operational & maintenance costs. With 

this information, the feasibility of retrofitting carbon fibre spar caps compared with 

glass fibre caps can be assessed and compared with a 20-year life baseline case.  

 

A critical issue is that retrofits must meet specified engineering and performance 

criteria. Resource sustainability is another consideration when comparing the 

feasibility of retrofits with complete system replacement. In both cost models, the 

derivation of novel cost estimation rules or cost factor indices accounting for the 

effect of part complexity on cost is described.  

 

Chapter 5 is for Results and Discussion. A case study is presented that compares 

the cost of a new 3D woven fabric preform estimated by Model 1 with the cost 

independently estimated by a 3D woven fabric manufacturer. Chapter 6 outlines 

a framework to link both models, with Model 1 as input for 3D woven preform 

material to Model 2 so that the feasibility of 3D woven fabrics for wind turbine 

blade spar caps can be assessed.  

 

Chapter 7 is a set of Conclusions & Recommendations for further work. 

 

..                                                                                                                             
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Chapter 2 Literature Review 

The Review is structured as follows:  

 

2.1 Markets for composite materials 

 

2.2 3D woven composites: properties, complexity, manufacturing 

 

2.3 Manufacturing cost models  

 

2.4 Sector Cost Models:  

 

2.4.1 Aerospace 

 

2.4.2 Automotive 

 

2.4.3 Marine 

 

2.4.4 Built Environment 

 

2.5 Cost models for wind turbines and wind turbine spar caps 

 

2.6 Resource sustainability, blade retrofit for wind turbines  

 

2.7 Blade design and operational performance 

 

2.8 Complexity and cost: part complexity and manufacturing complexity 

 

2.9 Learning and Cost 

 

2.1 Markets for composite materials 

 

Due to the unique characteristics of composites in terms of excellent chemical 

resistance, low weight and high stiffness/strength to weight ratios combined with 

regulatory and commercial pressures to reduce CO2 emissions via light-



6 
 

 
 

weighting, the global aerospace composites market is predicted to grow from  

US$10.3 billion to US$16.5 billion from 2012 to 20227. By 2022, carbon fibre-

based composites are forecast to have 76% of aerospace market share with 

glass and aramid-based composites at 13% and 11% respectively8. Traditional 

thermoset composite materials dominate the global composites market while a 

significant shift to thermoplastics composites has occurred since 2013. In 2013, 

the global composites materials market was US$23.9 billion of which 75% was 

traditional thermosets and 25% was thermoplastics. By 2017, the global 

composites market was US$29.9 billion of which 61% was thermosets and 39% 

was thermoplastics. This shift to thermoplastics is expected to continue, driven 

by easier recyclability and faster production cycle times. Thermoset composites 

are forecast to remain the predominant material for applications in Construction, 

Pipe & Tank, Aerospace, Marine and Wind blade Spar Caps8. 

 

Thermoplastics composites, for example long fibre thermoplastics, short fibre 

thermoplastics, glass mat thermoplastics and carbon fibre reinforced 

thermoplastics are becoming more prevalent in Automotive, Transportation and 

Consumer Goods applications. Key thermoplastic resins include PP, PA, PPS, 

PEI, PEEK, and PAEK. Processing technologies, for example automated fibre 

placement (AFP), automated tape laying (ATL), thermoforming, compression 

moulding, injection moulding and welding are being developed to lower the cost 

of manufacturing thermoplastic components, while OEMs in sectors previously 

restricted to thermoset composites such as Aerospace & Defence are 

investigating next generation thermoplastic composite designs for airframe, 

interior and other applications8. 

 

Key drivers for composites materials are legislative and customer pressures to 

reduce energy consumption. The EU 2020 Automotive target standard for CO2 

emissions in new cars is less than 95g/km, down from the 2015 130g/km target 

while the US Automotive CAFÉ standard is for 54.5 mpg by 2025. Airlines are 

demanding higher composite content in aircraft, for example the Boeing 787 has 

50% by weight of advanced composites compared with 6% in the Boeing 7678. 
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2.2 3D woven preforms & composites, properties & manufacturing. 

 

In common with other composite materials, 3D woven composites have promising 

growth prospects in a wide range of markets. However, while possessing superior 

properties in some respects compared with conventional 2D laminates, they are 

complex materials that can be expensive which is why market acceptance has 

been limited. 

 

Jetavat9 commented that 3D woven composites have better interlaminar 

properties than 2D textile preforms and 2D laminate composites. Six preform 

architectures were designed, manufactured and tested for load and flexural 

strength properties. A hybrid orthogonal architecture gave the highest load and 

flexural strength (212MPa) compared to layer to layer (136MPa), step layer to 

layer (70MPa), step orthogonal hybrid (134MPa), orthogonal, (149MPa) and step 

orthogonal (53MPa) architectures. 

 

McClain and Goering10 observed that 3D woven composites can be made by near 

net shape forming with liquid moulding techniques, resulting in much lower cycle 

times and labour costs compared with 2D laminates which are produced using 

very expensive prepreg and autoclave cure processes. Labour costs were 

reduced by 40% when large complex 3D woven structures were assembled from 

smaller 3D woven structures compared with conventional 2D lamination. 

However, many organisations lack the appropriate structure and culture to work 

with 3D fabric materials11 and have no experience of working with tools to predict 

the properties of 3D-weave reinforced composites12.  

 

Stig13 commented that acceptance of 3D woven composites is difficult in market 

sectors such as aerospace which demand high mechanical performance. In-

plane and out-of-plane transverse mechanical properties were compared, with a 

fully-interlaced 3D woven composite having 26% lower Young’s modulus 

(stiffness) due to fabric crimp effects and between 22% and 40% higher out of 

plane strength compared with a 2D laminate due to fibres running in the out-plane 

z direction, effectively binding the fabric layers together. 
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Dry 3D woven textile preforms are highly complex materials as shown in fig.2.1: 

 

3D Textile Preforms 

 

 

 
Stitched          Woven  Non-Woven  Braiding          Multi-axial Warp 

    Knit 

 

 

 Multi-axial         Interlock  

 

    

 

 

Angle-Interlock  Orthogonal-Interlock 
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Figure. 2.1 3D Textile Preforms 

 

 

3D woven interlock composites are fabricated by consolidating the 3D woven 

interlock preform with a resin matrix using liquid moulding techniques such as 

resin transfer moulding (RTM) and vacuum-assisted resin transfer moulding 

(VARTM). 3D woven interlock preforms are multi-layered fabrics produced by 

interlacing three sets of fibre tows in a weaving machine. The first set of tows that 

runs in the machine direction (weaving direction) is called warp, while the second 

set of tows that runs transverse to the machine direction is called fill or weft14.  

 

Alternate layers of warp and weft are placed in cross-layers at 00 and 900 

respectively in the plane of multi-layered weave, with the wefts making the top 

and bottom layers. The warp and weft layers are interlocked/interlaced by a third 

set of tows called binder tows. The binder tows are also called warp weavers 

because interlocking is generally achieved through warp tows14. 3D woven 

interlock composites can be categorized as shown in fig.2.1 and as follows: 
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a. 3D woven angle-interlock orthogonal composites: through-the-thickness 

interlock weave. 

 

b. Layer to- layer interlock or multilayer weave found in both orthogonal 

interlock and angle interlock weaves. 

 

Examples of angle interlock layer-to-layer and orthogonal interlock architectures 

are shown in figures 2.2 and 2.3. 

 

 
 

Figure 2.2. Angle interlock layer to layer architecture 

(courtesy of Axis Composites Ltd, 2018) 

 

 

 
 

Figure 2.3 Orthogonal interlock through the thickness – Unit Cell 

(courtesy of Axis Composites Ltd, 2018) 
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Figure 2.4 3D woven crimp-free orthogonal fabric (Bogdanovich15) 

 

3D woven composites exhibit superior out-of-plane mechanical properties while 

in-plane properties can be inferior compared to conventional 2D composites due 

to fabric crimp effects. Figure.2.4 is an example of a 3D woven preform that 

improves in-plane strength and stiffness while retaining out-of-plane strength and 

stiffness by minimising in-plane crimp. Bogdanovich15 notes that new and efficient 

methods developed for low cost manufacturing of relatively thick, unitary 3D 

woven preforms for composites may enable this class of materials to gain 

significant acceptance in industrial, aerospace and military markets. Such 

expectations are justified by properly designed 3D woven composites that 

provide sufficiently high in-plane mechanical properties while suppressing 

delamination and improving transverse strength, fracture toughness, damage 

tolerance, impact, ballistic, blast performances and other characteristics. 

 

Ansar et al16 state that 3D woven composites have evolved as an attractive 

structural material for multi-directional load bearing and impact applications due 

to their unique transverse properties such as stiffness, strength, fracture 

toughness and damage resistance. Mouritz et al17 review potential applications 
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for 3D woven composite parts ranging from aircraft, marine craft, automobiles, 

civil infrastructure and medical prostheses. However, the major barrier to 

acceptance and practical utilization of 3D woven composites is the high 

manufacturing cost of 3D woven preforms. Yi and Ding18 outline a method for 

modifying a conventional shuttle weaving machine for cost-effective manufacture 

of flat 3D woven preforms, although cost details are not provided. 

 

Archer et al19 note that 3D woven textile composites allow optimisation of specific 

material properties into the final part. Composite T-section specimens were 

investigated for energy absorption in tensile and quasi-static crush tests. 3D 

multi-layer reinforcements were manufactured on a textile loom with mechanical 

modifications to produce preforms with fibres orientated in the warp, weft and 

through-the-thickness directions. Mechanical and physical testing quantified tow 

geometry, orientation and the effect of compaction during manufacture. The T-

section specimens were manufactured from T300 800 tex carbon fibre to produce 

a 3D orthogonal weave with six layers before impregnation with an epoxy resin 

system. 2D laminate layups with twelve layers were also manufactured and 

tested as a comparison. The 3D woven specimens absorbed 40% more energy 

than the 2D laminate specimens. Research into energy absorption by 3D woven 

specimens is very limited so future work should focus on what 3D textile 

architectures perform best in a crush type test for a range of strain rates. 

 

Atas et al20 observed that woven composites materials are susceptible to 

transverse impact loading which causes delamination. Various methods to 

improve impact tolerance include z-pinning, selective interlayers and hybrids, 

protective layers or resin toughening. One increasingly successful method is to 

connect the layers together with a fibre running from the upper to lower surface 

of the laminate. By varying the weave angle between interlacing yarns, energy 

absorption for a 3D woven composite with a weaving angle of 20° [0/20] between 

the yarns was 40% higher than for a woven composite with an orthogonal 

architecture and a weaving angle of 90°. The higher energy absorption capability 

of [0/20] over [0/90] is attributed to a lower stiffness caused by a more polarized 

fibre orientation and a smaller fibre crimp, resulting in a larger maximum 

deflection, a more extended damage zone and a larger amount of fibre pull-out. 
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Ding et al21 showed that 3D composites perform significantly better in fatigue than 

2D composites.  Comparison of the residual strength and stiffness of 2D and 3D 

composites indicates that due to through-the-thickness reinforcement, the 3D 

composite has significantly better fatigue performance than the corresponding 2D 

composite. At 105 cycles and an applied stress level of 75% ultimate strength, the 

residual strength of 2D and 3D composites reduced to 69% and 82% of their 

ultimate strength respectively.  

 

Quinn22 pointed out that 3D woven composites have a fundamental advantage 

over 2D plied lay-up. With a 2D lay-up, ply orientation occurs during cure tool 

loading. Therefore, long times and high labour costs are required to ensure the 

correct ply orientation in the final part. With 3D woven reinforcement, tow 

orientation is determined by fabric design. As binder tow spacing was increased 

the compression after impact strength decreased. 5 x 5 mm binder tow spacing 

gave higher compression after-impact strength than 10 x10 mm spacing. The 

compression-after-impact strength was unaffected by weave architecture, e.g. 

the level of the ±45 tows within the structure with 5 x 5 mm binder spacing. 

However, the 2D structures had a higher flexural strength, 673MPa, compared 

with 494MPa for the 3D orthogonal structure in some samples   

 

Mouritz et al23 state that the manufacture of complex, near net shape 3D woven 

composites is less expensive and simpler compared with manufacturing 2D 

reinforced composites. However, despite the many advantages and potential 

applications of 3D woven composites, in-plane mechanical properties can be 

degraded during manufacture so that in-plane tension, compression and flexural 

properties of a 3D woven composite are 10–20% lower than a 2D woven laminate 

with the same in-plane fibre content. In some cases, the mechanical properties 

of 3D woven composites are up to 50% lower. This has clear implications for the 

design and manufacture of 3D woven composites in structural applications. 

 

Archer et al24 note that 3D woven composites generally exhibit lower in-plane 

properties due to various factors. Reduced mechanical performance results from 

crimping and misalignment of load-bearing fibres by insertion of z-binder yarns 

during weaving, and distortion of the 3D architecture by compaction during the 
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resin impregnation and cure cycle. Overall reduction in tensile strength for dry 

carbon fibre yarns attributed to weaving damage was 9–10%. However, this was 

lower than the 30% reduction reported for glass fibre yarn and the 12% reduction 

reported for carbon fibre yarns by other researchers.  

 

Xu et al25 review the mechanical properties of T sections, their ability to resist 

bending forces along their length and use in structural support and load bearing 

applications, for example in aircraft as stringers to strengthen wing and fuselage 

skins. The flanges stiffen the fuselage skin which is being pushed outwards by 

cabin pressure. However, the complex geometry required to make an efficient 

composite stringer results in non-optimised laminate construction in the deltoid 

or noodle region at the foot of the stringer assembly, which causes a stress 

concentration at the deltoid when subjected to internal cabin pressure. The tensile 

strength of RTM-made cross-joints is 21.7% and 33.6% higher than stitch and co-

bonded made parts respectively. Therefore, the manufacturing method will affect 

mechanical properties of the T section. A 3D woven preform design can be 

optimised so that a stringer made from a 3D textile composite will not have stress 

concentrations provided the correct manufacturing method is employed to 

optimise mechanical properties. 

 

Wambua & Anandjiwala26 observe that ongoing research into the development of 

3D woven preforms for engineering composites and of automated manufacturing 

methods for cost reduction has increased interest in 3D woven composites for 

applications in the aerospace, automotive and marine market sectors. Reducing 

delamination, improving out-of-plane impact properties by through-the-thickness 

reinforcement and improving impregnation techniques has increased the 

likelihood of more innovative multi-directional preforms suitable for diverse 

applications in the composites industry. 

 

Bilisik27 critically reviews multiaxis 3D woven preforms. The key advantage of 3D 

woven preforms over biaxial and triaxial two-dimensional (2D) fabrics in structural 

applications is the presence of Z-fibres which prevents delamination although 3D 

woven fabrics have low in-plane properties. Multi-axis 3D knitted fabrics have no 

delamination and have enhanced in-plane properties due to bias yarn while the 
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layer sequence architecture can be designed to meet end-use specifications. A 

3D woven architecture is described that reduced weight by 25% and cost by 20% 

in composite structural aerospace parts compared with aluminium parts. 

However, multi-axis 3D weaving must be fully automated to reduce production 

costs.  

 

Xiaogang et al28 note that textile technologies can enable weaving of 3D 

assemblies with unique architectures for a given application. Brandt et al29 

observe that since the mid-1990’s, cost has become as important as weight for 

composite parts in aerospace applications. Cost-effective manufacturing allows 

the production of 2D and 3D integral preforms which reduce labour, material and 

processing times associated with conventional prepreg technology. For example, 

a preform manufacturing concept for a fuselage frame with a J-shaped cross-

section showed a reduction in labour of more than 80% due to a high degree of 

automation in contrast to the prepreg component. In a stiffened panel component 

test for an Airbus CFRP-wing project, 63 prepreg layers for the stringers and 34 

layers for the skin were replaced by 12 and 6 layers of multiaxial fabric 

respectively. Compressive testing of the components showed comparable 

performance between the preform and the prepreg structure  

 

Shivankar30 compares 2D and 3D textile fabrics and observes that while textile 

fabrics for various applications such as civil and aerospace engineering are 

subjected to detailed stress analyses, 3D woven fabrics present their own set of 

demands for a given engineering application. 3D textile fabrics are defined as a 

single-fabric system with yarns woven in three planes that may be mutually 

perpendicular. In a 2D fabric, yarns are weaved perpendicularly but in a 3D fabric, 

yarns are not only weaved perpendicularly but also at an angle with each other. 

Simple fiat fabrics have very good stiffness and strength in two directions Le. in 

warp weft directions but have poor mechanical properties in the thickness 

direction. 3D dimensional fabrics can be woven to near net shape with substantial 

thicknesses. Therefore, significant manufacturing cost savings for high 

performance composites are possible. However, to realise these savings, more 

efficient and specialised textile machinery is required for cost effective 
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manufacture of complex textile composite materials for cost-sensitive sectors 

such as aerospace and automotive transportation.  

 

Mohamed31 presents 3D woven preform spar cap designs for 24m and 37m wind 

turbine rotor blades, eliminating multi-layer lamination thereby reducing spar cap 

weight, labour, shipping and installation costs. The design has 100% carbon warp 

with 100% glass filling and Z yarns. A 24m blade with a 3D carbon/glass hybrid 

spar cap fabricated using VARTM would weigh 44% less than a baseline all-glass 

blade with a spar cap fabricated by wet hand layup, and 33% less than a VARTM 

all-glass blade. For a 37m blade, a spar cap root width between 750 mm and 

1000 mm is cost effective over the entire range of composite stiffness values. 

Increasing spar cap material stiffness and reduced weight relative to the resin-

infused baseline blade results in weight reductions between 30% and 33% 

relative to a baseline all glass blade with a spar cap fabricated using wet hand 

lay-up, depending upon the density of the spar cap 3D weave.  

 

Unal32 reviews manufacturing techniques for 3D textile preforms whose 

properties will depend on the production method and customer requirements. 

Although 3D woven preforms have been used for approximately forty years in 

different applications, a lack of knowledge is preventing greater uptake in markets 

such as aerospace and transportation. A major issue for multilayer 3D woven 

fabrics preforms has been that values for mechanical properties in plane and off-

axis in 3D multilayer composite parts were not acceptable. Conventional weaving 

machines capable of producing multilayer fabrics cannot produce fabrics that 

contain fibres or yarns orientated at ±45° in the plane of the preform. With 

conventional machines, it is only possible to manufacture fabrics with fibres or 

yarns oriented at angles of 0° and 90°. Unal reviews machinery developments 

that have focused on the manufacture of preforms with multiaxial yarns that meet 

mechanical performance requirements. It is possible to orient the fibres or yarns 

at angles of ±45° through the thickness. However, these oriented yarns at the 

angle of ±45° through the thickness will not increase in-plane and off-axis 

mechanical performance of composites.  
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Shan et al33 outline three 3D preform manufacturing approaches that reduce the 

cost of processing large and complex structural composite parts: three 3D CAD 

models for weaving 3D composite preforms with straight and curved part 

features, a software template for weaving of complex preforms without structural 

deformation with improved Z yarn interlayer bonding, and a test platform for 3D 

woven composites parts. Using this methodology, a 3D preform with an 

orthogonal architecture was designed to meet a minimum required tensile 

modulus of 30 GPa in the final composite part. Three sample parts, with volume 

fractions ranging from 0.51 to 0.54 were made and tested, resulting in an average 

tensile modulus of 32 GPa. 

 

Stig34 observes that the trend in the aerospace industry is to design for both light 

weight and low cost. Leading aircraft manufacturers have increased the level of 

fibre reinforced composite materials in new aircraft due to the high stiffness and 

strength-to-weight ratios of these materials. An example is the Boeing 787 

Dreamliner, the first commercial aircraft with both wings and fuselage made from 

composite, with the combined weight of the composite parts accounting for 50% 

of the structural weight. However, although 3D preforms can reduce both the 

weight and manufacturing cost of advanced composites, a lack of experimental 

data, experience and tools to predict the properties of 3D composite parts is 

preventing more widespread acceptance in engineering applications. These 

deficiencies can be overcome with adequate design methods that account for the 

unique properties of 3D woven composite materials thereby enabling them to 

reach their full potential. 

 

For example34, a boltless joint design using composite beams as joining elements 

in aircraft structures would deal with the problem of traditional joining methods 

such as bolts and rivets in composite parts. Unlike metals, composites are 

anisotropic and have limited yielding ability. This results in high stress 

concentrations which would otherwise be relieved by plastic deformation. A 

maximum joint efficiency for bolted joints of composite plates (depending on joint 

design) is 40-50% maximum compared to 70-80% for metal joints. The stress 

concentration around bolts in composite plates are often the active design 

constraint governing minimum plate thickness, so weight savings are difficult to 
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achieve with bolts as the plate is over-dimensioned around the bolted areas. A 

possible solution in terms of a boltless design is that instead of bolts, beams made 

from 3D textile pre-forms with different cross sections, e.g. T, Π and H, are used 

as joining elements to assemble plates using adhesives. Alternatively, the entire 

part is co-cured, eliminating adhesives. With this approach, the author 

summarised the findings of the MOJO (Modular Joints for composite aircraft 

components) project34 which showed a 17% reduction in component assembly 

cost and a 50% weight reduction compared to a riveted metallic structure. Weight 

savings will decrease fuel consumption and hence operating costs for airlines. 

Cost is reduced further by employing out-of-autoclave vacuum assisted 

impregnation which is less expensive than autoclave.  

 

Quinn et al35 describe a modified system to predict the properties, areal density 

and z-axis fibre content of a 3D woven preform. A previous model incorporated 

an idealised tow path to describe the placement of a warp tow within the fabric. 

However, the idealised yarn model did not truly reflect the actual tow path for an 

interlinked-type structure. The modified model still used a lenticular cross-section 

and incorporated a more realistic path for the through-the-thickness binder. 

Predictions made using the modified model compared with results from tested 

fabrics showed a closer correlation than previously in terms of both areal density 

and percentage z-axis fibre prediction. The next step is to predict the properties 

of a fully integrated fabric structure in which binder tows link one layer to any 

other layer within the textile structure. 

 

Stig36 describes a project for reducing the cost of aircraft composite structures in 

which composite beams reinforced with 3D-woven preforms with different cross 

sections are proposed as joining elements, followed by testing and analysis in 

terms of 3D weave architectures employed. Values for out-of-plane properties for 

3D woven composite parts are greater and are less for in-plane properties 

compared with the corresponding properties of 2D-laminates. Generated data 

should provide engineers with increased understanding of the advantages and 

limitations of 3D woven preform composites. 
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Modi et al37 describe acoustic microscopy, micro-computer tomography and 

magnetic resonance imaging (MRI) methods for identifying the internal 

architecture of an advanced 3D carbon-fibre woven reinforcement. Identification 

of textile architecture is crucial for accurate geometrical modelling of the 

compaction behaviour of textiles so that problems during preform manufacture, 

for example regions of high fibre volume fraction which can provide sites for void 

formation in the composite, can be identified and resolved.  

 

Hufenbach et al38 note that textile-reinforced thermoplastic composites are an 

alternative to textile composites with thermoset matrices, with significant potential 

for high volume part manufacturing in the automotive industry. The mechanical 

properties of 3D multi-layered flat-bed weft-knitted glass fibre/polypropylene 

composites and unidirectional GF/PP composites were compared with those of 

woven GF/PP composites and GF/PP composites made of non-crimp fabrics 

(NCF) as a benchmark. The energy absorption capability of the multi-layered 

GF/PP composites was significantly higher by 18% and 35% respectively 

because the textile architecture of the 3D stitching yarn systems provided an 

additional load carrying capability in the z-direction as higher energy absorption 

in the 3D composites is due to the energy absorption capability of the textile 

preform. The stitching yarn system is identified as the big advantage of the 3D 

composite with respect to the load transfer mechanisms during crash loading. 

Therefore, these composites can provide impact protection in automotive parts 

with complex geometry. The same trend was observed at higher test 

temperatures. At 800C, energy absorption of the 3D composite was 30% higher 

compared to the NCF-GF/PP and 67% higher than for the woven GF/PP. Energy 

absorption capability increased by 16% compared to room temperature while 

values for the benchmark materials remained almost constant. The damping 

properties of the 3D specimens were 11% higher in the axes of reinforcement 

compared with the NCF-GF/PP specimens and 21% higher than in the woven 

GF/PP specimens. In contrast the damping values in the 450 off-axis direction 

were 2% lower compared to NCF-GF/PP and 6% lower than in woven GF/PP. 

 

McClain et al39 note that 3D preforms are either used, or being considered for use, 

in a wide variety of aerospace engine and airframe applications where adequate 



19 
 

 
 

bearing response is required. 3D woven composites hold significantly more load 

to significantly higher strains beyond the initial knee in the bearing stress-strain 

curve than conventional 2D laminates. A range of orthogonal and layer to layer 

architectures were studied and compared with each other. For similar preform 

construction having the same size weft tows, layer to layer architectures tended 

to have greater strength in the 0 and 450 directions while bearing strengths for 

900 were comparable for either architecture with no apparent trends.  To fully 

exploit the capabilities of 3D woven composites, new micromechanical and 

analytical models are needed to fully characterize the bearing response of 3D 

composites for a comprehensive range of architectures and fibre orientations. 

 

Verlye40 describes improved software for computing the permeability of 3D woven 

textile preform reinforcements with variation in volume fraction across a range of 

woven fabrics, random structures and non-crimp fabrics.  This is an important 

input parameter for simulation of the liquid moulding impregnation stage and 

therefore the manufacturing cost of 3D woven composite parts. Experimental 

validation with two non-woven and two woven fabrics showed that the improved 

software is more accurate than existing versions for permeability simulation which 

should improve cost prediction accuracy for woven textile composite parts.  

 

Soden41 highlights the scope for weaving three-dimensional T-shaped composite 

reinforcement near-net-shape textile preforms on conventional looms that can be 

automated, thereby reducing 3D preform production costs. A near-net-shape T-

skin stiffened panel with a double web stiffener, woven as one complete integral 

component in carbon fibre, was woven successfully and cost-effectively on a 

conventional apparatus loom with relatively little modification. It is anticipated that 

this method will be adopted for the design of T-shaped reinforcements.  

 

Sharma42 outlines a drape model intermediate between kinematic modelling and 

finite element analysis of the drape process. A simple laminate theory-based 

model is presented to predict the pre- and post-locking fabric stiffness in terms of 

the fibre directions. The inclusion of fabric stiffness and membrane forces into the 

base kinematic model improves accuracy and should lead to more cost-effective 

3D woven architectural designs. 
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Mahadik43 analysed the effect of fabric compaction and yarn waviness on the 

mechanical properties and failure mechanisms of a 3D woven angle-interlock 

fabric in compression. 3D-woven fabrics have through-thickness reinforcement 

that aids damage suppression and delays crack propagation. However, internal 

architecture distortions such as yarn waviness can reduce in-plane properties, 

especially in compression. Warp direction compressive strength dropped from 

868MPa at 52% volume fraction down to 658MPa at 63% volume fraction despite 

an increase in fibre volume before rising to 732MPa under further compaction up 

to 67% volume fraction. Weft strength showed a sharp increase in strength 

between 60% to 63% volume fraction, from 625 to 774MPa before a decline to 

740MPa under further compaction to 67%. Compressive modulus was slightly 

higher in the warp direction than the weft direction across the compaction range. 

Weft direction stiffness ranged from 88 to 91GPa while warp direction modulus 

showed a fall from 105GPa to 90GPa across the compaction range. The degree 

of yarn waviness can be affected by a range of factors including weave 

parameters and manufacturing-induced distortions such as fabric compaction. 

Yarn straightness affects compressive strength and is in turn affected by 

optimising moulding thickness. Failure initiation was also found to be heavily 

influenced by weave style and yarn interlacing. Scrap rate and therefore cost can 

be reduced by optimising weaving conditions so that fabric compaction and yarn 

waviness are minimised. 

 

Hufenbach44 presents the development of a manufacturing technology for 3D 

woven thermoplastic textile-reinforced composite trays made from hybrid yarns 

consisting of thermoplastic filaments and reinforcing glass filaments. The 

drapability of different textiles made of hybrid yarns was investigated and first 

prototypes were manufactured using hot pressing technology to side surfaces. 

Several manufacturing studies with different textile preforms and laminate layups 

were performed that demonstrated the high potential of manufacturing 

technology to produce complex 3D shaped thermoplastic composite structures. 

Depending on the application, 3D woven thermoplastic textile-reinforced 

composites can reduce costs and improve resource sustainability compared to 

3D woven composites with thermoset matrices. 
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Green et al45 showed that modelling the mechanical performance of 3D woven 

textile composites must account for the fact that they have more complex textile 

architectures than idealised 3D preforms assumed to have straight yarns, and 

nominally straight warp and weft yarns have significant waviness that will 

adversely affect mechanical properties. Table 2.1 shows that prediction varied 

significantly when using different geometrical models. The idealised model leads 

to an overestimation of stiffness and strength compared to experiment due to 

neglecting of yarn waviness, whereas the simulated geometry models produced 

more conservative results closer to experiment. By modifying textile modelling 

software packages to account for these factors and thereby a more realistic 

assessment of a given 3D preform architecture, 3D weaving can be optimised to 

minimise production of scrap preforms due to deficient mechanical properties and 

therefore reduce cost. 

 

Table 2.1 Comparison of Modulus and Tensile Strength, Model & Experiment 

 Ideal 52% VF  Simulated 52% VF  

Modulus GPa UTS (MPa) Modulus GPa UTS (MPa) 

Warp 72.8 922 64.3 669 

Weft 71 920 61.7 596 

 

 Simulated 58% 

VF 

 Experimental 58% VF  

Modulus GPa UTS (MPa) Modulus GPa UTS (MPa) 

Warp 56.7 551 63.9 701 

Weft 59.7 533 60.8 625 
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Umer et al46 studied three types of 3D woven fabric (orthogonal, angle interlock, 

and layer-to-layer) to investigate how weaving architecture affects processing 

and mechanical properties. To characterize the fabrics for liquid moulding, 

compaction and permeability of the reinforcements were measured as a function 

of fibre volume fraction. High compaction pressures were required to achieve 

fibre volume fraction of 0.65 due to through-thickness binder yarns that restricts 

fibre nesting. RTM manufactured panels were tested under quasi-static flexure 

and low-velocity impact conditions.  

 

Following an impact energy of 30 J, the orthogonal laminate had a flexural 

strength over 50% higher than the other architectures. At 40 J, these differences 

were reduced, with the orthogonal laminate being 25% stronger than the angle 

interlock and just 5% stronger than the layer-to layer composite. Much of this 

improved performance is linked to the fact that the undamaged flexural strength 

of the orthogonal panel is 17% and 35% higher than that of the angle interlock 

and layer-to-layer composites, respectively. For the three architectures, flexural 

strength and modulus were higher along the weft direction, correlating with high 

in-plane permeability due to fibre alignment. Impact tests on composite plates for 

the three fabric types indicated the orthogonal system had a slightly higher 

perforation resistance and lower levels of damage at any given energy. These 

findings emphasise the importance of optimal 3D woven architecture design so 

that weave processing results in minimal scrap and reduced cost. 

 

Perie et al47 developed WiseTex software to model complex 3D angle interlock 

fabrics so that homogenized mechanical properties of the final composite can be 

calculated. The model’s geometry was compared with cut samples by image 

analysis and calculated mechanical properties were compared with results from 

experiments. The mechanical results show the wide range of properties that can 

be obtained by modifying weaving and processing parameters. In turn, weaving 

parameters can be optimised to produce a preform with lowest cost. 

 

Boussou et al48 examined the mouldability of 3D woven angle interlock 

architectures for composite parts and discussed ways of deriving a mouldability 

index where 3D fabrics are classified on a scale from easy-to-mould to hard-to-
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mould. A geometrical approach was applied to understand the different steps of 

global structure deformation including the distribution of filaments inside the yarn 

and the final shape of yarns. Every material made with fibrous reinforcement can 

be moulded into a composite according to the shape and the process used. No 

firm conclusions were drawn on how an index could be derived. However, it is 

reasonable to suppose that with increasing preform architectural complexity, size 

and increasing shape complexity, mouldability will become more difficult and 

hence more expensive. It is also reasonable to suppose that this principle can be 

extended to the concept of a “weavability” index in which the architectural 

complexity, size and shape complexity of a preform will determine, to an extent, 

the weavability of a given preform and hence its cost. 

 

Verleye et al49 developed a software tool to simulate permeability of 3D woven 

textiles. McClain50 pointed out that Jacquard weaving can be used to fabricate 

highly complex shaped 3D woven fibre preforms such as sine wave pi which can 

be used in a wide variety of aerospace engine and airframe applications. They 

have been extensively studied and have demonstrated improved performance, 

cost and weight savings in co-cured or co-bonded joints. For example, 3D woven 

pi preforms can be tailored for specific applications to minimize weight without 

degrading performance such as composite joints ribs or spar-to-skins. 

 

Wang51 notes that fibre reinforced composites have the potential to reduce 

vehicle weight in automotive applications in the context of a European Union 

directive mandating a CO2 emission target of 95g/km for all new cars by 2020, 

down from 120g/km by 2012. In 2D laminate manufacture, labour can account for 

50% of total costs. 3D textile composite manufacture can be highly automated, 

resulting in significant cost and weight savings compared to conventional 2D 

lamination. For example, 3D woven parts in the Lamborghini Gallardo Spyder 

resulted in a part count reduction from 9 to 2 and a weight reduction of 5kg. A 3D 

woven composite for the passenger compartment of the BMW 3i resulted in a 

weight reduction of 350kg, while savings on manufacturing time and cost of 70% 

and 45% were realised for the Bentley 3D Light Trans Project. However, long 

fabrication times for 3D woven preforms mean higher manufacturing costs 
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compared to conventional lower cost injection moulded composite materials 

rendering 3D textile composites uncompetitive for automotive markets.  

 

Lomov et al52 describe the WiseTex family of software packages that provide a 

generalised description of the internal geometry of textile reinforcement at the 

unit cell level, integrated with mechanical models of the relaxed and deformed 

states of 2D and 3D woven, two- and three-axial braided, weft-knitted and non-

crimp warp-knit stitched fabrics and laminates. The various packages can 

integrate and model resin flow, micro-mechanical calculations of composite 

properties, and micro-macro analysis of composite parts using finite element 

models and virtual reality software.  

 

Soden53 compared T-shaped 3D woven composite specimens manufactured on 

conventional weaving apparatus with a T piece made from a 12-layer 2D 

laminated composite by assessing the effect of through-the-thickness 

reinforcement on the in-plane strength of both classes of composite specimens. 

Three-dimensionally reinforced T-sections were processed with and without 

resin-rich areas to show the effect of the through-the-thickness reinforcement at 

the interface where the web divides equally to form the flanges. A range of six-

layer woven T-section reinforcements was designed specifically to overcome the 

problems of resin-rich areas at the web/flange interface. The in-plane strength of 

3D woven T-sections is superior to laminated samples. The initial failure load of 

the laminate specimens resembles that for 3D woven specimens. However, the 

peak load value is significantly lower, 10% of the value of 3D weaves, in 

comparison. 3D woven T-pieces must be processed very carefully with yarns in 

their desired position and resin-rich areas at the web/flange interface reduced to 

a minimum so that composites with good mechanical properties are obtained.  

 

Gokarneshan and Alagirusamy54 critically review methods for weaving 3D fabrics. 

3D preforms with varying architectures and shapes for specific composite 

applications can be woven on conventional looms by modifying shedding and 

take–up devices. The shedding system for weaving 3D fabrics differs from that of 

2D weaving. A true 3D woven fabric is one in which component yarns are in three 

mutually perpendicular planes relative to each other. For preforms used in 
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advanced composites, the structural architecture determines composite 

mechanical properties. Multi-axial, multi-layer near net-shape preforms can have 

various shapes such as I, T & double-cross shapes with multi-layer, angle-

interlock and orthogonal architectures.  

 

A review of the literature has shown that no comprehensive cost models for 3D 

woven preforms or composite materials exist in the public domain. Commercial 

cost models are alluded to (Mohamed, McClain) but are not described in detail. 

 

2.3 Manufacturing Cost Models  

 

Esawi55 provided a comprehensive summary of manufacturing cost model 

approaches. The required output of a cost model will depend on the context. In 

competitive bidding, the model must deliver a precise, absolute cost as an error 

of a few percent can make the difference between profit and loss. When 

predicting the approximate cost of a part where historical data is not readily 

available, for example in the early stages of design, only a relative cost accurate 

to within a factor of two is required from the model. Function-costing or parametric 

methods extrapolate the cost of a part that is a variant of an existing family for 

which historic cost data already exists.  

 

In this case, two conditions must be met. The part must be a member of a closely 

related family. Secondly, the family must have many members with established 

historical cost data. Similar empirical, or cost scaling methods can be used at the 

part level which are based on correlations using historical data for estimating the 

manufacturing cost of a part with given features. The cost of a new part with 

features made by a given process can be estimated by analysing cost 

correlations between previously made parts with these features against their size, 

shape and complexity and then locating the new part in this field of costs. Activity-

based costing methods calculate and sum the cost of each unit operation involved 

in the manufacture of a part but requires a large amount of pre-existing input data.  

 

Resource-based modelling accounts for materials, energy, capital, time and 

information resources required for part manufacture. The method is approximate 
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as values for these inputs are often unknown. Technical cost modelling (TCM) is 

a further refinement of resource modelling and includes sub-models for how 

equipment, tooling cost, and production rate scale with part features such as part 

mass, size and complexity. Costs can be approximate and are isolated, giving 

TCM flexibility, scalability and adaptability. As more data becomes available, 

detail can be added to the model to improve predictive power55.  

 

For TCM calculations, and based on established data and discussions with 

experts, Esawi55 assumed a complexity factor varying from 1 (minimum 

complexity)  to 5 (maximum complexity) with a value of 2 assumed for average 

complexity factor in calculations of tooling cost, capital cost and production rate 

for injection moulding, extrusion and casting operations. For these operations, 

tooling cost, capital cost and production rate scale with part mass and complexity. 

Tooling and capital vary non-linearly, with exponents for mass and complexity 

varying between 0 and 1, implying an economy of scale with increasing part mass 

and complexity for injection moulding, extrusion and casting 

 

0 <  𝑥𝑡  < 1 

 

0 <  𝑥𝑐  < 1 

 

where 𝑥𝑡, 𝑥𝑐 are mass indices for tooling and capital respectively. For complexity, 

exponents for tooling and capital varied between 0 and 1: 

 

0 <  𝑦𝑡  < 1 

 

0 <  𝑦𝑐  < 1 

 

where 𝑦𝑡 and 𝑦𝑐 are complexity indices for tooling and capital respectively. 

  

Production rate decreases with increase in mass and complexity so values of 

exponents for mass and complexity are negative for injection moulding, extrusion 

and casting operations: 
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−3 <  𝑥𝑝  < 0 

 

−3 <  𝑦𝑝  < 0 

 

where 𝑥𝑝, and 𝑦𝑝 are exponents for mass and complexity respectively  

 

2.4 Sector Cost Models: aerospace, automotive, marine, built environment    

 

Huber56 proposed three categories for cost modelling of aerospace composites: 

analogous, parametric, and bottom-up cost estimation. Two possible cost 

estimation scenarios exist: 

 

- some historic cost data/experience exists for a top-down cost estimation. 

- design and process knowledge for a bottom-up, detailed cost calculation.  

 

Essentially, all models are either one of these scenarios or a combination of them. 

This generalisation equally applies to cost models in the automotive, marine and 

construction sectors. The proprietary nature of fundamental data and equations 

leave most developed models unusable for third parties.  

 

2.4.1 Cost Models for the Aerospace Sector 

 

Weitao57 notes that composites contribute over 50 percent of the mass of large 

aircraft. High material and manufacturing costs restrict further use so cost 

estimation tools in the early design stage will enable design optimisation to 

reduce the cost of composite parts.  

 

Kumar & Kendall58 describe the effect of composite part complexity on 

manufacturing cost in terms of the acceleration and deceleration of every 

movement of action in the manufacturing process and outline a computer-based 

system for estimating time/cost to manufacture complex composite parts made 

from 2D laminate composite materials. A non-linear dependence of 

manufacturing time with part complexity, in which time increases exponentially 
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with part complexity, was identified for parts of varying size with simple 

curvatures, implying no economy of scale with increasing part complexity.  

 

Hagnell and Akermo59 describe a technical cost model for a generic aeronautical 

wing in which costs scale with part features for a given production method, 

employing a combined top-down and bottom up approach depending on available 

cost data. Hand layup is the most cost-effective method for annual volumes of 

less than 150 structures per year. For higher production volumes automatic tape 

layup (ATL) followed by hot drape forming (HDF) is the most cost-effective 

choice. For all production methods, cost per part fell as production rates 

increased until material cost dominated at a minimum production rate. 

 

Barlow et al60 developed a bottom-up cost model using detailed cost, design and 

process data that focused on labour costs and the flow of process steps for 

vacuum-assisted resin transfer moulding and resin transfer moulding to 

determine the optimum manufacturing method for an aircraft component design. 

RTM was found to be the most efficient process compared with VARTM and the 

prepreg process. Labour cost varied with production method, with costs for 

VARTM 10% greater than for RTM. 

 

LeBlanc61 observed that increasing cost consciousness has resulted in a 

reassessment of state-of-the-art cost estimating methodologies regarding new 

and developing technologies such as advanced composites. The problem is that 

in developing reliable estimating techniques, meaningful historical cost data is 

lacking. Northrop Corporation (Aircraft Division) developed a computerized 

resource-based technical cost methodology based on part features for estimating 

recurring costs associated with the fabrication of advanced composite parts for 

use by industry.  

 

Gutowski et al62 derived a series of cost equations incorporating variables and 

constants so that composite part manufacturing costs for an aircraft structure 

could be estimated. Clayton and Howe63 note that cost reduction is a prime driver 

for undertaking research into advanced aerospace composites. Research and 

development work on a leading-edge flap control illustrated the methods 
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employed to evaluate part cost across different manufacturing processes. 

Production flow diagrams were used together with applicable cost equations62 to 

develop a bottom-up cost model using readily available cost, design and process 

data to estimate product cost, with a summary provided on cost comparisons for 

VARTM and RTM manufacturing processes. 

 

2.4.2 Cost Models for the Automotive Sector 

 

Karlsson64 studied three composite part manufacturing processes employed in 

the automotive sector: High-Pressure Resin Transfer Moulding (HP-RTM), 

Compression Moulding of thermoplastics (CM-TP) and Advanced Sheet 

Moulding Compound (A-SMC). It was noted that large manufacturing volumes 

can reduce cost per part. At manufacturing volumes of 50,000 per year and 

higher, material cost dominates for all three processes with HP-RTM giving the 

lowest cost per part compared with CM-TP and A-SMC.  

 

DuFlou et al65 noted that the introduction of composites in car design is not 

necessarily negative in terms of additional environmental impact from a life cycle 

engineering perspective. An extensive life cycle analysis for a reference car 

design was conducted to study the effects of replacing conventional steel 

structures by lightweight composite alternatives. The results revealed the need 

for a nuanced attitude towards more intensive use of composites in car design. 

The sensitivity of the analysis indicated significant improvement potential based 

on emerging, less energy consuming production methods.  

 

Verrey et al66 studied two resin transfer moulding (RTM) processes for 

automotive body-in-white (BIW) structures. An epoxy system was compared with 

a novel reactive polyamide 12 (PA12) system via characterisation of reaction 

kinetics and the production of carbon fibre floor pan quadrant demonstrators 

incorporating typical geometrical features. Parametric technical cost modelling 

tools were used to compare the two RTM variants for full floor-pan production at 

volumes of 12,500–60,000 parts per year. Technical cost modelling offered 

flexibility together with easy manipulation of processing and economic factors for 

sensitivity studies55. A 22% increase occurred for the standard TP-RTM cycle 



30 
 

 
 

versus the epoxy system, principally due to thermal cycling of the tool that 

dominated the in-mould cycle time. Study of alternate preforming strategies 

showed that a reduction in non-crimp fabric scrap yielded major cost savings. 

Cost per part reduced with increase in production volume, with carbon non-crimp 

fibre (NCF) material cost accounting for 66% of part cost at a minimum production 

volume of 60,000 parts year. At this volume, carbon fibre becomes economic at 

a maximum price of 10 euros/kg compared with glass fibre and steel. 

 

Fuchs et al67 reviewed previous studies on materials choice in automotive bodies 

that considered both composite and aluminium alternatives. However, steel was 

always the most cost-effective option for the production volumes found in most 

vehicle models. Fuchs concluded that composites have significant economic 

potential when considering emerging advances in the polymer composite body-

in-white design against the mild-grade steel body currently on the road. With a 

polymer composite body having significant implications for vehicle light-weighting 

and thereby improved fuel efficiency, these results are particularly pertinent in 

terms of reduced CO2 emissions. 

 

The results presented in this paper67 are based on a consortium-developed, 25-

part unibody design not available to previous studies. Data was presented for the 

first time on competing alternatives in fibre composite component assembly with 

platform sharing across vehicle models. Developments in process-based cost 

modelling capabilities were presented for (a) fibre-reinforced composite 

component production, (b) component assembly, and (c) design implications of 

glass versus carbon reinforcement. A detailed bottom up parametric cost study 

comparing steel, carbon fibre and glass showed cost sensitivity to increased 

production. For total manufacturing cost, a carbon fibre composite unibody was 

competitive with steel at annual production volumes under 45,000 and at a 

maximum carbon fibre price of $20/kg. Glass was competitive with steel at 

volumes under 105,000 and at a price of $2.50/kg. Although the composite car 

body has far fewer total components than steel, the sum of the modelled 

composite component and insert costs is significantly larger than the sum of the 

steel component and insert costs, provided annual production volumes are above 
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30,000 for glass. Estimated assembly costs are cheaper for glass and carbon 

compared with steel at all production volumes. 

 

Stahl68 observed that substantial customer demand for conservation of natural 

resources and the environment is putting pressure on the automotive industry to 

reduce fuel consumption and emissions. One response to this challenge is car 

weight reduction as shown in increasing lightweight materials consumption 

requiring new production methods and joining technologies. However, there was 

no established methodology enabling automotive body engineers to make a 

rough manufacturing cost estimate of different new design concepts in the early 

phase of the Product Development Process. Stahl provided a cost estimating 

methodology that enabled engineers in the preliminary design phase to estimate 

manufacturing cost of new design concepts more systematically and reliably, 

thereby reducing cost. The methodology, termed Standardised Working 

Contents, is essentially a bottom-up parametric cost study which enables 

designers to compare the financial requirements of various new design options 

with greater speed and accuracy. Furthermore, the most cost-efficient Joining 

Technique combination can be identified with a high degree of reliability.  

 

Mascarin et al69 detailed a study by the U.S. Department of Energy’s Vehicle 

Technologies Office Materials Area to model and assess the manufacturing 

economics of alternative design and production strategies for a series of 

lightweight vehicle concepts. The strategic targets were a 40% and a 45% mass 

reduction relative to a standard North American midsize passenger sedan at an 

effective cost of $7.52 per kg saved. The analysis indicated that a 37 to 45% 

reduction in a standard mid-sized vehicle is possible if carbon fibre composite 

materials and manufacturing processes are available and if customers will accept 

a reduction in vehicle features and content. Achieving 40% mass reduction will 

require a significant light-weighting, involving both moderate technical risk for 

high-volume production, i.e. magnesium, and high-technical-risk processes, i.e. 

automated and rapid-cycle-time composite forming. The price premium will 

remain very high until high-volume, low-cost carbon fibre is available. 

and will require automated high-rate, high-volume processing for material 

preparation, preforming, and moulding. Processing must be on the order of 3-
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minute cycle times for complex automotive structures to reduce part-forming 

costs from the current $110/kg to within $10/kg. Meeting the cost target will also 

require reducing carbon fibre price ($28/kg) more than 50% to $13/kg for the 40% 

goal and more than 65% to $9/kg for the 45% goal.  

 

Lechner et al70 note that product innovations, accelerated product life cycles, 

globalization, and increased customer requirements are major challenges for the 

automotive industry. Original equipment manufacturers face these challenges in 

offering multiple models, derivates, and options in low production volumes that 

affect the efficiency of logistics systems. To provide transparency, variety-

induced complexity, individual product variants, product variety and associated 

impacts on logistics costs and performance need to be linked. An evaluation 

method was developed to quantify these impacts focusing on automotive logistics 

and provide a structured framework to account for impacts caused by product 

variety in order to support decisions at an early stage in the product design phase. 

The method identified relevant influences for measuring variant-driven complexity 

in logistics and highlights reciprocal effects among product variety, logistics costs 

and logistics performance. logistics. Furthermore, the authors provide a case 

study proving the practicability of the model.  

 

2.4.3 Marine Sector: Shipbuilding and Wave power 

 

Accurate cost estimation is crucial for the successful performance of shipyards. 

Lin and Shaw71 observe that the classic preliminary estimation methods of ship 

costs provide only rough estimates of labour, materials, and equipment based on 

overall ship parameters and do not reflect further specifications. A feature-based 

technical cost model was described, using preliminary specifications and cost 

inputs including steel, other materials, engine, power generator, other core 

equipment and labour. The method linked the features of general dimensional 

parameters and detailed features of the design specification and cost inputs to 

estimate major cost items by transforming the features into a number. Empirical 

formulae were derived based on the configured cost items in the preliminary 

design stage. Errors of estimated total costs were within ±7%.  
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Hydrokinetic turbines harnessing energy from ocean currents represent a 

potential low carbon electricity source. Li et al72 provided a detailed technical and 

economic assessment of ocean turbines operating in the Gulf Stream off the 

North Carolina coast. Using hindcast data from a high-resolution ocean 

circulation model in conjunction with the US Department of Energy's reference 

model 4 for ocean turbines, resource quality was assessed, and portfolio 

optimization applied to identify the best candidate sites for ocean turbine 

deployment. A key finding was that the lowest average levelized cost of electricity 

(LCOE) from a single site can reach $400/MWh. By optimally selecting 

geographically dispersed sites and taking advantage of economies of scale, the 

variations in total energy output can be reduced by an order of magnitude while 

keeping the LCOE below $300/MWh. Power take-off and transmission 

infrastructure are the largest cost drivers, and variation in resource quality can 

have a significant influence on project LCOE. While this study focused on a 

limited spatial domain, it provided a framework to assess the techno-economic 

feasibility of ocean current energy in other western boundary currents.  

 

2.4.4 Built Environment Sector 

 

Alshamrani73 noted that the literature lacks initial cost prediction models for 

college buildings, especially comparing costs for sustainable and conventional 

buildings. A multi-regression parametric and feature-based technical cost model 

was developed for conceptual initial cost estimation of conventional and 

sustainable college buildings in North America. RS Means was used to estimate 

the national average of construction costs for 2014 which was subsequently 

utilized to develop the model. The model could predict the initial cost per square 

metre with two structure types made of steel and concrete. Other predictor 

variables were building area, number of floors and floor height. The model was 

developed in three major stages: preliminary diagnostics on data quality, model 

development and validation. The developed model was successfully tested and 

validated with real-time data.  
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2.5 Wind Turbine Cost Models  

 

Several studies in the literature investigated how the cost of a turbine blade varies 

with blade length and how production method affects spar cap cost. Griffiths and 

Johanns74 (Sandia) developed a feature-based resource technical cost model in 

which material, tooling, capital and labour costs scale as a function of blade 

radius from 40m baseline glass and carbon fibre blades to find the costs of 100m 

glass and carbon fibre blades. For example, capital equipment cost scales with 

blade radius according to the following equation. 

 

          𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 =  (
𝑅2

𝑅1
)

2.09
𝑥 𝐶𝑜𝑠𝑡𝑅1

                  1 

 

The production rate for the 100m blade was assumed to be one third (1/3) that of 

the 40m blade.  
 

Berry and Lockhart75 (Sandia) developed a detailed, bottom-up parametric cost 

model for three fibreglass blades at 30m, 50m and 70m lengths. With increasing 

blade length, material costs increased as a proportion of total cost, while labour 

cost decreased. Reducing material and direct labour costs will have the strongest 

impact on overall blade cost (Table 2.2). Production rate was 240, 120 and 80 

blades per year for 30m, 50m and 70m respectively. 

 

Table 2.2 Overall Blade Cost as a function of blade length 

 30m 50m 70m 

Materials (%) 30.7 35.9 37.9 

Direct Labour (%) 36.8 31.1 28.5 

Overhead (%) 21.6 21.4 21.2 

Other (%) 4.3 4.8 5.6 

Transport (%) 6.7 6.9 6.8 

Total Cost 100 100 100 

 

Both studies accounted for blade design requirements when estimating cost.  
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Fingersh et al76 developed feature-based, resource technical cost models at the 

US National Renewable Energy Laboratory (NREL) for the entire turbine 

including tower, hub, gearbox, foundation and rotor blades. These models are 

intended to provide reliable cost projections for wind-generated electricity based 

on different scales (sizes) of turbines. Cost estimates are projected based on 

turbine rating, rotor diameter, hub height, and other key turbine descriptors. Cost 

scaling functions have been developed for major components and subsystems. 

Rotor blade mass and labour costs scale as a function of blade radius. Other 

manufacturing overheads such as tooling were assumed as a percentage of 

labour and material cost. The overall blade cost was found to scale with a growth 

exponent of 2.71 from 30m to 70 for blade radius.  

 

Schubel77 employed technical cost modelling (TCM), a technique where historical 

data is either not available or does not exist, to compare the cost of making a 

40m wind turbine blade by hand-lay, prepreg, vacuum infusion and resin transfer 

moulding with automated manufacturing techniques such as automated tape 

laying (ATL), automated fibre placement (AFP) and overlay braiding. ATL and 

AFP reduced manufacturing costs by up to 8% despite the high capital costs of 

automated equipment. Part size, production volume, materials cost and tooling 

cost were accounted for. Cost centres were isolated and clearly indicated the 

dominance of materials and labour. Material deposition in the tool is only one of 

a string of labour intensive processes in the manufacture of a large wind turbine 

blade and a holistic automated blade manufacturing approach is required to see 

true labour saving benefits.  

 

In order to identify significant cost savings, Schubel78 conducted a detailed 

technical cost analysis for a generic 45m wind turbine blade manufactured using 

a vacuum infusion (VI) process in which the spar cap was made from an E-

glass/carbon fibre hybrid (7% weight carbon). The analysis focused on a high 

labour cost environment and investigated the influence of varying labour costs, 

programme life, component area, deposition time, cure time and material. Annual 

production rate was accounted for. Material and labour costs were approximately 

51% and 41%, respectively at 100 blades per annum. As material dominates cost, 

fluctuations in fibre reinforcement costs increase or decrease turbine blade cost 
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by up to 14%. Improving material deposition time by 2 hours saved approximately 

5% on total blade cost. However, saving 4 hours on the cure cycle resulted in 

only a 2% cost saving.   

 

Using a technical cost model, Hutchinson et al79 compared liquid resin transfer 

moulding (LRTM) with vacuum infusion (VI) for manufacturing a generic 40m wind 

turbine blade to quantify any advantages with respect to each process. LRTM 

demonstrated a possible 3% cost saving, improved dimensional stability (5.5%), 

reductions in resin wastage (3%) and infusion time (25%). A decrease in internal 

void formation (0.9 %) resulted in an increase in mechanical performance (less 

than 4%) for LRTM moulded parts.  

 

Murray et al80 investigated two-part, in-situ reactive thermoplastic resin systems 

for composite wind turbine blades that have the potential to lower blade 

manufacturing cost by decreasing cycle times, tooling capital costs, and 

equipment and energy consumption. Material efficiency is improved as recycling 

is enabled at end of blade life. A techno-economic model estimated the cost of a 

thermoplastic wind turbine blade relative to a baseline thermoset epoxy blade. It 

was shown that a 61.5m thermoplastic blade costs 4.7% less than an equivalent 

epoxy blade. Even though thermoplastic resin is currently more expensive than 

epoxy, this cost reduction is primarily driven by decreased capital costs, faster 

cycle times, reduced energy requirements and labour costs. Resin and fiberglass 

scrap were identified as significant cost drivers, at 15% and 5% respectively of 

total cost. Although thermoplastic technology for resin infusion of wind turbine 

blades is relatively new, the study suggested that it is economically and 

technically feasible.  

 

Ennis et al81 assessed the commercial viability of cost-competitive carbon fiber 

composites specifically suited for the unique loading conditions experienced by 

wind turbine blades. The wind industry is a cost-driven market while carbon fiber 

materials have been developed for the performance-driven aerospace industry. 

Carbon fibre has known benefits for reducing wind turbine blade mass due to 

significantly improved stiffness, strength, and fatigue resistance per unit mass 

compared to fiberglass. However, high relative carbon fibre cost has prohibited 
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broad adoption within the wind industry. Novel carbon fibre materials derived from 

the textile industry were studied as a potentially more optimal material for the 

wind industry and are characterized using a validated material cost model and 

mechanical testing.  

 

A novel heavy tow textile carbon fiber was compared with commercial carbon 

fiber and fiberglass materials in representative land-based and offshore reference 

wind turbine models. Some advantages of carbon fibre spar caps are observed 

in reduced blade mass and improved fatigue life. The heavy tow textile carbon 

fibre has improved cost performance over the baseline carbon fibre and 

performed similarly to commercial carbon fiber in wind turbine blade design at a 

significantly reduced cost. The novel carbon fiber was observed to outperform 

fiberglass when comparing material cost estimates for spar caps optimized to 

satisfy design constraints. The study outlined a route for broader carbon fibre 

usage by the wind industry to enable larger rotors that capture more energy at a 

lower cost. Heavy-tow textile carbon fiber cost is estimated at $11.19/kg for an 

annual production volume of 2,400 tonnes per year, and $7.82/kg for an annual 

production volume of 6,000 tonnes per year. 

 

2.6 Correlation between Cost and Complexity 

 

In this study, correlation coefficient 𝑟2, which is a measure of the strength of the 

relationship between two variables82, was used to validate the model for 3D 

woven preforms in terms of the relationship between manufacturing time and 

preform complexity. Different sectors, for example manufacturing or public sector 

bodies, have varying opinions on how the strength of correlation between two 

variables is defined. The plastics manufacturing sector83 recommends an r2 of 0.7 

as the minimum acceptable value for a strong correlation between energy 

consumption and production output for a given process, e.g. injection moulding, 

with a minimum recommended sample size of 12. Values of r2 between 0.6 and 

0.7 show a moderate correlation between energy consumption and production 

output while values below 0.6 are evidence of weak correlation. Fingersh et al76 

used sample sizes varying from 6 to 13 when determining r2 for the dependence 

of wind turbine tower mass on blade swept area and blade hub height. 
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The UK public sector body DEFRA84 (Department of Environment, Food and 

Rural Affairs) analysed the relationship between two variables, wave height and 

sea level, for Britain’s coastal area based on 1 measurement per day or 365 days 

per year: 

 

- r2 ≤ 0.11: the variables are not correlated 

-    0.12 ≤ r2 ≤ 0.37: the two variables are ‘modestly correlated’.  

-    0.38 ≤ r2 ≤ 0.53: the two variables are “well related”. 

     -    0.54 ≤ r2 ≤ 0.70: a strong dependence between the two variables,  

     -    r2 > 0.70: a very strong dependence between the two variables 

 

An analysis of the literature showed no evidence of correlation studies in the 

public domain for the relationship between 3D woven preform manufacturing cost 

and complexity so previous values of r2 for this relationship are unavailable.  

 

2.7 Material Efficiency and Turbine Life Extension by Blade Retrofit 

 

In a study analysing renewable energy power costs, IRENA85, (International 

Renewable Energy Agency), found that for new wind turbine projects 

commissioned in 2017, electricity costs from renewable power generation have 

continued to fall. After years of steady cost decline, renewable power 

technologies are becoming increasingly competitive with other energy sources. 

The same study predicted that the global weighted average Levelised Cost of 

Electricity (LCOE) for offshore wind is predicted to fall to 4.5p/kWh from 7.8p/kWh 

(2014) by 2020, with UK offshore wind electricity priced at 5.7/kWh 

 

Three main cost reduction drivers have emerged for renewable power: 1) 

technology improvements; 2) competitive procurement; and 3) a large base of 

experienced, internationally active project developers These trends are part of a 

larger dynamic across the power generation sector, prompting a rapid transition 

in the way the industry functions. The results of recent renewable power auctions 

confirm that cost reductions are set to continue to 2020 and beyond. 
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Electricity from renewables will soon be consistently cheaper than from fossil 

fuels. By 2020, all renewable power generation technologies that are now in 

commercial use will fall within the fossil fuel-fired cost range, with most at the 

lower end or even undercutting fossil fuels. The outlook for solar and wind 

electricity costs to 2020, based on the latest auction and project level cost data, 

presages the lowest costs yet seen for these modular technologies that can be 

deployed around the world. By 2019, the best onshore wind and solar PV projects 

will be delivering electricity at an LCOE of USD 0.03/kWh, or less, with offshore 

wind capable of providing electricity very competitively, ranging from USD 0.06 

to USD 0.10/kWh from 2020. Already many renewable power generation projects 

are undercutting fossil fuel-fired electricity generation without financial support. 

With the right regulatory and institutional frameworks in place, their 

competitiveness should improve further. 

 

Decreasing electricity costs from renewables, and the low costs from the best 

solar PV and onshore wind projects, represent a real paradigm shift in the 

competitiveness of different power generation options. The sharp cost reductions 

for CSP (concentrated solar power), solar PV, onshore and offshore wind – both 

recent and anticipated – represent remarkable deflation rates. Reductions in total 

installed costs are driving the fall in the LCOE for solar and wind power 

technologies, but to varying extents. They have been most important for solar PV, 

CSP and onshore wind. 

 

Allwood et al86 point out that global stocks for most materials are enough to meet 

anticipated demand for buildings, infrastructure, equipment and products, but that 

environmental impacts of materials production and processing, particularly those 

related to energy, are becoming critical. To a degree these impacts can be 

mitigated by process efficiencies, but with demand predicted to double in the next 

40 years (from 2011) the increase in overall impacts will be unacceptable unless 

material production and processing is reduced. Four major strategies for reducing 

material demand through material efficiency are outlined: longer-lasting products; 

modularisation and remanufacturing; component re-use and designing products 

with less material.  
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Jensen87 noted that wind turbines produce low carbon energy but contain large 

amounts of materials so for maximum resource effectiveness, strategies should 

be adopted for extending the lifetime of wind turbines. The following lifetime 

extension strategies can maintain high performance: 

 

- Service/Maintenance. 

- Reuse at a new location when the economic lifetime, but not technical 

lifetime, ends at one site. Depending on the turbine size and its location, it 

may be feasible to move to a new location and resume power output. 

- Remanufacturing/refurbishment at the same location, e.g. retrofitting same 

length blades to restore output or longer blades made from carbon/glass 

hybrids to increase output. 

 

However, a refurbished/extended wind turbine must have the same performance 

in terms of engineering specifications and power generation as the turbine before 

refurbishment. Turbine lifetime is also determined by other factors while 

economic lifetime is often shorter than technical lifetime. 

 

Boccard88 defined capacity factor as the ratio of electricity produced by a turbine 

over a period divided by the amount of output produced had it operated at full 

nameplate capacity for the same period. The capacity factor must be at a certain 

minimum level for wind turbines to operate feasibly. Reported capacity factors, 

expressed as percentages, lie between 0 and 100. In a literature review, Jensen87 

observed that, historically, wind power capacity factor has been assumed to be 

in the 30 – 35% range while recorded values lay between 37 – 40%.  

 

Staffell & Green89 observed that various issues can affect capacity factor: 

 

- Turbine downtime, which can result in a 4 – 7% fall in output. 

- Operational efficiency reduction through misaligned components and 

electrical losses which can reduce output by 2%. 

- Wake effects resulting from turbulence caused by neighbouring turbines 

in a wind farm can reduce wind speed & power output between 5 and 15%. 

- Turbine ageing. 
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A study by Hughes90 on wind turbines in the UK and Denmark concluded that 

capacity factor declines significantly as the turbine ages. In the UK, declines of 

0.9% per year for the first ten years of operation from a starting point of 24% 

resulted in a capacity factor of 11% in year 15. Staffel & Green89 analysed the 

same data and concluded that the decline was 0.45% per year and claimed that 

farms built before 2003 have a decline rate two to three times higher than turbines 

built after 2003. An analysis by McKinsey91 found that performance is unrelated 

to wind park age but that factors such as dirty or pitted blades can prevent wind 

force being transmitted to the blades and generator, resulting in lower output.  

 

Successful retrofitting for turbine life extension was noted by Dvorak92 and 

Maxey93 when General Electric (2014) replaced 77m blades with a 91m retrofit, 

increasing swept area by 40% and boosting annual electricity production by 20%. 

GE also developed a new method for lengthening older turbine blades by cutting 

a 37-metre long blade in half and inserting a 7-metre long composite extension 

between the two sections. The retrofit project generated a 20% increase in 

efficiency and extended operational lifetime by several years. 

 

2.8 Blade Design and Operational Performance 

 

In a wind turbine blade, the upper and lower aerofoil shell fairings are made of 

triaxial and biaxial fibre composite, while the spar is constructed from two spar 

caps made from unidirectional fibre composite and either one or two shear webs 

of biaxial fibre composite96. In an I beam design the single web carries shear 

loads, and the flanges carries bending loads. In a box Spar design two shear 

webs provide additional torsional support94.  

 

Gurit, Wu and Singh provide comprehensive reviews of wind turbine blade 

structural design95,96,97. For a situation where new GFRP blades replace 

damaged GFRP blades having the same design and mechanical properties, 

there should be no additional design issues for the retrofit blades. The hub, pitch 

mechanism, bearings, spinner, nose, shaft and gearbox of the turbine are 

designed to carry a given blade load for a rated maximum wind speed. Where 

lighter, longer, thinner, higher modulus S glass, R glass or CFRP blades are 
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being considered as replacements for lower modulus shorter E-glass blades, the 

modifications required for the hub, pitch mechanism, bearings, spinner, nose, 

shaft and gearbox when subjected to a lower load regime should be assessed in 

addition to operational, safety and performance issues.  

 

A retrofitted blade must be specified for a given wind loading regime and have a 

maximum allowable tip deflection to avoid tower strikes so that power generation 

performance targets are met. The following engineering parameters are key for 

optimised turbine blade performance: natural frequency, wind loading, blade tip 

deflection, aerodynamic efficiency and edgewise fatigue loading. Large blade 

design can be driven by the requirement to maintain a high natural frequency so 

that resonance caused by the pressure drop as the blade passes the tower is 

avoided. However, above approximately 45 to 50m blade length, the design 

becomes dominated by tip deflection and maintaining tower clearance. A solution 

is to increase stiffness by adding more unidirectional GFRP in the spar cap as 

the principal load bearing component, but this is not ideal as the glass is added 

further and further away from the outer surface resulting in a thicker, less 

aerodynamically efficient design. Furthermore, additional glass increases blade 

weight thereby increasing fatigue loads in the edgewise direction. The edgewise 

fatigue loads are caused by the weight of the blade bending firstly in one direction 

as it climbs to the highest point above the nacelle, and then reversed loading as 

the blade heads back towards the ground. 

 

Higher modulus glass fibre materials such as E-glass prepreg, R-glass and S-

glass permit thinner sections thereby increasing aerodynamic efficiency. A high 

modulus glass (92 GPa) prepreg will enable a 5-10% increase in blade length for 

the same blade mass. However, longer blades with glass spar caps require more 

trailing edge and/or shell laminate to deal with increasing edgewise fatigue loads 

resulting in increased weight, loss of aerofoil efficiency and increased edgewise 

loading. As CFRP spar caps have higher stiffness and strength-to-weight ratios 

compared with e-glass GFRP, a CFRP solution results in longer, thinner more 

efficient blades leading to more energy capture and a lower overall LCOE 

compared to an equivalent GFRP blade of the same weight.  

 



43 
 

 
 

However, CFRP has relatively lower damage tolerance and lower compressive 

strength compared with GFRP. Replacing E-glass with carbon fiber brings new 

processing challenges. Carbon has a relatively low damage tolerance, and its 

compressive strength is greatly affected by fiber alignment. Further, moulders 

encounter greater difficulty in achieving fiber wetout during vacuum infusion, 

therefore wind blade manufacturers have tended to use more expensive 

prepreg products. Carbon requires perfect fibre alignment, and must be cured 

quickly. Even small misalignments can lead to a significant reduction of 

compressive and fatigue strength. Automatic ply placement also improves 

quality. Generally, spar caps may require 45 to 50 plies of prepreg, but as the 

blade size grows, structures may require 100 plies or more. A composites 

publication98 quoting carbon fiber manufacturer Zoltek Corporation (St. Louis, 

Missouri, USA) noted that “trying to lay 80 plies of prepreg, one on top of the 

other, in a spar cap tool that’s 36.6 to 61m long and 600 mm wide, would be a 

challenge to anyone”. This implies that labour costs for CFRP spar cap 

manufacture may be higher than for glass spar caps. 

 

Although CFRP is becoming cost competitive with GFRP99, CFRP remains much 

more expensive than GFRP so the economic advantages of a CFRP spar cap do 

not generally transfer to other parts of the blade as strength rather than stiffness 

is the key criterion and the weight penalty of glass becomes less signifiant. 

Therefore, the optimum compromise in terms of performance, loading and cost 

is to use CFRP in the spar cap for maximum stiffness and E glass GFRP in the 

outer periphery for maximium strength. 

 

If CFRP spar caps are to be interfaced structurally with glass laminate, thermally-

induced stresses caused by the difference in coefficient of thermal expansion 

(CTE) of the two materials is a likely outcome. In general, blades built using the 

same material for all the components (spar, webs, shell) will see much smaller 

thermal stresses than those built with glass shell, webs and a carbon spar cap. 

Thermally induced stress as an additional load case is often the key aspect for 

structural blade designers when considering a CFRP solution. This is most 

noticeable when materials with a significant difference in CTE are combined, for 

example at the interface between the glass biaxial shear web and the carbon 
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unidirectional spar cap where the diffence in CTE is one order of magnitude. 

Longer CFRP blades will be more prone to lightning strike damage so the cost 

implications of protection must be balanced against increased power generation 

from a longer, more efficient blade97,98,99. 

 

As lightning protection is a design issue with CFRP due to the conductivity of 

carbon, additional consideration must be given to the lightning protection system. 

The general trend for larger rotor blades, particularly offshore where the 

uppermost blade tip may be 150m above sea level, is to use metal meshes or 

surface treatments to make the surface conductive. 

 

Wind farms are affected by power loss as neighbouring turbines increase 

turbulence and reduce wind speeds, with output falling between 5 and 15%100. A 

longer retrofit will presumably increase inter-turbine turbulence and lower power 

output. Therefore, increased power output for a longer, thinner more 

aerodynamically efficient blade should be compared with losses due to increased 

turbulence from longer blades. Attias and Ladany100 derived a model that 

calculated the optimum layout of a wind turbine farm that maximizes net present 

value and internal rate of return in terms of a compromise between electricity 

output and inter-turbine turbulence. 

 

2.9 Manufacturing complexity, part complexity and cost 

 

Any Cost Model should account for part features or part complexity. Various 

studies have been carried out investigating the link between cost and part 

complexity and conclude that the manufacturing cost of a component increases 

with component complexity. Joshi and Ravi101 relate the cost of a part to its shape 

while Fagade et al102,103,104 relate part cost to the number of features such as 

holes and dimensions.  

 

Cost will also be affected by manufacturing complexity. Fagade et al102,103,104 

observe that a reduction in part count as required by design for manufacturing 

and assembly guidelines often results in an increase in the complexity of the 

remaining components and therefore an increase in overall manufacturing 
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complexity. Fredendall105 defines manufacturing complexity as a complex system 

having many elements whose relationships are not simple. The elements may be 

simple, but their relationships are not simple.  

 

Manufacturing complexity is not easily defined105. A manufacturing operation is a 

system made up of many subsystems, or parts. A general definition of complexity 

is that a complex system is one with many parts whose relationships are not 

simple106. The parts themselves may be simple, but their relationships are not 

simple107. Complexity does not exist where there is either complete order or 

complete disorder. Complexity has many parts with numerous relationships 

between the parts, and each of these relationships is obvious108. All the elements 

in completely disordered systems act in unpredictable ways. There may be many 

elements in a disordered system, but their unpredictability means there is no 

obvious relationship between the elements, so the system is not complex. 

Complex systems exist only when there are ordered relationships between the 

elements in the system. Therefore, complexity exists in those systems which are 

on the continuum between complete disorder and total order109. 

 

Manufacturing’s systems are complex in that they have many elements which 

have obvious, but non-simple relationships to each other. The elements in a 

typical manufacturing system are not completely organized and are not 

completely disordered. Measuring manufacturing complexity provides a useful 

improvement metric110. Systems with higher complexity have more problems than 

systems with lower complexity implying higher cost. Therefore, by measuring the 

system’s complexity, system problems can be identified and remedied, thereby 

lowering system cost.  

 

Frizelle and Woodcock111 state that systems with higher complexity have more 

problems than systems with lower complexity. Static or structural complexity is a 

“function of the structure of the system, connective patterns, variety of 

components, and the strengths of interactions”. Therefore, static complexity 

measures how the factory is structured (e.g., number of products, number of 

processes/machines). On the other hand, dynamic complexity is a measure of 

“the unpredictability in the behaviour of the system over a time period”. 
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Part cost increases with increasing complexity and mass while production rate 

decreases with complexity55. Mesogitis et al112 note that volume fraction plays a 

dominant role in composites manufacturing. Due to prepreg geometrical 

heterogeneities, significant permeability variation during impregnation and 

consolidation results in flow-induced voids and resin rich zones further affecting 

fibre volume fraction distribution thereby negatively affecting thermal and 

mechanical properties and degree of cure. Therefore, although a higher fibre 

volume fraction will result in a part with superior mechanical properties, this must 

be balanced against the risk of increased scrap and therefore increased cost.  

 

2.10 Organisational Learning and Cost 

 

In a comprehensive review of learning curve models and applications, Anzanello 

et al113 describe Learning Curves (LCs) as effective tools for monitoring the 

performance of workers exposed to a new task. LCs provide a mathematical 

representation of the learning process that takes place as task 

repetition occurs and were originally proposed by Wright114 when observing cost 

reduction due to repetitive procedures in aircraft production plants. Since then, 

LCs have been used to estimate the time required to complete production runs 

and the reduction in production costs as learning takes place, as well as to assign 

workers to tasks based on their performance profile. Further, effects of task 

interruption on workers’ performance have also being modelled by modifications 

on the LCs. This wide variety of applications justifies the relevance of LCs in 

industrial applications.  In general, the manufacturing cost of a component will fall 

as the number of components produced rises. This can be described either as a 

learning curve or experience curve. Wright114 first studied the factors that affected 

how the cost of aircraft fell with increased production. A key factor is design.  

 

A learning curve is a mathematical description of workers’ performance in 

repetitive tasks (Wright114; Teplitz115; Badiru116; Argote117; Fioretti118). As 

repetitions take place workers tend to demand less time to perform tasks due to 

familiarity with the operation and tools (Wright114; Teplitz115, Dar-El119,). LCs were 

empirically developed by Wright116 after observing how aircraft assembly costs 

decreased as repetitions were performed. Reduction followed a constant rate as 
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the number of assembled airplanes doubled, giving rise to a rule-of thumb “80% 

learning curve” that was widely applied in the aeronautical industry. According to 

that rule cumulative assembly costs are reduced on average by 20% as the 

number of units is duplicated (Teplitz115; Cook120, Badiru116; Argote117, Askin and 

Goldberg121) 

 

Generally viewed as the first formal LC model, Wright’s model114 is 

also referred to as the “Log-linear Model”,  

 

𝑦 =  𝐶1𝑥𝑏          2 

 

where y is the average time (or cost) per unit required to produce x units, and C1 

is the time (cost) to produce the first unit. Parameter b (0 < b < 1) is the slope of 

the LC, which describes the workers’ learning rate. Values of b close to 1 denote 

a high learning rate (Teplitz115, Badiru116, Argote117, Dar-El119). 

 

Further modifications to Wright’s model enable an estimation of the total time 

(cost) to produce x units, as in Eq. 3113: 

 

𝑦1 → 𝑥 =  𝐶1𝑥𝑏+1          3 

 

and the time (cost) required to produce a specific unit i by means of Eq. 4113 

 

𝑦𝑖 =  𝐶1[𝑖𝑏+1 − (𝑖 − 1)𝑏+1]         4 

 

Due to their simplicity, log-linear LCs have been investigated regarding limitations 

and modifications for specific purposes (Baloff122, Zangwill and Kantor123, 124, 

Waterworth125). These modifications aim to eliminate inconsistencies in the 

mathematical structure of the log-linear LC. Hurley126 and Eden et al127 state that 

Wright’s114 model yields execution times equal to zero under a high number of 

repetitions, which is impossible. To account for this, the inclusion of a constant 

term in Wright’s model was proposed. Further, Globerson et al128 pointed out that 

Wright’s model does not account for workers’ prior experience, which affects 
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production planning and workforce allocation. Another limitation of Wright’s LC is 

related to inconsistencies in definition and inferences regarding LC outputs. 

Towill129 and Waterworth125 asserted that many applications consider the mean 

execution time until unit x and the specific execution time of unit i as analogous. 

Smunt130 proposed an alternative definition of repetition based on the Continuous 

Learning Theory.  

 

The variability in performance data collected from a process may also lead to 

poorly fitted LC models. Yelle131, Globerson132, Vigil and Sarper133 state that 

imprecise estimation of the learning parameter b jeopardizes the LC’s predictive 

ability. To predict a process production rate, confidence intervals on the response 

estimates are suggested. Globerson and Gold134 developed equations for 

estimating the LC’s variance, coefficient of variation and probability density 

function. Finally, Smunt and Watts135 proposed modifications on Wright’s model 

to embrace situations where parameter b changes as the process takes place, 

while Smunt and Watts135 proposed the use of data aggregation techniques to 

reduce variance of LC predicted values.  

 

The use of cumulative units as an independent variable has also received 

attention in the LC literature. Fine136 stated that the number of produced units 

may hide learning deficiencies, since they do not account for the quality of 

produced units. To overcome that, the author modified the LC to consider only 

data from conforming units. Li and Rajagopalan137 extended Fine’s136 idea to 

include both conforming and non-conforming data in the LC model. Finally, Jaber 

and Guiffrida138 proposed modifications in Wright’s114 model aimed at monitoring 

processes with high percentages of non-conforming units. Modifications to 

Wright’s model were initially proposed to adapt the equation to specific 

applications, and then recognized as alternative models. One such model is the 

Stanford-B presented in Eq. 5, which incorporates worker’s prior experience. 

 

𝑦 =  𝐶1(𝑥 + 𝐵)𝑏         5 

 

Parameter B, corresponding to the number of units of prior experience, shifts the 

LC downwards with respect to the time/unit axis (Teplitz115, Badiru116, Nembhard 
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and Uzumeri139). The model was tested in assembly of the Boeing 707, as well 

as in improvement activities performed afterwards in the aircraft (Yelle131, 

Badiru116, Nembhard and Uzumeri139). DeJong’s model140 in Eq. 6 incorporates 

the influence of machinery in the learning process: 

 

𝑦 =  𝐶1[𝑀 + (1 − 𝑀)]𝑏         6 

 

where M (0 ≤ M ≤ 1) is the incompressibility factor that informs the fraction of 

the task executed by machines (Yelle131, Badiru116). When M = 0 there is no 

machinery involved in the task, while M = 1 denotes a task completely executed 

by machinery, where no learning takes place (Badiru116). The S-curve model 

describes learning when machinery intervention occurs, and the first cycles of 

operation demand in-depth analysis. The model results from merging 

DeJong’s140 and Stanford-B models as presented in Eq. 7. Parameters in the 

model maintain their original definitions (Badiru116, Nembhard and Uzumeri139). 

 

𝑦 =  𝐶1[𝑀 + (1 − 𝑀)(𝑥 + 𝐵)𝑏]       7 

 

In the Plateau model, an additive constant C describing a worker’s steady state 

performance is added to the log-linear model, Eq. 8. The steady state is reached 

after learning stops or when machinery limitations block workers’ improvement 

(Yelle131, Teplitz115, Li and Rajagopalan141). 

 

𝑦 =  𝐶 + 𝐶1𝑥𝑏                 8 

 

Exponential LCs rely on a more complete set of parameters as compared to log-

linear models which enable the extraction of additional information on the 

workers’ learning process and yielding more precise estimates of production rate 

than those provided by log-linear models (Nembhard and Uzumeri139). Knecht142 

initially investigated exponential LCs and integrated exponential and log-linear 

functions to improve predictions in long duration production runs. The proposed 

model is given in Eq. 9. 
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𝑦 =  𝐶1𝑥𝑏𝑒𝑐�̇�        9 

 

where c is a second constant; and �̇� is the production rate of unit x. 

 

Three exponential LC models113 frequently discussed in the literature are the 3-

parameter exponential, the 2-parameter exponential, and the Constant Time 

models. The 3-parameter exponential LC model is as follows: 

 

     𝑦 =  𝑘(1 − 𝑒−(𝑥+𝑝)/𝑟)              10 

 

where y describes the worker’s performance in terms of the number of items 

produced after x units of operational time (y  ≥ 0 and x ≥ 0). 

 

The three parameters113 in the LC described by Eq. 10 are: (i) k, which is the 

maximum  performance for a worker when learning stops, given as the number 

of items produced per operational time (k ≥ 0); (ii) p, which corresponds to the 

worker’s prior experience evaluated in time units (p ≥ 0); and (iii) the learning rate 

r, also given in time units. Mazur and Hastie143 state that the LC in Eq. 10 provides 

a poor fit to processes characterized by workers engaged in complex and 

demanding new tasks. Conversely, the model fits well when workers have prior 

experience. In the 2-parameter exponential LC, parameter p is not present, 

offering poorer fit to performance data if compared to the 3-parameter exponential 

LC (Mazur and Hastie143). The Constant Time model proposed by Towill144 is 

similar to the 3-parameter exponential LC, Eq.11: 

 

𝑦 =  𝑦𝑐 + 𝑦𝑓(1 − 𝑒−(𝑡)/𝜏)       11 

 

In Eq.11, yc corresponds to the worker’s initial performance in number of items 

produced per unit time, and yf is the maximum performance when worker’s 

learning stops, given in the same units. Variable t is the cumulative operation time 

(analogous to x in the previous models) which enables easier estimation of the 

time required to achieve a certain performance level. Towill144 recommends the 

Constant Time model for processes where performance data collection starts 
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after a short adaptation of workers to the task. Naim and Towill145 added 

trigonometric functions to the model in Eq. (11) to better describe cases where 

cyclical variations in performance are verified. Further, Howell146 evaluated the 

impact of inaccurate parameter inputs in the model’s predictive ability, and 

proposed approaches to achieve convergence in complex modelling situations. 

Finally, Dardan et al147 applied the Time Constant model in a hardware company. 

The objective was to evaluate the relationship between workers’ learning 

processes and the duration of technological investments. 

 

Mazur and Hastie143 proposed an LC model relating the number of conforming 

units to the total number of units produced, which is represented by a 2-parameter 

hyperbolic curve given in Eq. 12. In the proposed model, x describes the number 

of conforming units, and r is the number of non-conforming units; thus, y 

corresponds to the fraction of conforming units multiplied by a constant k. 

 

𝑦 =  𝑘 (
𝑥

𝑥+𝑟
)       12 

 

For learning modelling purposes, parameters in Eq. 12 resemble those in the 2-

parameter exponential model, with y as the number of items produced in x units 

of operation time, k as the maximum performance level, and r as the learning rate 

(Nembhard and Uzumeri139) 

 

Mazur and Hastie143 also proposed the inclusion of a parameter p in Eq. (12) to 

account for a worker’s prior experience in executing a task resulting in a 3-

parameter hyperbolic LC (Eq. 13).  

 

𝑦 =  𝑘 (
𝑥+𝑝

𝑥+𝑝+ 𝑟
)      13 

 

Parameters in Eq. 13 are defined as those in the 3-parameter exponential model 

in Eq. 12. Uzumeri and Nembhard148, and Nembhard and Uzumeri139 improved 

the definition of parameter r relating it to the time required to achieve production 

level k/2, which is half of the maximum performance level k. A worker presenting 

high values of r requires long practicing to achieve k, displaying slow learning. 
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Mazur and Hastie143 compared the 3-parameter hyperbolic and exponential 

models using process data. They found that parameters p and r assume similar 

values while parameter k is generally underestimated by the exponential model. 

In addition, the 3-parameter hyperbolic model presented a better fit to the data 

based on the correlation coefficient (r2). The 3-parameter hyperbolic model also 

outperformed ten LC models in the analysis given by Nembhard and Uzumeri139. 

LC models were evaluated in terms of efficiency, stability, parsimony and ability 

to model scenarios with negative learning (i.e. forgetting). Further, Anzanello and 

Fogliatto149 found the hyperbolic model to be more robust in comparison with the 

3-parameter exponential and Time Constant models. 

 

The 3-parameter hyperbolic LC has enabled efficient allocation of tasks in order 

to improve production systems. Uzumeri and Nembhard139, and Shafer et al150 

applied the model to data from a population of workers given new tasks. The 

authors concluded that fast learners (workers presenting low values of r) tend to 

achieve lower maximum performance k if compared to slow learners (workers 

presenting high values of r). Therefore, fast learners should be allocated short 

duration tasks while slow learners should be given long duration tasks. Similarly, 

Nembhard and Osothsilp151 evaluated the effects of task complexity on the 

allocation of tasks, while Nembhard and Uzumeri152 evaluated workers’ profiles 

in terms of learning dexterity and retention under different tasks. Anzanello and 

Fogliatto149 used the 3- parameter hyperbolic LC to allocate tasks according to 

the duration of production runs in a shoe manufacturing process. Finally, Uzumeri 

and Nembhard 139 stated that the 3-parameter hyperbolic LC can also be used to 

evaluate the efficiency of training programmes.  

 

Anzanello and Fogliatto153 applied the 3-parameter hyperbolic to estimate 

processing times required by workers to complete a production quota through LC 

integration. These times were then combined to new scheduling heuristics aimed 

at minimizing carelessness and error in manufacturing processes. The 3-

parameter hyperbolic model has also been used by Anzanello and Fogliatto154 to 

improve clustering performance in a shoe manufacturing process. The original 

set of clustering variables consisted of two groups of variables: (i) a set of process 

experts’ variables subjectively assessing product complexity, and (ii) a set of 
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learning related variables represented by the parameters of the LC. Variables 

were selected using a leave one-variable-out-at-a-time approach and the 

performance of the clustering procedure evaluated by means of a Silhouette 

Index. Clustering performance was significantly improved by using a reduced 

combination of the two sets of variables. 

 

Extensions of the traditional LC models are required when modelling learning 

scenarios characterized by quantitative and qualitative factors (Badiru116). 

Multivariate LCs are based on two or more independent variables, and often 

display the following generic structure113: 

 

𝐶𝑥 =  𝐾 ∏ 𝑐𝑖
𝑛
𝑖=1 𝑥𝑖

𝑏𝑖                14 

 

where K is the cost to produce the first unit, and ci is the coefficient for the 

independent variable I, other parameters are as previously defined. Note that 

multivariate LC models designate LCs with more than one independent variable 

and are not related to multivariate statistical techniques. 

 

Gold155 and Camm et al156 used relationships similar to Eq. 14 to monitor 

production costs as a function of the following independent variables: number of 

items produced, production rate, duration and cost of training programs, and task 

complexity. McIntyre157 and Womer158 proposed alternative multivariat LCs 

based on integration procedures, which have limited application due to their 

complexity. Hamade et al159 used univariate and multivariate LCs to analyse CAD 

(computer-aided design) procedural and cognitive data describing the 

performance of trainees. Badiru116 compared the predictive ability of univariate 

and multivariate LCs, stating that multivariate models provide relevant 

information on variables’ interactions, but the addition of non-significant variables 

jeopardizes the model’s quality. Estimation of parameters for multivariate models 

can become numerically unstable and be affected by multicollinearity among 

variables, thereby making for low quality models. The use of univariate models 

should be preferred when the importance of additional independent variables is 

not clear in describing the learning process. 
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Once the multivariate model is defined, a goodness-of-fit analysis is performed 

using traditional criteria; e.g. r2 and the sum of squares error. However, reports 

on multivariate LC models and applications are very sparse in the literature113. 

 

Frequent interruptions in the production process and modifications to product 

specifications are extra challenges to workers in terms of resuming activities 

(Hewitt et al160, Jaber161). Forgetting is a major consequence of interruptions and 

becomes evident by (i) reduction in production rate after an inactive period, and 

(ii) manufacturing of lower quality products compared to those produced during 

continuous operation, especially in the first cycles after the process is resumed. 

Globerson et al128, Argote117, Dar-El and Rubinovitz162, Dar-El119 and Bailey and 

Mcintyre163,164 state that predicting workers’ production rate at resuming tasks 

enables better production planning and precise resource allocation. Globerson et 

al128 found that a log-linear model properly described the forgetting process, 

indicating that learning and forgetting display similar patterns. Jaber and 

Bonney165 and Bailey and Mcintyre164 also modelled the forgetting process using 

log-linear-based models. Jaber and Kher166 extended these studies to evaluate 

the variability on workers’ time to achieve a complete forgetting status. These 

models also enable estimation of the time required to produce the first unit once 

the task is resumed. Further, Jaber and Bonney167 proposed three mathematical 

models for describing both learning and forgetting processes, while Bailey and 

Mcintyre163 introduced a Relearning Curve based on the log-linear model, 

recommending it for modelling processes where interruptions in production 

frequently occur. 

 

Li et al168 observe that covariance estimation is essential yet underdeveloped for 

analysing multivariate functional data. A fast covariance estimation method was 

proposed for multivariate sparse functional data using bivariate penalized splines. 

The tensor‐product B‐spline formulation of the proposed method enables a 

simple spectral decomposition of the associated covariance operator and explicit 

expressions of the resulting eigenfunctions as linear combinations of B‐spline 

bases, thereby dramatically facilitating subsequent principal component analysis. 

A fast algorithm was derived for selecting the smoothing parameters in 

covariance smoothing using leave‐one‐subject‐out cross‐validation. The method 



55 
 

 
 

has been evaluated with extensive numerical studies. Although the method has 

been applied to an Alzheimer's disease study with multiple longitudinal outcomes, 

it may equally apply to learning scenarios where multivariate situations occur, 

e.g. production cost variation as a function of various independent variables such 

as product volume, production rate, training programme duration and cost and 

task complexity156. 

 

Klenow169 reviewed various studies investigating learning by doing that showed 

estimates of approximately 20% for learning rate for a single defined production 

process across a variety of industrial sectors. Baloff170, Garg and Milliman171, and 

Irwin and Klenow172 showed that 20% is the rate at which productivity rises with 

a doubling of cumulative output. From a review of the literature, Lee173 

summarised learning rates by manufacturing sector and activity (Table 2.3). The 

percentages quoted are the improvement that comes with each doubling of 

cumulative production. There will be considerable variation from one organization 

to another within these large categories. 

 

Table 2.3. Representative Learning Rates by Industrial Sector173 

Aerospace 15% 

Shipbuilding  15 – 20% 

Machine Tools (new models) 15 – 25% 

Electronics (repetitive) 5 – 10% 

Electrical Wiring (repetitive) 15 – 25% 

Machining  5 – 10% 

Manual assembly & 25% machining 20% 

Manual assembly & 50% machining 15% 

Manual assembly & 75% machining 10% 

Punch Press 5 – 10% 

Raw Materials  5 – 7% 

Purchased Parts 12 – 15% 

Welding (repetitive) 10% 
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In several studies, Yelle131, Argotte and Epple174, Jovanovic and Nyarko175, Bahk 

and Gort176 made similar observations in that productivity rose across a variety of 

industries through a process of learning by doing. 

 

Klernow169 pointed out that productivity growth from learning by doing diminishes 

as experience accumulates with a technology and that learning by doing is largely 

specific to each production technology. Modelling a firm’s decision when to 

update its technology implies that technology updates endogenously bring large 

drops in productivity and that technology updates are more likely in a boom than 

in a recession since a high rate of production enables the firm to learn more 

quickly about the new technology. Cochran177, Garg and Milliman171, 

Baloff178,179,180, Russell181, and Pegels182 also observed that although productivity 

will initially fall with technology updates, it will gradually rise to overtake the level 

achieved with the old technology 

 

Lee173 emphasised that while performance gains through learning come from a 

variety of mechanisms, a willingness to learn, an ability to learn and, in many 

cases, an investment in learning is required if performance in terms of productivity 

is to improve. Lee173 also emphasised that most examples in the literature 

illustrate learning curve effects on direct labour. However, many other dimensions 

of manufacturing performance follow the same pattern. Examples are quality, 

delivery and (over the long term) total cost. 

 

Hill183 identified several factors that determine the learning curve for a given 

individual, team, factory or industry, including 

 

- Management Styles & Actions 

- Corporate Culture 

- Organizational Structure 

- Technology 

- Capital Investment 

- Engineering 

- Product design 

- Direct and indirect labour efficiency 
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- Economy of scale 

- Plant layout 

- Process improvement 

 

Skinner184 observed that any work unit, whether factory, work cell or company, 

will attain a higher learning rate when the range of products, processes and 

problems is narrower. Therefore, a limited, manageable set of products and 

markets will maximise learning and productivity thereby lowering costs and 

increasing competitiveness.  

 

The learning curve is relevant to individuals and small teams and is useful for 

tactical applications such as evaluating work group performance or estimating 

product cost over a period of a few weeks or months. On a bigger scale, for 

example factories, companies or entire industry sectors, and over longer periods, 

for example years or decades, Henderson185 derived the experience curve. 

Experience curves are similar in behaviour and are often represented by the 

same relationship as Learning Curves. Companies can use experience curves to 

develop marketing and manufacturing strategies. In addition, market price is often 

used as a substitute for actual cost since costs for such wide-ranging studies are 

often unavailable. Cost improvements are often the result of macro-level changes 

in systems, technologies and culture rather than individual or group experience. 

 

Grosse et al186 et al noted that for almost a century, researchers and practitioners 

have studied learning curves in production economics. Learning, in this context, 

refers to performance improvements of individuals, groups or organizations over 

time as a result of accumulated experience. Various learning curves have been 

developed and applied in the area of production economics. When developing 

planning models in production economics, the question arises which learning 

curve should be used to best describe the learning process. In the past, the focus 

of the literature has been on empirical studies that investigated learning 

processes in laboratory settings or in  practice, but no effort was undertaken to 

compare existing learning curves on a large set of empirical data to assess which 

learning curve should be used for which application. The study built up a large 

database of empirical data on learning curves First, the data was categorized with 
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meta-tags along different characteristics of the studies from which the data was 

derived. Secondly, a selection of well-known learning curves was fitted to the 

datasets and analysed regarding goodness of fit and data characteristics. A set 

of data/task characteristics was selected for an appropriate learning curve. The 

method may be useful in assisting researchers in learning curve selection for a 

given production context. 

 

The digital twin concept has the potential to develop and extend smart 

manufacturing. However, Shao & Helu187 point out that much confusion 

surrounds the concept and how it can be implemented in real manufacturing 

systems, especially among small-to-medium-sized enterprises. The study 

synthesized different perspectives that have been reported on the digital twin to 

identify the key characteristics that must be understood when developing a digital 

twin for a specific use case. Example applications were provided and the need 

for a standardized framework, such as the one under development as ISO 23247 

(Digital Twin Manufacturing Framework), was highlighted. This framework can 

enable context-dependent implementations and promote composability and 

reusability of digital twin components. Additionally, the digital twin concept can 

promote fast learning in manufacturing situations as it can enable the worker to 

have a global, holistic view of a manufacturing operation in real time. 
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Table 2.4 Equation Summary, Literature Review 

Equation Model/Function No. 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 =  (𝑅2 𝑅1⁄ )2.09𝑥 𝐶𝑜𝑠𝑡𝑅1
 Sandia, wind blade capital cost 1 

Learning Curve Models 

𝑦 =  𝐶1𝑥−𝑏 Wright, Log-Linear Model 2 

𝑦1 → 𝑥 =  𝐶1𝑥𝑏+1 Total production time, x units 3 

𝑦𝑖 =  𝐶1[𝑖𝑏+1 −  (𝑖 − 1)𝑏+1] Production time, specific unit i 4 

𝑦 =  𝐶1(𝑥 + 𝐵)𝑏 Stanford B Model 5 

𝑦 =  𝐶1[𝑀 + (1 − 𝑀)]−𝑏 De Jong Model 6 

𝑦 =  𝐶1[𝑀 + (1 − 𝑀)(𝑥 + 𝐵)−𝑏]  S-curve Model 7 

𝑦 =  𝐵 + 𝐶1𝑥−𝑏 Plateau Model 8 

𝑦 =  𝐶1𝑥𝑏𝑒𝑐�̇� Exponential Model 9 

𝑦 =  𝑘(1 − 𝑒−(𝑥+𝑝)/𝑟) 3 Parameter Exponential Model 10 

𝑦 =  𝑦𝑐 + 𝑦𝑓(1 − 𝑒−(𝑡)/𝜏) Constant Time Model 11 

𝑦 =  𝑘(𝑥 𝑥 + 𝑟⁄ ) 2-parameter hyperbolic 12 

𝑦 =  𝑘(𝑥 + 𝑝 𝑥 + 𝑝 +  𝑟⁄ ) 3-parameter hyperbolic 13 

𝐶𝑥 =  𝐾 ∏ 𝑐𝑖

𝑛

𝑖=1

𝑥𝑖
𝑏𝑖 

Generic Multivariate Model 14 
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Chapter 3.0 Model 1: Development of a Cost Model for 3D woven preforms 

 

3.1 Background 

 

Model 1 was developed so that the cost of a 3D woven preform not yet 

manufactured can be predicted with reasonable accuracy. Data for this study 

came from 17 bespoke 3D woven preforms manufactured by a Northern Ireland-

based company. A resource-based modelling approach55,56 was developed that 

took account of the one-off, bespoke production of each preform. The model was 

based on the principles that cost is determined by resources such as material, 

tooling, labour and general overheads, and that cost increases with part 

complexity55,102,103,104. Data for resource inputs such as materials, equipment, 

labour and energy were supplied as approximate values for commercial 

sensitivity reasons. Technical cost modelling was added as a further refinement 

and included a sub-model for how weaving equipment, labour and energy costs 

scale with part features such as part shape and complexity.  

 

3.2 Dedicated costing and costing with bespoke manufacturing 

 

The cost of developing a 3D woven fabric preform is the sum of the following Cost 

Resources (Eq. 15): 

    

      𝐶𝑜𝑠𝑡 = 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 𝑇𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 + 𝐿𝑎𝑏𝑜𝑢𝑟 +  𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠            15 

 

There are two possible production scenarios. In batch production, a given amount 

of identical parts are manufactured in equal times, for example one spar cap 

every 6 hours for 300 parts over 1840 hours in a year.  In a one-off production 

scenario, a single bespoke part with unique features such as shape and 

complexity will be manufactured in a defined time followed by manufacturing 

another bespoke part with a set of unique features in a different time. 
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3.2.1 Costing Methodology for Batch Manufacturing 

 

In a batch manufacturing scenario, the cost resources for a set of identical parts 

are defined as follows. 

 

Material 

 

Material Cost for one part of mass m: 

 

𝐶1 =  𝑚𝐶𝑚 (1 − 𝑓)⁄                              16 

 

where 𝐶𝑚 is the cost per unit mass of material 

      𝑚 is the mass of material 

      𝑓 is the scrap rate 

 

Dedicated Tooling Cost 

 

The Dedicated Tooling Cost Ct for a production run of a part is wholly assigned 

to the production run of that part. For a production rate of 𝑛𝑟 parts, this cost is 

written off against 𝑛𝑟 and is 𝐶𝑡 𝑛𝑟⁄ . Tool life 𝑛𝑡 is the number of parts that a set 

of tooling can make before it must be replaced. Each time the tooling is replaced, 

there is a step up in the total cost to be spread over the whole batch. This extra 

cost is captured by a smoothing factor (1 + 𝑛𝑟 𝑛𝑡⁄ )  which is multiplied by the 

tooling cost as shown:  

 

    𝐶2 =  𝐶𝑡 𝑛𝑟⁄ (1 + 𝑛𝑟 𝑛𝑡⁄ )            17 

 

Capital Cost 

 

Capital cost Cc is for equipment used to make different parts and associated 

infrastructure such as land and buildings. Capital cost is converted into an 

overhead by a capital write-off time, two. The resulting quantity, Cc/two is cost per 

unit time provided equipment and infrastructure are used continuously. Cc/two is 
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divided by a load factor L, the fraction of time for which the equipment is 

productive. The contribution of capital to cost per unit is this cost per unit time 

divided by the production rate 𝑛𝑟 to give cost per part: 

          

          𝐶3 = 1 𝑛𝑟⁄ (𝐶𝑐 𝐿𝑡𝑤𝑜⁄ )                   18 

 

Labour & Utilities 

 

Overhead Coh is labour, energy, R & D and administration. Dividing by 

production rate 𝑛𝑟: 

 

                            𝐶4 =  𝐶𝑜ℎ 𝑛𝑟⁄                                               19 

 

Therefore, the total manufacturing cost per part 𝐶𝑚𝑐  is the sum of C1 to C4, or: 

 

 

                   𝐶𝑚𝑐 = 
𝑚𝐶𝑚

(1−𝑓)
+ 

𝐶𝑡

𝑛𝑟
(1 + 

𝑛𝑟

𝑛𝑡
) + 

1

𝑛𝑟
 (

𝐶𝑐

𝐿𝑡𝑤𝑜
+ 𝐶𝑜ℎ)                   20

                  

         

Note: Equations 15 to 20 are taken directly from “Materials: Engineering, 

Science, Processing & Design (Michael Ashby) 188. 

 

Part Complexity 

 

In Chapter 4, the effect of part complexity on cost is described for the manufacture 

of wind turbine spar caps. 
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3.2.2 Cost Methodology for bespoke 3D woven preform manufacturing 

 

In a bespoke manufacturing scenario, the cost resources for a unique 3D woven 

preform are defined as follows.  

 

Material Cost  

 

The material cost for one 3D woven preform of mass m is mCm. and is multiplied 

by 1/(1-f) where f is the scrap fraction. 

 

𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 =
𝑚𝐶𝑚

(1−𝑓)
  

Tooling Cost  

 

The Tooling or Capital Cost Ct is the cost of the weaving loom, creels, bobbins 

and associated equipment for weaving 3D preforms. This cost is not dedicated to 

a given preform as the loom can weave different preforms of varying fibre 

architectures. Data for other capital costs such as land and buildings were not 

provided. Tooling cost is converted into an annual overhead by dividing by a 

capital write-off time, two, (e.g. 5 years) over which it is recovered. The resulting 

quantity, Cc/ two is the annual cost.  

𝐶𝑡𝑜𝑜𝑙𝑖𝑛𝑔 =
𝐶𝑡

𝑡𝑤𝑜
     

 

A unique 3D woven preform will be manufactured in a defined time which will be 

different from the time required for another 3D preform. If the annual production 

time is 𝑇 hours and the time taken to make a 3D woven preform pi is 𝑡𝑖, the 

proportion of the annual production time dedicated for this preform is  

 

𝑡𝑖
𝑇⁄  

 

Therefore, the proportion of the annual tooling cost assigned to this preform is: 
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                                     𝐶𝑡𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑡𝑖

𝑇
(

𝐶𝑡

𝑡𝑤𝑜
)                                       

 

The load factor L is the proportion of time that the machine is productive so 

 

                                          𝐶𝑡𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑡𝑖

𝑇
(

𝐶𝑡

𝐿𝑡𝑤𝑜
)                                 21 

Labour  

 

Labour is the sum of the annual salary costs of a Weave Manager, Technician 

and other relevant staff costs: 

 

          𝐶𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 = ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠                    

 

As for tooling, the proportion of the annual labour cost assigned to this preform is  

 

 

                          𝐶𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 =
𝑡𝑖

𝑇
∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠              22 

 

General overhead  

 

Finally, the general overhead cost is the sum of energy, building rental and 

administration costs: 

 

                   𝐶𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 = ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑                   

 

 

As for tooling and labour, the proportion of the annual  overhead cost assigned 

to this preform is:  

 

                  𝐶𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 =
𝑡𝑖

𝑇
∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑              23 
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A smoothing factor would be included for a dedicated production run of the same 

class of parts, for example 300 35m wind turbine spar caps in a year. In this 

instance, individual preforms are manufactured on a one-off basis so that a 

smoothing factor would be required to account for the replacement cost of the 

weave machine after several production runs for each preform. As only one 

preform is manufactured at a time a smoothing factor for each preform was not 

included to simplify the analysis. 

 

Therefore, the total manufacturing cost 𝐶𝑝𝑖 for a unique 3D woven preform pi is 

the sum of each Cost Resource:  

 

      𝐶𝑝𝑖
=

𝑚𝐶𝑚

(1−𝑓)
+  

𝑡𝑖

𝑇

𝐶𝑡

𝐿𝑡𝑤𝑜

+
𝑡𝑖

𝑇
∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 +

𝑡𝑖

𝑇
∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠        

 

Simplifying: 

 

          𝐶𝑝𝑖 =
𝑚𝐶𝑚

(1−𝑓)
+

𝑡𝑖

𝑇
(

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑)      24 

 

3.3 Relationship between manufacturing time and preform complexity 

 

The cost of a part will scale with part complexity55. Boussou48 stated that with 

increasing 3D preform architectural complexity, size and increasing shape 

complexity, mouldability will become more difficult and hence more expensive. 

Extending this principle to 3D woven preform manufacture, a unique 3D woven 

preform will scale with the manufacturing time of that preform. For a range of 3D 

woven preforms of increasing complexity, the proposed hypothesis is that 

manufacturing time 𝑡 will increase with increasing preform complexity, 𝑅 

 

𝑡 ∝  𝑅 
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Time 𝑡𝑏 
is the manufacturing time for the simplest 3D woven preform, called the 

baseline preform, and complexity 𝑅𝑏 is the complexity of this baseline preform. 

If 𝑡𝑖  
for a preform is expressed relative to 𝑡𝑏 for the simplest preform and 𝑅𝑖 is 

expressed relative to 𝑅𝑏 for the simplest preform, then: 

 

                               
𝑡𝑖

𝑡𝑏
=  𝑚 (

𝑅𝑖

𝑅𝐵
)

𝑛
                              25 

 

where 𝑚 is a constant of proportionality and 𝑛 is a power factor index assuming 

a non-linear relationship between 𝑡  and 𝑅. As the complexity of a given preform 

𝑅𝑖 increases, the time taken 𝑡𝑖 to make 𝑅𝑖 increases compared to a baseline 

preform 𝑅𝐵 with time 𝑡𝑏 . 𝑡𝑖 𝑡𝑏⁄  is the Relative Manufacturing Time Factor for a 

preform 𝑝𝑖  
and 𝑅𝑖 𝑅𝑏⁄  is the Relative Feature Factor for a preform 𝑝𝑖. 

 

3.3.1 Feature Factor: quantifying preform complexity 

 

Fagade102,103,104 et al define part complexity in terms of features such as the 

number of holes, corners and dimensions. In this study, complexity is defined as 

a function of the number fibre tows (warp & weft) in a preform, and preform shape: 

 

Warp Stuffer  Total number of warp stuffers along the preform width  

 

Weft Filler   Total number of fillers along the preform length 

 

Warp Binder  Total number of binders along the width 

    

plus additional sub features such as the number of holes.  

 

For example, a typical 3D preform has a given architecture as shown (fig.3.1). 
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Figure 3.1 Unit cell, orthogonal 3D woven architecture 

(courtesy of Axis Composites Ltd) 

 

Unit Cell: 7- layer orthogonal structure. 7 warp layers, 8 weft layers, 28 fibre 

ends per unit cell, 5 warp binder ends. 

 

For a given preform 𝑝𝑖, the Feature Factor is assumed to be a function of two 

overarching perform features which together make up the perform complexity 𝑅𝑖: 

the total number of warp stuffers, weft fillers and warp binders 𝐴𝑖, sub-features 

such as holes, etc, and the sum of preform structural elements ∑ 𝑆𝐸𝑖  which is 

a measure of the preform shape  

 

                     𝑅𝑖 = (𝐴𝑖 + 𝑠𝑢𝑏𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠)(∑ 𝑆𝐸𝑖)                26     

 

The simplest structural element will be a single flat rectangular profile which is 

the baseline preform and in which there are no sub-features such as holes, etc 

(fig.3.2). This baseline structural element is given a number 1. Therefore, for the 

baseline preform the number of Structural Elements reduces to 1 and the 

baseline complexity simplifies to: 

Warp binder 

Z direction Warp stuffer 

X direction 

 

Weft stuffer 

y direction 
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                𝑅𝑏 = (𝐴𝑏)(∑ 𝑆𝐸𝑖)              or               𝑅𝑏 = (𝐴𝑏)                      27 

 

The cross-sectional preform shape will be determined by the number of structural 

elements making up the preform. A t piece is assumed as 3 flat profiles joined as 

shown (fig.3.3), therefore the shape is given the number 3, 3 structural elements. 

 

 

 

 

 

 

 

 

Figure 3.2 Baseline structural element 

 

 

 

   

 

 

        

 

 

 

 

 

 

 

Figure 3.3 T section, 3 structural elements 

 

     Figure 3.4 Pi Section 

     5 structural elements  

 

              Flat profiles 1 - 5 

Flat profile 1 Flat profile 2 

Flat profile 3 

Flat profile  
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Examples of 3D woven fabrics with various shapes are shown in (fig.3.5). 

 

 

Figure 3.5 Selection of 3D woven preforms of various shapes28 

 

A pi section (fig, 3.4) will have 5 structural elements as it has 5 flat profiles each 

of number 1. If the pi preform has 700 fibre tows (the total number of warp stuffer, 

weft filler and warp binder tows), and has no holes or corners, the complexity is: 



70 
 

 
 

𝑅𝑏 = (700)(5) = 35000 

 

3.3.2 Estimating the Cost of a new 3D woven preform  

 

For a new preform not yet manufactured and whose manufacturing time 𝑡𝑖 is 

unknown, the cost can be estimated as follows. Rearranging equation 25, the 

time 𝑡𝑖  to weave a given preform 𝑝𝑖  is:   

 

                               𝑡𝑖 =  𝑚 (
𝑅𝑖

𝑅𝐵
)

𝑛
𝑡𝑏                                  28        

 

Substituting for 𝑡𝑖  in equation 24, the cost of the preform is: 

 

   𝐶𝑝𝑖 =
𝑚𝐶𝑚

(1−𝑓)
+ 𝑚 (

𝑅𝑖

𝑅𝐵
)

𝑛 𝑡𝐵

𝑇
(

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑)           29 

 

If 𝑡𝑖 and 𝑅𝑖 are known for a range of 3D performs, together with 𝑡𝑏  and 𝑅𝐵 for 

a baseline preform, the Feature Factor constants coefficient 𝑚 and power factor 

𝑛 can be found by plotting  𝑡𝑖 𝑡𝑏⁄  against 𝑅𝑖 𝑅𝐵⁄  (fig.3.3) Therefore, the cost 

of a new preform can be estimated. Alternatively, the cost of a new preform can 

be estimated from equation 24 if its production time 𝑡𝑖 is known (equation 24): 

 

     𝐶𝑝𝑖 =
𝑚𝐶𝑚

(1−𝑓)
+

𝑡𝑖

𝑇
(

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑)     24 

 

Equation 29 is the resource based technical cost model termed Model 1 from 

which the Excel model was built. The model is a series of linked spreadsheets 

which are named as follows: Preform Fabric Material, Relative Manufacturing 

Time, Relative Feature Factor, Capital Tooling Costs, General Overhead and 

Preform Manufacturing Cost (see Appendix 2). 
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𝑡𝑖

𝑡𝑏
        

   Slope, 𝑚  

 

 

𝑡𝑖 = 𝑡𝐵       

                 1.0                                                 (𝑹𝒊 𝑹𝑩⁄ )  

Figure 3.6 Plot of Manufacturing Time against Preform Complexity 

 

 

3.4 Summary of 3D woven preform cost estimation 

 

To estimate the manufacturing cost of a proposed 3D woven preform: 

 

- Using the same weaving loom, obtain manufacturing times for single 

bespoke 3D woven performs based on their known architectures. 

 

- Using the Model, plot 𝑡𝑖 𝑡𝑏⁄  against 𝑅𝑖 𝑅𝑏⁄  from which Feature Factor 

constants 𝑚 and power factor 𝑛 can be calculated. 

 

- Based on the complexity and shape of the proposed preform, resource 

costs, and Feature Factor constants 𝑚 and 𝑛, estimate the 

manufacturing cost from the Model as described by equation 29. 
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3.5 Experimental: 3D woven Preform Manufacturing 

 

Seventeen unique 3D woven performs (Tables 1 –17, Appendix 1) were 

manufactured on either a Weavebird or Jacquard loom. The preforms had a 

variety of architectures ranging from single layer, layer to layer and orthogonal. 

Three examples detail preform architecture and the weaving process, together 

with a description of the complexities and issues associated with weaving 3D 

woven preforms for the first time. 

 

Preform 4: Orthogonal 3D architecture, Weavebird Loom. 

 

A Weavebird Loom (fig.3.7) was used to weave nine Preforms in the Northern 

Ireland Advanced Composites Centre (NIACE), Belfast. A detailed example of a 

preform made by the Weavebird is Preform 4, an orthogonal T piece 3D woven 

profile with an architecture of 7 warp, 8 weft and 1 warp binder tow per cm (fig.3.8) 

as described in Table 4 (Appendix 1). Table 3.1 records the time for each 

manufacturing stage. Binder or Z tows run over the top weft tow then orthogonally 

through warp and weft layers which are orthogonal to each other. The binder 

warp comes out at the bottom then runs over a weft and back up to the top of the 

preform to repeat the sequence. Table 3.1 describes the times for each of the 

design and fabric processing steps, the sum of which is the total manufacturing 

time. Fig.3.9 shows the preform split weave where warp tows have been left out 

enabling the T section to be formed. Fig.3.10 shows the dimensions of the split 

weave. 

 

Preform 4 was woven as follows. Warp yarns were taken from a beam mounted 

on the back of the Weavebird loom and fed though the eyeboard (fig.3.11). The 

eyeboard controls the warp ends as they enter eyelets on heddles (fig.3.12) 

sitting on loom shafts. The eyeboard houses PTFE tubing which protects the fibre 

and provides tension during the weaving process.   
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Figure 3.7 Weavebird Loom http://weavebird.com/ 

 

Figure 3.8 Scotweave 3D image of Preform 4 unit cell 
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          Figure 3.9 Scotweave split weave image, T section, Preform 4 

 

Weft direction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Diagram of split weave for T section, Preform 4 
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Figure 3.11 PTFE tubing in eyeboard 

 

The heddles are in a sequence determined by the required architecture. The 

heddles sit inside shafts or frames, which can lift the warp threads up or down, 

one warp thread for each heddle. The NIACE Weavebird has 32 shafts. Each 

time a group of heddles is lifted, a “shed” is created. The shed is the opening 

between the lifted and stationary warp threads. The weft is held in a shuttle or 

rapier, which passes the weft through the shed to the other side. The shed then 

closes, and a different set of heddles will be lifted, creating a new shed, effectively 

completing the interlacement of warp and weft.  
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Figure 3.12 Heddles mounted on loom shafts 

 

The warp ends were then threaded through the reed (fig.3.13) a long, comb like 

instrument that keeps the warp at the correct width and density and helps pack 

or beat the weft down into place. Beat up is the motion of weaving that compacts 

the weft/stuffer yarns with a consistent force ensuring an even density (picks per 

cm, fig.3.14) in the fabric. The woven fabric was wound on the take-up beam on 

the front of the loom (fig.3.7) until the warp on the back beam ran out. The edge 

of the woven fabric running parallel to the warp is known as selvedge and is 

created by the weft thread looping back at the end of each row. 

 

PTFE Tubing 

https://www.bing.com/search?q=Weft%20wikipedia&form=WIKIRE
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Figure 3.13 Reed and beat up 

 

 

Figure 3.14 Finished weave structure, Preform 4 

 

The 3D woven preform was designed on a CAD package called Scotweave and 

then transferred to a software package on the loom called Proweave (fig.3.15). 

Proweave instructs the loom which warp threads to lift and when to weave the 

preform fabric.  
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Figure 3.15 Proweave Design 

 

        

   

 

The design procedure for the preform was as follows: 

 

(i) Evaluate on paper the design type to meet customer requirements. 

(ii) Derive a Scotweave technical design and 3D image (fig.3.15) of the 

preform to assess if the design ‘works’ and meets customer 

requirements. 

(iii) Translate the 3D design into a working file for the Weavebird loom.  

(iv) Input the design to a file onto the laptop in a Proweave design file. 

(v) Start weaving and assess if the fabric is what is required. If changes 

need to be made, return to (i) and repeat.  

 

Figs.3.14 and 3.16 show the finished woven fabric and the T section profile. 
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The total manufacturing time (loom set-up & weaving) was itemised as follows 

(Table 3.1). 

 

Table 3.1 Preform 4 set-up and weave manufacturing times 

Stage Loom setup, design & weave 
Time Required 

(hours) 

1 Winding of Bobbins 16 

2 
Bobbins insertion on the creel and 

roping them 
8 

3 Tubing preparation time, 315 tubes 24 

4 
Passing 315 Carbon tows through 

the PTFE Tubing and Loom 
24 

5 Weave time 3 

6 Design on Scotweave 24 

Total Time: 99 

 

 

                  Figure 3.16 Preform 4, 3D orthogonal woven T Piece profile 

 

 

T Section 



80 
 

 
 

Preform 3: 3D woven perform Orthogonal 3D architecture, Jacquard Loom  

 

In a Jacquard loom, a Jacquard head individually controls each warp thread via 

a computer-controlled pre-programmed sequence thereby enabling a complex, 

intricate weave pattern not possible in a standard dobby loom like a Weavebird. 

However, threading the Jacquard loom for this study was very labour intensive 

and took much longer than a dobby Weavebird loom which is faster and cheaper 

to operate. The Jacquard loom had the following specification:  

 

- IBJ2 Bonas Jacquard (fig.3.17) 

- Danfoss VLT Automation drive, 3 phase drive system on a Wistro motor. 

- Harness made by Axis Composites with a double pulley system 

- Handbuilt offtake 

- Handbuilt eyeboard 

- Handbuilt creel x 4 each with capacity for 512 bobbins (figs.3.24, 3.25) 

 

 

    Figure 3.17 Jacquard Loom set-up for Preform 3 weaving 
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Figure 3.18 Detail of Preform 3 

 

Preform 3 fabric (fig. 3.18) has an orthogonal 3D architecture of 7 warp layers, 8 

weft layers and 2 binder warp fibres per cm as described in Table 3.2 and shown 

in figs 3.19, 3.20 and 3.21. Table 3.2 records the time for each manufacturing 

stage. Initially, 1024 bobbins and old carbon from the previous 3D perform was 

removed. Hybon 2020 E glass 1200 Tex fibre was wound onto 800 bobbins (figs. 

3.22 and 3.23). 800 PTFE tubes were cut and glued to the eyeboard to prevent 

movement of tubing through the eyes and provide fibre tension (fig.3.11).  

 

The 800 bobbins with wound fibre were then mounted onto Creels 1 and 2 

(figs.3.24 and 3.25) followed by fibre being thread through the tubing (fig.3.26). 

The fabric was woven in a similar fashion to that described for Preform 4 on the 

Weavebird except that each fibre was individually controlled by the Jacquard 

head. The fabric is intended to have a fibre volume fraction of approximately 48% 

- 50% in the finished composite. Total manufacturing time was 220 hours due 

predominantly to the 20 metre preform length.  
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Table 3.2 Preform 3 set-up and weave manufacturing times 

Stage Loom setup stage 
Time Required 

(hours) 

1 Winding of Bobbins 40 

2 
Bobbins insertion on the creel and 

roping them 
16 

3 Tubing preparation time, 800 tubes 40 

4 
Passing 800 Carbon tows through 

PTFE Tubing and Loom 
40 

5 Weave time 84 

6 Fabric change over time NA - 

7 Design on Scotweave 32 

Total Time: 252 
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                          weft direction 

       Figure 3.19 Preform 3, Scotweave image of 3D woven architecture  

 

 

 Figure 3.20 Preform 3. Scotweave isometric view, 3D woven architecture 

           

 

Z  Binder 
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     8mm unit cell          10mm unit cell 

   

 

Warp direction           Weft direction  

Figure 3.21 Preform 3, weave architecture 
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Figure 3.22 Bobbin preparation   Figure 3.23 Glass Fibre at Bobbin Winder 

 

     

Figure 3.24 Glass Fibre on 1st Creel    Figure 3.25 Glass Fibre on 2nd Creel 
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Figure 3.26 Drawing yarns through PTFE tubing prior to weaving  

 

Preform 11, Layer to Layer 3D woven architecture, Jacquard Loom 

 

Preform 11 is a flat preform with a 3D woven layer-to-layer architecture designed 

using ScotWeave CAD design software. Four weft layers, three warp layers and 

three binder layers connected weft layers immediately above and below 

(figs.3.27, 3.28 and 3.29). A description is provided in Table 11, Appendix 1. The 

binder tows ran over one weft tow, into the ply below, and under the next weft 

tow along the length of the specimen in that ply.  
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Figure 3.27 Scotweave lift pattern 

 

 

Figure 3.28 Preform 11, Isometric view 
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                               Figure 3.29 3D Layer to Layer architecture 

 

Table 3.3 summarises the time required for each manufacturing stage. For this 

architecture, the time to weave half a meter of fabric took two hours which 

included the time when the rapier didn’t catch the weft yarns resulting in the loom 

being stopped and started again. 

 

Issues and complexities associated with first-time preform manufacture 

 

Issues encountered during first time preform manufacturing included  

 

- Fibre catching on the edges of the bobbin. 

- Fibres splitting at the tensioning bars. 

- Weight of bobbins causing tension problems.    

- Damage to carbon fibre due to contact with loom framework. 

- Crossing fibres created balls of carbon at the heddles. 

- Weft insertion created clumps and splits at end of carbon fibre tow. 
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These issues were resolved using various techniques resulting in valuable 

embedded learning and experience. However, they caused considerable delays 

which accounted for the observed manufacturing times. 

 

     Table 3.3 Preform 11 set-up and weave manufacturing times 

Stage Loom setup stage Time Required (hours) 

1 Winding of Bobbins 27 

2 
Bobbins insertion on the 
creel and roping them 

3 

3 
Feeding the carbon tows 

through the eyelets of 
creel 

10 

4 
Tubing preparation time, 

540 tubes 
9 

5 

Passing 540 Carbon 

tows through the PTFE 

Tubing 

9.5 

6 

Passing PTFE tubing 

through the eyeboard 

and gluing on the other 

side of the eyeboard 

20 

7 

Feeding the carbon tows 
through the heddles 

followed by passing it 
through the dent of the 

reed and tying it up. 

20 

8 Weave time (0.5m) 2 

9 Design on Scotweave 5 

 Total time: 116 
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Chapter 4.0 Model 2: Cost Model development for wind turbine Spar Caps 

 

4.1 Background 

 

Model 2 was developed to derive a cost curve of spar cap cost versus spar cap 

blade length from 35m to 75m in order to estimate the cost of GFRP and CFRP 

retrofit spar cap blades. Using data from several studies, Ortegon et al189 found 

that refurbished turbine life could be extended by six years. For this study, life 

extension is five years. If the cost of CFRP and GFRP retrofits are known in 

addition to turbine investment, operational and maintenance costs, the Levelised 

Cost of Energy (LCOE) for retrofitted turbines over an extended life of 25 years 

can be compared with LCOE for 20-year baseline GFRP turbine blades. Longer 

CFRP blades with higher specific strength and stiffness will generate more power 

than GFRP blades95. In this study, the length of CFRP retrofits was selected to 

be 3m longer than the blade to be replaced. For example, a 38m blade would 

replace a 35m blade, a 48m blade would replace a 45m blade and so on. Longer 

length CFRP retrofits were not considered due to likely turbulence effects100 and 

planning restrictions. GFRP retrofits were the same length as turbine blades to 

be replaced. 

 

Various manufacturing cost models exist55. The choice of model will be 

constrained by the available cost data. In this study, the only data was tooling 

and capital costs for a 10m rectangular shape spar cap analogue termed a 

Reference Standard192, tooling, capital, labour and electrical power cost data for 

a 35m blade spar cap termed a baseline Calibration Standard190,191 and 

production rates for the 10m analogue and 35m spar cap190,191. Pre-calculated 

glass and carbon composite masses for spar caps in the 35m to 75m blade range 

with a box spar design were obtained from an engineering study by Gurit95. Unlike 

Model 1 for 3D woven preforms, annual spar production rates from 270 to 300 

are typical. 

 

As cost data for spar cap lengths 40m to 75m were unknown, a resource-based 

technical cost modelling approach55,77,78 in which historical cost data is either not 

available or does not exist was used to derive a cost curve for lengths 40m to 
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75m. Spar cap manufacturing resources are material, tooling, capital (plant 

infrastructure), direct & indirect labour, and utilities. Indirect labour costs are for 

management and administration. Utilities are electricity costs. Both indirect labour 

and utility costs are assumed to vary only with production rate over the 35m to 

75m range. Tooling, capital and direct labour costs for 40m to 75m were 

unknown. A cost scaling feature factor was developed in which tooling, capital 

and direct labour costs scale with spar cap features defined as mass, volume 

fraction and complexity. Production rate will determine cost per part: the higher 

the rate, the lower the cost pert part. In this study, production rate is defined as 

the amount of spar caps produced per year. Based on the known production rate 

for the 35m spar cap, and assuming production rate decreases with spar cap 

mass55, volume fraction and complexity, a cost scaling feature factor can estimate 

production rates for the 40m to 75m range. In this study, volume fraction is 

defined (Equation 30) as the volume of carbon or glass fibres divided by the total 

volume of fibres and polymeric matrix in a spar cap 

 

𝑉𝑓 =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑖𝑏𝑟𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐹𝑖𝑏𝑟𝑒𝑠+𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑐 𝑀𝑎𝑡𝑟𝑖𝑥 
                 30 

 

Fagade102,103,104, defined part complexity in terms of the number of features, e.g. 

holes, in a part. For a box spar cap, complexity is defined in this study as the 

number of unidirectional (UD) fibre plies inserted into the spar cap mould tool 

prior to vacuum infusion.  As more data becomes available, detail can be added 

to the model to improve predictive capability.  

 

From estimated cost data, a cost curve was plotted for spar cap cost against 

blade length. For validation, the model curve was compared with a cost curve 

independently derived by a 35m wind turbine blade manufacturer for a box spar 

turbine blade design in 35m to 75m blade lengths190. For each blade length, 

CFRP 3m-extended length retrofit and GFRP retrofit costs were derived from the 

cost curve. Retrofit costs, model-generated turbine investment costs, operation 

and maintenance costs and power generation data were used to find Levelised 

Cost of Energy (LCOE) at 25 years for retrofitted CFRP and GFRP blades which 

were compared with each other and with LCOE for a GFRP 20-year baseline.  
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The Model is intended as a tool for assessing the economic feasibility of 

retrofitting wind turbine blades. Although engineering studies are beyond the 

scope of this study, they should be carried out concurrently5 with financial 

modelling to confirm if retrofitted blades can meet given wind loading, tip 

deflection and power generation performance criteria. Additionally, non-

destructive testing (NDT) would be required to assess the suitability of retrofitted 

blades. Raisutis et al192 reviewed different NDT techniques such as vibration 

analysis, thermography, X-ray imaging, acoustic emission and ultrasound for on-

site condition monitoring of wind turbine blades, accounting for the complicated 

structure of the blades and the possibility of non-destructive testing in harsh on-

site conditions.  

 

Increased power generation from longer blades should be compared with power 

reduction with increased turbulence resulting from longer blades. Using this 

approach, blade retrofitting scenarios can be modelled that extend the useful life 

of a wind turbine by reducing LCOE compared to LCOE for a 20-year life baseline 

and complete turbine replacement thereby improving material efficiency and 

sustainability. Table 4.1 compares existing wind turbine cost models with the 

proposed model. 
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Table 4.1 Existing Wind Turbine Cost Models and proposed Cost Model 
 

Existing Cost Model Key Attributes Proposed Cost 

Model 

Key Attributes 

Sandia Large Blade 
Manufacturing Cost 
Study for 40m and 
100-meter Blades 

Costs for a 40m 
blade, scaling factor 
derived to estimate 

costs for a 100-meter 
blade. Special 

emphasis on labour 
costs 

 
 
 

Technical Cost 
Model for wind 

turbine Spar Caps, 
35m to 75m length. 
Feasibility of blade 

retrofits for life 
extensions. 

 
Derive a Cost Curve 

for each blade 
length in 5m 

intervals, so 9 blade 
lengths.  

Costs: Material, 
Tooling, Capital, 
Labour, Utilities. 

 
Use available mass 
data for the 35 – 

75m Spar Cap range 
and tooling, capital, 
labour and utilities 
data for a 35m Spar 

Cap to derive a 
feature scaling 
relationship to 

estimate costs for 
Spar Caps in 40m to 

75m range. 
 

Use Cost Curve to 
find costs of Spar 
Cap retrofits and 

compare LCOE for 
20-year life and 
extended life. 

 
 
 
 
 

Cost scaling 
relationship for 

mass, complexity 
and volume fraction 

from 35m to 75m 
Spar Cap blade 

length. 
 

Cost Curve for 35m 
to 75m Spar Cap 

blade length.  
 

Model LCOE for 
longer length CFRP 

and same length 
GFRP retrofits, 

compare LCOE for 
extended life with 

20 year rated 
turbine life.  

 
Capability to model 
scenarios for effect 
of varying inputs on 
LCOE, e.g. material 

cost, capacity factor. 

US National 
Renewable Energy 
Laboratory (NREL) 

Cost for entire 
turbine. Cost scaling 
as function of blade 

radius.  

Schubel Technical Cost Model 
for a 40m blade. 
Compare cost of 

traditional 
manufacturing 
methods with 

automated 
manufacturing costs  

Schubel Technical Cost 
Modelling for a 

generic 45m turbine 
blade manufactured 

using vacuum 
infusion.  

Hutchinson et al Technical Cost Model 
comparing liquid 

resin transfer 
moulding with 

vacuum infusion for 
manufacturing a 

generic 40m blade. 

Murray et al A techno-economic 
model for estimating 

the cost of a 
thermoplastic wind 

turbine blade 
relative to a baseline 

thermoset epoxy 
blade 
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4.2 Cost Model Methodology 

 

Model 2 is a linked series of Excel spreadsheets developed from a simple 

framework for pre-selecting manufacturing processes55,188. Cost per part is the 

sum of resource costs: material cost for one spar cap, dedicated tooling cost, 

capital cost, and overheads (labour and utilities).  

 

Spar cap cost = sum of material, tooling, capital, labour & utility resource costs.  

 

Spar cap manufacture is a batch production process where several identical spar 

caps are produced in equal times in a dedicated tool for a spar cap of a given 

length. For this study, the production rate for a 35m spar cap with a box spar 

design was 300 per year190. From section 3.2.1, pages 61 and 62, equation 20, 

the manufacturing cost per part for a batch of identical spar caps is: 

 

   𝐶𝑚𝑐 = 
𝑚𝐶𝑚

(1−𝑓)
+ 

𝐶𝑡

𝑛𝑟
(1 +  

𝑛𝑟

𝑛𝑡
) + 

1

𝑛𝑟
 (

𝐶𝑐

𝐿𝑡𝑤𝑜
+  𝐶𝑜ℎ)                             

 

Each spreadsheet corresponds to a resource cost. Two other spreadsheets 

correspond to production rate and cost per part. From this data, a cost curve was 

derived for the 35m to 75m Spar Cap range from which cost data for retrofit spar 

caps was taken for levelized cost of energy (LCOE) calculations. The last 

spreadsheet calculates LCOE from retrofit spar cap costs, turbine investment 

costs, discounted operational and maintenance costs (O & M) and power 

generation for each blade length from 35m to 75, including longer length CFRP 

retrofit blades. Levelised Cost of Energy LCOE193 is defined as: 

 

                  𝐿𝐶𝑂𝐸 =  ∑
𝐼𝑡+𝑀𝑡+𝐹𝑡

(1+𝑟)𝑡
𝑛
𝑡=1 ∑

𝐸𝑡

(1+𝑟)𝑡
𝑛
𝑡=1⁄                              31 

where   

It = Investment expenditures in year t (including financing) 

Mt = Operations and maintenance expenditures in year t 

Ft = Fuel expenditures in year t, Et = Electrical power generation in year t  

r = Discount rate, n = Life of the system 
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LCOE is a lifetime cost per kWh in which costs and energy generation are 

discounted to today’s values or Net Present Value194. Fuel costs are zero for wind 

generated energy so Ft = 0. Initial investment It is the turbine capital cost in year 

0 and additional investment cost can be a retrofit blade in a given year t.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

 

Turbine capital cost and operational and maintenance (O & M) data were taken 

from studies by the International Renewable Energy Agency85 and the US 

National Renewable Energy Laboratory195. The discount rate or cost of capital is 

termed the Weighted Average Cost of Capital (WACC), which is the cost of debt, 

the equity premium of the investors and the share of debt and equity in the 

project194. The discount rate is a measure of risk that will be charged by investors 

based on whether wind generation is offshore (higher rate) or onshore (lower 

rate) and location by country. Based on survey results from worldwide onshore 

and offshore locations194, a rate of 7% was chosen and is the average rate for 

Europe and North America between onshore and offshore wind generation. To 

simplify the analysis, inflation rates were not included.  

 

Electrical power generated from a wind turbine blade was calculated from 

equation 32 and a wind speed distribution plot (fig.4.1) 196.  

: 

             𝑃𝑜𝑤𝑒𝑟 (𝑤𝑎𝑡𝑡𝑠) =
1

2
 𝐶𝐴𝜌𝑣3

                                32 

 

where 𝐶 = Capacity Factor 

          𝐴 = area swept by turbine blade = 𝜋𝑟2, 

          𝑟 = radius/turbine blade length 

          𝜌 = air density,  

         𝑣 = wind speed 
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Figure 4.1 Typical Wind Speed Distribution Plot196. 

 

Many wind turbines are now 20 years old199. In this study, three scenarios were 

compared for Levelised Cost of Energy: 

 

(1) LCOE for turbines with GFRP blades from 35m to 75m on a 20-year life basis 

for the blades, with no blade retrofits.  

(2) LCOE for 25 years in which retrofitted GFRP blades are installed at 20 years 

with an extension to 25 years 

(3) LCOE for 25 years in which retrofitted longer length CFRP blades are installed 

at 20 years with an extension to 25 years. 

 

4.3 Resource Cost Data: Material, Tooling, Capital, Labour, Utilities 

 

Mass data was taken from an engineering design cost study by Gurit95 comparing 

spar caps with a box spar design made from glass fibre and carbon fibre 

composites in lengths ranging from 35m to 75m. Each spar cap blade length has 

a mass calculated for a given wind loading regime, allowable tip deflection and 

edge fatigue. For the spar cap range 35m to 75m, the masses of CFRP and 

GFRP vary with spar cap length as shown in Table 4.2 and Fig.4.2.  
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Table 4.2 Spar Cap Length vs. Spar Cap Mass 

Spar Cap Length (m) CFRP GFRP (E-Glass composite) 

35 500 1550 

40 600 1820 

45 700 2150 

50 950 2870 

55 1300 3950 

60 1800 5450 

65 2450 7370 

70 3150 9460 

75 3950 11870 

Taken from SparPregTM UD Prepreg Spar Solution: www.gurit.com, (20.1.18) 

 

 

Figure 4.2 Material Mass vs Spar Cap Blade Length 

 

Throughout this study, values of r2 (correlation coefficient) are quoted. r2 was 

calculated in Excel by a function for a given trendline option, e.g. exponential, 

power, polynomial. The polynomial option gave the closest fit to the data. Tooling, 

capital, labour, utilities, fibre and resin costs (Tables 4.3 and 4.4) came from three 
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sources: a spar cap manufacturer190, a commercial study191 and a composites 

database198: 

Table 4.3 Data for Reference Standard: 10m spar cap analogue190. 

Tooling cost Capital Cost Annual production rate 

£20,000 £227,500 900 

       

Table 4.4 35m Spar Cap Baseline Calibration Standard190,191 

Cost Resource Cost 

Tooling cost of one mould tool £240,000 - £292,000 

Capital Cost for one mould tool £1,750,000 - £2,200,000 

Direct Labour £23/hour 

Indirect Labour per year £600,600 

Utilities, electricity per year £428,640 

Cost of unidirectional carbon fibre £25/kg 

Cost of epoxy resin £2/kg 

Cost of UD E-glass fibre £2/kg 

 

Fringe factors such as interest rate on capital, machine residual value, insurance 

and labour bonuses are assumed. For commercial sensitivity reasons, Tooling 

and Capital Costs were supplied as ranges by the spar cap manufacturer so mid-

range values were selected190. Capital Cost is building infrastructure and 

manufacturing costs for one spar cap production line. 

 

4.4 Technical Cost Modelling 

 

Part cost increases with increasing fibre volume fraction, complexity and mass 

while production rate decreases with increasing complexity55. Volume fraction 

plays a dominant role in composites manufacturing. Due to prepreg geometrical  

heterogeneities, significant permeability variation during impregnation and 

consolidation results in flow-induced voids and resin rich zones further affecting 

fibre volume fraction distribution thereby negatively affecting thermal and 
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mechanical properties and degree of cure. A higher fibre volume fraction causes 

increased scrap and therefore increased cost112. 

 

Composite material masses for the spar cap range 35m to 75m are known95 

(Table 4.2). Indirect labour and utility costs are assumed the same for this range 

and will only vary with production rate. Since tooling, capital and direct labour 

costs for the spar cap range are unknown, the development of a cost scaling 

feature factor focused on how these costs scaled with features such as part 

complexity, part mass and fibre volume fraction. Production rate will affect cost 

per part and will scale with complexity, part mass55 and fibre volume fraction112. 

 

Dedicated tooling, capital, and direct labour costs will scale with part features55:     

 

𝑅𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑠𝑡 =  𝑃𝑎𝑟𝑡 𝐹𝑒𝑎𝑡𝑢𝑟𝑒𝑠 𝑥 𝑇𝑜𝑜𝑙𝑖𝑛𝑔, 𝐶𝑎𝑝𝑖𝑡𝑎𝑙, 𝐷𝑖𝑟𝑒𝑐𝑡 𝐿𝑎𝑏𝑜𝑢𝑟  

 

Part Features are Complexity, Mass and Volume Fraction. A cost scaling feature 

factor is defined as: 

 

𝐶𝑜𝑠𝑡 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝐹𝑎𝑐𝑡𝑜𝑟, 𝐹 = 1 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄     33         

          

where 𝑉𝑓 = volume fraction of fibre,  𝐶̅ = Complexity Factor, �̅� = Mass Factor. 

x, y, and z are termed Cost Factor Indices.  

 

For this analysis, 𝑉𝑓 is assumed to be 56% for 35m to 75m and so will not vary.  

Complexity Factor 𝐶̅ is the ratio of part complexity 𝑛 to maximum possible part 

complexity 𝑁: 

 

            �̅� =  
𝑃𝑎𝑟𝑡 𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑎𝑟𝑡 𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦
=  

𝑛

𝑁
                       

 

In this analysis, the spar cap is a box spar and for simplicity is assumed to have 

a constant cross section with no holes or corners. Fagade102,103,104, defined part 

complexity in terms of the number of features, e.g. holes, in a part. For a box spar 
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cap, complexity is defined as the number of unidirectional (UD) fibre plies inserted 

into the spar cap mould tool prior to vacuum infusion. Minimum complexity is the 

minimum number of plies required for the part to meet service specification. 

Maximum complexity is the maximum number of plies above which the 

manufacturing cost becomes too expensive. Due to confidentiality issues, spar 

cap manufacturers were unable to supply detailed information on the number and 

distribution of plies in the spar cap, so the minimum and maximum number of 

plies are unknown.  

 

Esawi55 defined complexity as K which varies on a scale ranging from 1 (simple) 

to 5 (complex). Where part complexity was unknown, complexity K was taken as 

an average and set equal to 2. For this analysis, K is redefined as varying from 0 

– 1, with an average of 0.5. In the expression for Feature Factor, as complexity 

increases, 𝐶̅ approaches 1, (1 − 𝐶̅) decreases and the Cost Scaling Feature 

Factor increases. Therefore, the expression for Complexity Factor is: 

 

   �̅� =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝐷  𝑝𝑙𝑖𝑒𝑠 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝐷 𝑝𝑙𝑖𝑒𝑠
=  

𝑛

𝑁
                        34 

 

Spar cap mass increases with increasing blade length. Mass Factor �̅� is defined 

as the ratio of spar cap mass 𝑚 to the maximum mass  𝑀 of the spar cap that 

can be cost-effectively produced: 

 

                        �̅� =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑚𝑜𝑢𝑙𝑑𝑒𝑑 𝑠𝑝𝑎𝑟 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑀𝑎𝑠𝑠  
=  

𝑚

𝑀
                             35 

 

Gurit95 produced an engineering cost study for an E-glass composite 75m box 

spar cap blade weighing 12 metric tonnes. Sandia74 showed that an all-glass 

100m spar cap blade could weigh up to 30 tonnes. At some blade length, a spar 

cap must include carbon to provide the necessary stiffness to avoid extreme 

blade deflection95,96,97 and excessive weight. When all cost/performance trade-

offs are considered, as in the Sandia-type analysis, substituting carbon fibre for 

glass fibre in the manufacture of spar caps for turbine blades 55m in length and 
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longer becomes increasingly cost effective95 so a hypothetical 100m all-glass 

Spar Cap is unrealistic.  

 

Spar caps above 55m are now made with glass/carbon hybrid composites to 

reduce weight and cost, for example an 87m carbon/glass hybrid cap was 

manufactured for the first time199 in 2018. Table 4.2, Fig. 4.2 show that the carbon 

composite mass in a box spar cap is approximately one third that of glass from 

35m to 75m as carbon fibre composite specific stiffness is higher than that of 

glass composite. If a hypothetical 100m spar cap with 100% glass fibre composite 

weighs up to 30 tonnes, a hypothetical 100% carbon 100m Spar Cap is assumed 

to weigh up to 10 tonnes or 10,000kg. 

 

However, at £25/kg carbon fibre is expensive compared to £2/kg for glass198. 

Carbon fibre is very brittle with relatively low damage tolerance while its 

compressive strength is greatly affected by fibre alignment. Further, spar cap 

manufacturers encounter greater difficulty in achieving fibre wet-out in the mould 

during vacuum infusion98,200. Carbon fibres require perfect alignment and must 

be cured quickly. However, while automatic ply placement will improve quality, 

structures may require 100 plies or more in a spar cap mould tool that is 36.6 to 

61m long, increasing the level of complexity and cost98,200.  

 

For these reasons, a mass of 10,000kg (1/3 of 30,000kg) for a 100m 100% 

carbon fibre spar cap was conservatively chosen as the upper mass limit for 𝑀 

above which manufacturing is assumed to be prohibitively expensive using 

present (2019) resin infusion technology. As 𝑚 approaches 𝑀, (1 − �̅�) 

decreases and the cost scaling feature factor increases.  

 

The production rate of a part decreases as part fibre volume fraction, complexity 

and mass increase55. Therefore, compared to the Reference Standard production 

rate, the maximum possible production rate is the production rate of the 

Reference Standard times the cost scaling feature factor-1: 

 

𝑛𝑟 =  𝑛𝑟𝑠 [
1

(1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧
]

−1
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or      𝑛𝑟 = 𝑛𝑟𝑠(1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧                               36 

 

where 𝑛𝑟𝑠 is the annual production rate of the Reference Standard. 

 

4.5 Resources: Cost Scaling with Part Features 

 

4.5.1 Material Cost 

 

For a carbon fibre composite, the fibre weight fraction is: 

 

         𝐹𝑖𝑏𝑟𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =   𝜌𝑓𝐹𝑉𝐹 [𝜌𝑚 + (𝜌𝑓 − 𝜌𝑚)𝐹𝑉𝐹]⁄            37 

 

where 𝜌𝑓, carbon fibre density = 1800 kg/m3,  

𝜌𝑚, epoxy matrix density = 1100 kg/m3 

FVF = carbon fibre volume fraction = 0.56 

 

From equation 37, the fibre Weight Fraction = 0.68. Hence, the matrix weight 

fraction = 0.32. Based on 500kg for a 35m Blade Spar Cap (Table 4.2, Fig.4.2): 

 

             0.68 x 500 = 338kg of carbon fibre, 0.32 x 500 = 162kg of resin 

 

Therefore, fibre cost is 338kg x £25/kg = £8445. Resin cost = 162kg x £2/kg = 

£324 so total cost = £8769. 

 

In a 2019 study80 the scrap rate for the unidirectional fiberglass and carbon fibre 

material is 5% because it is assumed that fabric cutting can be planned to result 

in less wasted material. Resin scrap rate was 15% in the same study. Since scrap 

rate is 15% and 5% for resin and unidirectional carbon fabric respectively, the 

total amount of scrap is: 

 

338 x 0.05 = 17kg carbon fibre scrap, 0.15 x 162 = 24kg resin scrap, so 41 kg 

total scrap 
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41/500 = 8.2% scrap or 0.082 which is assumed for the other spar cap masses. 

 

The Scrap rate 𝑓 = 0.082 so (1 − 𝑓) = 0.918. Therefore, the material cost of a 

35m carbon fibre Spar Cap is £8769/0.918 = £9557 

 

Repeating for a 35m glass fibre composite Spar Cap, the material cost is £3100. 

The scrap rate 𝑓 = 0.075 so (1 − 𝑓) = 0.925. Therefore, the material cost of a 

35m E-glass fibre Spar is £3100/0.925 = £3352. Table 5.23, Fig. 5.7, section 

5.2.1 (Chapter 4, Results) show material cost results for 35m to 75m. 

 

4.5.2 Dedicated Tooling Cost 

 

Unlike Model 1 for 3D woven preforms in which tooling cost is not dedicated, 

tooling cost in Model 2 is the cost of a dedicated tool for a given spar cap length. 

A 35m spar cap, for which cost data is known (Table 4.4) is defined as a 

Calibration Standard and will be more expensive than the tooling cost of a simple 

rectangular shape analogue of a 10m long spar cap, defined as a Reference 

Standard (Table 4.3) by the increased complexity of the Calibration Standard 

compared with the features of the Reference Standard190,191. These features are 

mass, complexity and volume fraction. For the Reference Standard, Volume 

Fraction, Complexity and part Mass are assumed to be much smaller than for the 

Calibration Standard. Therefore, dedicated tooling cost of the Calibration 

Standard is related to the tooling cost of the Reference Standard and cost scaling 

feature factor by; 

 

          𝑇𝑜𝑜𝑙𝑖𝑛𝑔, 35𝑚 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 =  𝐶𝑡 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄       

 

where 𝐶𝑡 = Tooling Cost of Reference Standard 

 

In general, dedicated tooling cost will vary with the cost scaling feature factor: 

 

         𝑆𝑝𝑎𝑟 𝐶𝑎𝑝 𝑇𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 𝐶𝑡 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄         38 
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where 𝐶𝑡 = Tooling Cost of Reference Standard 

 

Data for the Reference Standard (Table 4.3) and a 35m blade Spar Cap 

Calibration Standard (Table 4.4) was used to infer Cost Factor Indices x, y and z 

for prediction of GFRP and CFRP spar cap part cost. The following assumptions 

were made. Volume fraction 𝑉𝑓 was taken as 0.56, so (1 − 𝑉𝑓) = 0.44.  For the 

35m to 75m range, volume fraction is assumed constant. Complexity Factor 𝐶̅ = 

0.50, so  (1 − 𝐶̅) = 0.50 where complexity is assumed equal to 0.5 and 

maximum complexity equals 1. Mass Factor �̅� increases as m increases in line 

with spar cap length. 

 

For one 35m blade spar cap, mass m is 500kg (Table 4.2) and Dedicated Tooling 

Cost is £265,000 for vacuum infusion (Table 4.4). The cost of the Reference 

Standard is £20,000. As dedicated tooling cost is a function of part volume 

fraction, part complexity and part mass, 35m Spar Cap tooling cost is related to 

the Reference Standard cost (equation 38) by: 

 

£265,000 = £20,000 𝑥 𝐶𝑜𝑠𝑡 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝐹𝑎𝑐𝑡𝑜𝑟  

 

£265,000 =  £20,000 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄   

 

where (1 − 𝑉𝑓) = 0.44,  (1 − 𝐶̅) = 0.50 and (1 − �̅�) varies as m and M. 

 

In calculating 
𝑚

𝑀
 and (1 − �̅�),  𝑚 is the mass of the Spar Cap at each blade 

length, (Table 4.2), 95. 10,000kg was chosen for M as explained on page 101. 

 

Tooling and Capital Costs are assumed the same for carbon and glass composite 

spar caps since it would make no economic sense to have separate tooling and 

capital infrastructure for each material type. For part mass m, CFRP was chosen 

instead of GFRP when deriving Factor Indices for cost resources as CFRP spar 

caps over 50m blade length will increasingly become the norm200. Should CFRP 

become competitive with GFRP, CFRP spar caps become more economic99. 
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Esawi55 employed a Technical Cost Model methodology to select a 

manufacturing process that gave the lowest part cost for a given component. Cost 

indices (termed “exponents”) for part mass and complexity were found following 

discussion with industry experts and plotting known cost data as a function of size 

and complexity. In general:  

 

0 <  𝑥𝑡  < 1 

 

0 <  𝑥𝑐  < 1 

 

where 𝑥𝑡 and 𝑥𝑐 are cost indices for tooling and capital respectively. Values of 

cost indices will depend on the process. For example, 𝑥𝑡 for polymer extrusion is 

0.3 and for many casting processes is 0.2. Values between 0 and 1 indicate that 

cost rises at a decreasing rate with part mass and complexity implying economy 

of scale. However, in the present context, the only data available was for a 10m 

spar cap analogue Reference Standard, a 35m Spar Cap Calibration Standard 

and material data for 35m to 75m spar cap lengths. 

 

In Model 2, the cost scaling feature factor scales with spar cap mass while volume 

fraction and complexity have constant values of 0.56 and 0.50 respectively. 

Therefore, values of Cost Factor Indices x, y and z will be greater than zero. In 

the absence of extensive tooling cost data for spar caps 40m to 75m, Cost Factor 

Indices x, y and z were estimated using a mathematical iterative method. In any 

iteration method, a reasonable “guess” 201,202 is assumed for one or more 

unknown variables, in this case x, y and z. Iterative methods are often the only 

choice for non-linear equations where two or more variables are present, in this 

case the cost scaling feature factor incorporating three variables.  

 

One of the variables is fixed while the other variables are changed until a 

consistent set of numbers is derived that satisfies a relationship, in this case for 

tooling cost. Following repeated iteration, values of x, y and z were derived for 

the Tooling Cost Feature Factor so that equation 38 was satisfied for 𝑚 = 500kg, 

the mass of a 35m Spar Cap. Similar methods are used in engineering when 
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extensive data is unavailable, for example estimating the number of stages 

required for a complete solvent extraction process in chemical engineering203. 

 

Volume fraction is closely linked with part mass and plays a dominant role in 

composites manufacturing112 so index x will be assumed greater than indices y 

and z. For M = 10,000kg, Factor Index x was initially given a constant value of 2 

while Factor Indices y and z were assigned values of 0.1 and 0.1 each. Values of 

y and z were varied until equation 38 was satisfied for 𝑚 = 500kg (Table 4.5). 

 

Table 4.5 Tooling Cost Factor Indices, M = 10,000kg. 

Cost Factor Indices  

x y z Tooling Cost (£) 

2.0 0.1 0.1 103,499 

2.0 0.5 0.5 139,399 

2.0 1.2 0.8 229,967 

2.0 1.35 0.9 256,476 

2.0 1.39 1 265,000 

 

With three known values of x, y and z, the following equation was used to estimate 

Dedicated Tooling Cost for spar cap lengths 35m to 75m for a maximum moulding 

mass M = 10,000kg. 

 

𝑀 = 10,000kg:   𝐹 = 1 (1 − 𝑉𝑓)2.0(1 − 𝐶̅)1.39(1 − �̅�)1⁄                            

4.5.3 Capital Cost 

 

The capital cost is the cost of land and buildings for which data was supplied by 

a spar cap manufacturer190,191. Using the same reasoning as for tooling cost, the 

capital cost for making a 35m Calibration Standard spar cap of given complexity, 

size and fibre volume fraction compared with the capital cost of the Reference 

Standard will vary with the Cost Scaling Feature Factor as:  

 

         𝑆𝑝𝑎𝑟 𝐶𝑎𝑝 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 = 𝐶𝑐 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄           39 
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where 𝐶𝑐 = Capital Cost of Reference Standard. 

 

Capital Cost requirements are infrastructure costs for a plant with one spar cap 

production line using a nominal cost of £387/sqm for land and buildings, taken 

from the same sources as for tooling, capital, labour and utilities, 190,191. Estimates 

for required floor space are summarized in Table 4.6. Total plant infrastructure 

capital expenditure (CAPEX) is depreciated over 20 years. CAPEX requirements 

are summarized below.  

 

Table 4.6 Floor Space Area190,191 

Floor Space Square Metres (m2) 

Warehouse and Administration 1,000 

Spars 4000 

Total 5000 

 

The capital cost for one 35m spar cap production line, £387 x 5000 = £1,935,000. 

The capital cost of the Reference Standard190 is £227,500. As with Tooling Cost, 

Capital Cost will be related to the Reference Standard cost (equation 39) by: 

 

                   £1,935,000 = £227,500 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄   

 

As for Tooling Cost, the same mathematical iterative technique201,202 was used to 

derive Cost Factor Indices x, y and z that satisfied equation 29 for 𝑚 = 500kg, 

(35m spar cap mass). As for Tooling Cost, the value of x for Volume Fraction is 

assumed greater than y and z, as Volume Fraction is assumed to play a dominant 

role in Capital Cost112. Index x was initially given a constant value of 1.5 while 

Factor Indices y and z were assigned values of 0.1 and 0.1 each. Values of y and 

z were varied until Eq.39 was satisfied for 𝑚 = 500kg (Table 4.7). 
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Table 4.7 Factor Indices, Capital Cost 

Cost Factor Indices  

x y z Capital Cost (£) 

1.5 0.1 0.1 839717 

1.5 0.5 0.5 1,130,982 

1.5 1.2 0.8 1,865,776 

1.5 1.23 0.9 1,914,776 

1.5 1.25 1 1,935,000 

 

 

With three known values of x, y and z, the following equation for the Cost Scaling 

Feature Factor was used to estimate Capital Cost for Spar Cap masses in blade 

lengths ranging from 40m to 75m for maximum moulding mass M = 10,000kg.  

 

      𝑀 = 10,000kg: 𝐹 = 1 (1 − 𝑉𝑓)1.5(1 − 𝐶̅)1.25(1 − �̅�)1⁄                  

 

4.5.4 Labour Cost 

 

Labour cost is Direct Cost and Indirect Cost. Direct Labour costs are directly 

associated with the number and size of manufactured spar caps190,191 while 

Indirect labour costs such as management and administration are assumed 

independent of spar cap size and number. Direct Labour costs for manufacture 

of a 35m glass spar cap are known (Table 4.8), while Direct Labour costs for 

manufacture of a 35m carbon spar cap are unknown. For this study, Direct Labour 

costs were initially assumed equal for carbon and glass spar cap manufacture. 

Results for total manufacturing cost from the model were compared with cost from 

a manufacturer to check if this assumption was valid (section 5.2.2.4 Discussion, 

page 167).  

 

The Direct Labour Cost for a 35m blade spar cap was estimated from data 

provided190.191 (Table 4.8) as follows:  
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Table 4.8 Direct Labour Cost, 35m Spar Cap191,192 

 Hours Labour Total Cost 

(euros) 

Mould Preparation 0.5 4 60 

Fabric Layup 4 6 720 

Root studs 5 2 300 

Vacuum bag application 0.5 4 60 

Infusion 1.5 6 270 

Cure time 5 1 150 

Consumable removal 0.5 4 60 

Demould 1 4 120 

Total 18  1740 

 

Example: Mould Preparation took 0.5 hours with four Operatives, as denoted by 

the number 4. At a Direct Labour rate of 30 euros per hour, the total cost is 0.5 x 

4 x 30 = 60 euros. Similarly, laminate layup took fours hours with six Operatives 

so the cost is 4 x 30 x 6 = 720 euros.   

 

At an exhange rate of £0.91/1 euro, direct labour cost is £1584 for a 35m spar 

cap. Figs 5.13, 5.14 and 5.15, (Chapter 5 Results, section 5.2.1) show that 

material, tooling and capital cost vary as a quadratic function of spar cap mass. 

It is reasonable to assume therefore that direct labour will vary in a similar 

manner. While volume fraction will influence Tooling Cost and Capital Cost and 

both depend on part complexity, there is no evidence in the literature that direct 

Labour Cost depends on complexity and volume fraction. Direct Labour cost was 

assumed to vary only with spar cap mass and was estimated for each spar cap, 

35m to 75m, using the 35m Spar Cap Direct Labour cost of £1584 as a baseline: 

 

 𝐷𝑖𝑟𝑒𝑐𝑡 𝐿𝑎𝑏𝑜𝑢𝑟 𝐶𝑜𝑠𝑡𝑖 = 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑐𝑜𝑠𝑡, 35𝑚 𝑐𝑎𝑝 (
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑝𝑎𝑟 𝐶𝑎𝑝𝑖

𝑚𝑎𝑠𝑠 𝑜𝑓 35𝑚 𝐶𝑎𝑝
)       40 

 

where spar cap Direct Labour Costi is the cost of a spar cap longer than 

35m.Table 5.16, fig, 5.16 shows direct labour cost from 35m to 75m blade length 

(Chapter 5, Results, section 5.2.1). 



110 
 

 
 

4.5.5 Production Rate 

 

The production rate of a part will decrease as part fibre volume fraction, 

complexity and mass increases55. Griffiths and Johanns74 compared costs for 

40m and 100m glass and carbon fibre blades in which material, tooling, capital 

and labour costs scale as a function of blade radius from the 40m baseline. The 

production rate of the 100m blade was assumed to be one third (1/3) that for the 

40m blade. In this study, the 35m Calibration Standard has a production rate of 

300 parts per year190,191, which is the maximum possible production rate based 

on 18-hours manufacturing time for one Standard, two 8-hour shifts per day over 

seven days in a 48-week year190. 18 hours per Standard is assumed to be the 

same for GFRP and CFRP190. In the absence of further information, the 35m 

Calibration Standard is assumed to have a production rate one third (1/3) that of 

the Reference Standard, which has a production rate of 900 parts per year.  

 

As for Tooling and Capital Cost, the same mathematical iterative technique201,202 

was used to derive Cost Factor Indices x, y and z that satisfied Eq.15 for 𝑚 = 

500kg, (35m Spar Cap mass) and M = 10,000kg. Unlike Tooling and Capital, the 

value of x for Volume Fraction was less than z but greater than y. Index x was 

initially given a constant value of 0.84 while Factor Indices y and z were assigned 

values of 0.1 and 1.5 respectively. Values of y and z were varied until equation 

36 was satisfied for 𝑚 = 500kg (Table 4.9). 

 

Compared to the Reference Standard rate, the actual production rate is: 

 

Actual Production Rate = Production rate of Standard x Cost Scaling Feature 

Factor-1 (equation 26) 

 

                         𝑛𝑟 =  900[1 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄ ]−1                    

or            𝑛𝑟 =  900(1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧               

         

For the 35m blade Spar Cap Calibration Standard with 𝑚 = 500kg and a 

maximum possible production rate of 300 parts per year190: 
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  𝑀 = 10,000kg:    300 =  900(1 − 𝑉𝑓)0.84 (1 − 𝐶̅)0.44(1 − �̅�)1.95        

 

Table 4.9 Factor Index, annual Production Rate 

Cost Factor Indices  

x y z Production Rate 

0.84 0.1 1.5 390 

0.84 0.2 1.6 362 

0.84 0.3 1.7 336 

0.84 0.4 1.8 312 

0.84 0.44 1.95 300 

 

4.6 Cost Model 2 expression 

 

The Manufacturing Cost per Part expression (equation 20) is modified by 

inserting a cost scaling feature factor F in the terms for Dedicated Tooling Cost, 

Capital Cost and Production Rate. Summing the resource costs, the expression 

for manufacturing Cost per Part is: 

 

    𝐶𝑚𝑐 =
𝑚𝐶𝑚

(1−𝑓)
+ 

𝐶𝑡𝑭

𝑛𝑟
(1 +  

𝑛𝑟

𝑛𝑡
) + 

1

𝑛𝑟
 [(

𝐶𝑐𝑭

𝐿𝑡𝑤𝑜
) + 𝑛𝑟𝑪𝒐𝒉𝒅𝒊𝒓𝒆𝒄𝒕

+ 𝑪𝒐𝒉𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕
+ 𝑪𝒐𝒉𝒖𝒕𝒊𝒍𝒊𝒕𝒊𝒆𝒔

 ]  41         

 

from which cost curves for CFRP and GFRP spar cap blades 35m to 75m were 

derived. 

 

𝐶𝑚𝑐 = Manufacturing Cost 

𝑛𝑟  = required annual production rate (incorporating Cost Scaling Feature Factor) 

𝐹 = Feature Factor, 

𝑛𝑡 = Tool Life, 

(1 + 
𝑛𝑟

𝑛𝑡
) = Tool Life Factor,  

𝐶𝑜ℎ𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡
 = Indirect Labour 

𝐶𝑜ℎ𝑑𝑖𝑟𝑒𝑐𝑡
 = Direct Labour, 𝐶𝑜ℎ𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠

 = Electricity costs 
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4.7 Levelised Cost of Electricity (LCOE)  

 

Lifetime electricity for 20 and 25 years (section 5.2.2.6, Chapter 5) was estimated 

from equation 32. Data was generated by the Model for wind turbine installed 

costs and lifetime O & M costs for 20 and 25 years (Tables, 4.11, 4.12, 4,13) from 

data in Table 4.10. Retrofit spar cap cost data for CFRP and GFRP was taken 

from the 35m to 75m cost curves (figs. 5.25 and 5.26, Chapter 5, Results, section 

5.2.2.4). LCOE was then calculated and compared for each of the three scenarios 

at two different CFRP prices (section 5.2.2.6, figs. 5.34 and 5.35).  

 

Table 4.10 Wind Turbine Capital, Operational & Maintenance Costs 

Spar Cap 

Length  

(m) 

Rated Power  

(MW) 

 

Wind Turbine  

Installed Cost 

(£/kW) 

O & M Cost 

(£/kW/year) 

35 1.59 1500  

 

 

 

50 

40 2.08 1450 

45 2.63 1400 

50 3.24 1350 

55 3.93 1300 

60 4.68 1250 

65 5.49 1200 

70 6.36 1150 

75 7.32 1100 

 

Assumptions.  

Generated power from equation 2, rated offshore wind speed 15m/s. 

Capacity Factor assumed at 0.2 for 20 years88,204,205 and 0.3 for a 5-year 

extension following a refit88,204,205. Capacity Factor will decline gradually during 

turbine blade lifetime due to factors such as weathering and wear95,96,97 which will 

have a major effect on life cycle costs. 

Air density: 1.23g/cm3.  

Data for turbine installed cost and O & M costs (Table 4.10) was taken from 

IRENA Power Costs 201885 and NREL Cost of Wind Energy Review195. 
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Table 4.11 Turbine investment, spar cap blade retrofit costs 

 

Table 4.12 Turbine Blade 20, 25-year Operational & Maintenance costs  

Spar Cap 

Length 

(m) 

Rated 

Generation 

(MW)  

20-yr O & M 

(£) GFRP 

25-yr O & M 

(£) GFRP 

retrofit 

  Spar Cap   25yr O & M 

 Length (m)       CFRP  

CFRP retrofit     retrofit 

35 1.59 1183552 1385274 38 1421336 

40 2.08 1545865 1809337 43 1850340 

45 2.63 1956485 2289942 48 2335886 

50 3.25 2415413 2827089 53 2877972 

55 3.93 2922650 3420778 58 3476601 

60 4.68 3478195 4071008 63 4131772 

65 5.49 4082048 4777780 68 4843484 

70 6.36 4734210 5541094 73 5611738 

75 7.31 5434680 6360950 78 6436534 

 

 

 

 

Spar Cap 

Length 

(m) 

Rated 

Generation 

(MW) 

 

Turbine 

investment 

(£) 

GFRP Spar Cap 

Retrofit Cost (£), 

year 20  

CFRP Spar Cap 

Retrofit Cost (£),  

year 20  

CFRP price: £25/kg 

35 1.59 2,386,599 30,709 38 58,787 

40 2.08 3,013,284 33,991 43 67,502 

45 2.63 3,682,182 37,675 48 80,837 

50 3.24 4,383,550 46,259 53 103,637 

55 3.93 5,107,648 58,896 58 137,888 

60 4.68 5,844,734 77,040 63 182,401 

65 5.49 6,585,066 101,280 68 238,100 

70 6.36 7,318,905 129,051 73 304,579 

75 7.31 8,036,509 163,959 78 382,558 
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    Table 4.13 Spar Cap blade length, 20 and 25-year generated power 

 

Assumptions: 

Discount rate: 7%194. Data for power generation and O & M costs discounted in 

each year for 20 years and a life extension of 5 years, up to 25 years. 

CFRP and GFRP retrofit cost data are based on a three-blade turbine. For 

example, the cost of three 38m CFRP retrofit spar caps is £58,787 from the cost 

of a single 38m spar cap at £19,596, multiplied by 3. 

 

4.8 Summary 

 

Model 2, a resource-based technical cost model, was derived from equation 41 

that accounts for materials, tooling, capital, labour, and utilities resources 

required for spar cap manufacture in the 35m to 75m blade range. A resource-

based technical cost modelling approach method is appropriate for situations 

where cost data is unknown, in this case, values for tooling, capital and direct 

labour costs for 40m to 75m. Available resource costs were material mass data 

for the 35m to 75m range, tooling, capital, labour and utilities for a 35m spar cap 

(calibration standard), a 10m spar cap analogue (reference standard), and 

Spar Cap  

Length (m) 

Power (GWh) 

GFRP Spar Cap, 

20 years 

Power (GWh) 

25 years GFRP 

retrofit year 20  

Spar Cap 

Length 

(m) 

Power (GWh) 

25-yrs CFRP 

retrofit,  

year 20 

35 20.5 22.6 38 24.1 

40 26.8 29.5 43 31.4 

45 33.9 37.3 48 39.7 

50 41.8 46.0 53 48.9 

55 50.6 55.7 58 59.1 

60 60.3 66.3 63 70.2 

65 70.7 77.8 68 82.3 

70 82.0 90.2 73 95.4 

75 94.2 103.6 78 109.4 
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production rates for a 10m spar cap analogue and 35m spar cap. Technical cost 

modelling (TCM) was used to derive a cost scaling feature factor and cost factor 

indices from known cost data in order to derive production rate, tooling, capital 

and direct labour costs for the 40m to 75m spar cap range.  

 

Cost curves were derived from predicted costs for 35m to 75m, with additional 

assumptions and key parameters (see below) from which GFRP retrofit costs and 

3m longer length CFRP retrofit costs were taken. Using model-calculated data 

for turbine investment costs, O & M costs, GFRP and CFRP retrofit costs and 

rated power for each blade length 35m to 75m, Levelised Cost of Energy (LCOE) 

for the three scenarios was calculated and compared (section 5.2.2.6, Chapter 5, 

Results). The following assumptions, parameters and definitions were employed. 

 

Assumptions, Key Parameters and Definitions 

 

- Tool Life 𝑛𝑡: 1250 parts190 

- Capital cost amortised over 20 years, buildings & equipment 85% utilised. 

- E-glass and carbon fibre composites spar caps: 35m to 75m blade length.  

- M = 10,000kg, upper moulding mass limit. Glass = GFRP, Carbon = CFRP.  

- Production Rate 𝑛𝑟 300 parts per annum for 35m Spar Cap.  

- Prices: £25/kg and £5/kg for CFRP 

- Glass fibre: £2/kg. Resin: £2/kg.  

- Capacity Factor: 0.2 for 20 years88,204,205, 0.3 for 5-year extension88,204,205.  

 

Ennis 81 investigated the potential of low-cost carbon fibre for wind turbine blades 

and showed that a heavy tow carbon fibre textile could cost around US $7.82/kg 

or £6.30/kg using current (August 2020) exchange rates. Therefore, a carbon 

fibre price of £5/kg was compared with £25/kg in a sensitivity analysis for the 

effect of material cost on LCOE. 
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Chapter 5.0 Results and Discussion 

 

5.1 Results. Model 1, 3D woven preforms 

 

5.1.1 Background 

 

Tables 1 to 17 (see Appendix 1) summarise information for 3D architectures, fibre 

material and manufacturing conditions for Preforms 1 to 17. Each preform is 

unique in terms complexity. Fagade102,103,104 et al define the complexity of a part 

in terms of features such as the number of holes, corners and dimensions. The 

key metric for complexity in this study is the product of the total number of fibre 

tows or warp stuffers, weft fillers and warp binders, any sub-features such as 

holes, etc, and the sum of preform structural elements  ∑ 𝑆𝐸𝑖  which is a 

measure of the preform shape. Complexity is expressed by equation 26: 

 

                     𝑅𝑖 = (𝐴𝑖 + 𝑠𝑢𝑏𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠)(∑ 𝑆𝐸𝑖)                26     

 

For example, while Preforms 10 and 12 have the same area (0.2025m2) and 

same orthogonal architecture, they have different profile shapes, flat and T 

respectively, different numbers of warp stuffers, weft fillers and warp binders and 

therefore different complexities (Table 5.1). Each preform complexity and 

manufacturing time is compared to a baseline preform complexity and 

manufacturing time, and expressed as the relative feature factor 𝑅𝑖/𝑅𝑏 and 

relative manufacturing time factor 𝑡𝑖/𝑡𝑏 respectively. A summary of all 17 

preforms is given in Table 5.1, page 118. 

 

5.1.2 Calculation of  𝑡𝑖 𝑡𝑏⁄  and 𝑅𝑖 𝑅𝑏⁄  

 

Table 1, Appendix 1, describes a single layer, 2D woven flat profile fabric termed 

Preform 1. This is the baseline fabric as it is the simplest in terms of woven 

architecture compared with the other fabrics (Tables 2 to 17, Appendix 1) and 
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has the shortest manufacturing time 𝑡𝑏 . 𝑅𝑏 is the complexity of Preform 1, 

defined by equation 27: 

    𝑅𝑏 = (𝐴𝑏)(∑ 𝑆𝐸𝑏)              27 

 

where 𝐴𝑏 is the number of fibre tows in the preform and ∑ 𝑆𝐸𝑏 is the shape or 

the number of structural elements in the preform.  As Preform 1 is a single simple 

flat profile, ∑ 𝑆𝐸𝑏 is equal to 1. From Table 1, 𝐴𝑏 is 360. As 𝑅𝑖 is the same as 

𝑅𝑏 for Preform 1.0, 𝑅𝑖 𝑅𝑏⁄  for Preform 1 is 1. Likewise, manufacturing time 𝑡𝑖 

for Preform 1 is 9 hours. As 𝑡𝑖 is the same as 𝑡𝑏 for Preform 1, 𝑡𝑖 𝑡𝑏⁄  for Preform 

1.0 is 1.  

 

As an example, values of  𝑡𝑖 𝑡𝑏⁄  and  𝑅𝑖 𝑅𝑏⁄  were found as follows for Preform 

4 (Table 4). Preform 4 is a fabric woven in the shape of a T piece. A t piece is 

assumed to be treated as 3 flat profiles (figure 3.3, page 68), therefore the shape 

is given the number 3 or 3 structural elements. From Table 4, the total number of 

fibre tows is 1380. Therefore, complexity 𝑅4 of Preform 4 is  

 

 𝑅4 = (1380)(3) = 4140  

 

Therefore, 𝑅4/𝑅𝑏 is 4140/360 = 11.5 (Table 5.1).  

 

𝑡4 for Preform 4 is 99 hours, while 𝑡𝑏 is 9 hours. Therefore, 𝑡4 𝑡𝑏⁄   is 99/9 = 11. 

Values of 𝑡𝑖 𝑡𝑏⁄  and 𝑅𝑖 𝑅𝑏⁄  for the remaining profiles were calculated by Model 

1, summarised in Table 5.1 and plotted (figs.5.1 – 5.5) to validate equation 25: 

 

𝑡𝑖

𝑡𝑏
=  𝑚 (

𝑅𝑖

𝑅𝐵
)

𝑛
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Table 5.1 Variation of Preform Manufacturing Time with Complexity 

Preform 
Weave 

Machine 
Architecture 

Manufacturing 
Time (hours) 

𝑹𝒊/𝑹𝒃 𝒕𝒊/𝒕𝒃 

1 Weavebird 
Single layer 
flat profile 

 
 

 
9 
 

1.0 1.0 

2 Weavebird 
Layer to layer 

flat profile 
 
 

130 9.75 14.44 

3 Jacquard 
Orthogonal 
flat profile 

252 137 28.0 

4 Weavebird 
Orthogonal T 
piece profile 

99 11.5 11.0 

5 Weavebird 
Orthogonal T 
piece profile 

49 5.18 5.44 

6 Weavebird 
Orthogonal T 
piece profile 

43 5.50 4.78 

7 Weavebird 
Layer to layer 

flat profile 
 

35 6.80 3.89 

8 Weavebird 
Layer to layer 

flat profile 
 

92 10.42 10.22 

9 Jacquard 
Layer to layer 

flat profile 
58 2.00 6.44 

10 Jacquard 
Orthogonal 
flat profile 

108 5.48 12 

11 Weavebird 
Orthogonal 

T piece profile 
79 3.79 8.77 

12 Jacquard 
Orthogonal 

T piece profile 
77 3.53 8.56 

13 Jacquard 
Orthogonal 

T piece profile 
116 11.25 12.89 

14 Jacquard 
Orthogonal 

T piece profile 
154 14.92 17.11 

15 Jacquard 
Orthogonal 
flat profile 

73 2.33 8.11 

16 Jacquard 
Orthogonal 
flat profile 

130 5.65 14.44 

17 Weavebird 
Orthogonal 

T piece profile 
82 9.57 9.11 
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5.1.3 Analysis of data by loom type and preform architecture 

 

Nine preforms were made on the Weavebird loom, and eight on the Jacquard 

loom. Fig.5.1 has 17 data points, one for each 3D woven preform and shows a 

trend of increasing manufacturing time with increasing preform complexity. Each 

preform varies in complexity and architecture in terms of the number of weft and 

warp tows, preform shape and either orthogonal or layer to layer. Fig.5.1 includes 

Preform 3 which took 252 hours to produce a 20-metre long profile. The 

complexity value for Preform 3 was 36901, the product of the total number of fibre 

tows (36901) and one structural element as it is a flat profile with no extra features 

such as T sections. Production times for the remaining preforms ranged from 9 

hours to 130 hours. Correlation coefficient82 r2 is 0.56 and shows that the 

correlation between 𝑡𝑖 𝑡𝑏⁄  and 𝑅𝑖 𝑅𝐵⁄  is either “weak”83, or “well related”84.  

 

 

Figure 5.1 Manufacturing Time with Preform Complexity (17 preforms) 
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Figure 5.2 16 Preforms. W = Weavebird, J = Jacquard 

  

In fig.5.2, preform 3 has been removed. r2 = 0.51 is the correlation coefficient and 

measures the correlation between two variables, in this case manufacturing time 

𝑡𝑖 𝑡𝑏⁄  and 3D preform complexity 𝑅𝑖 𝑅𝑏⁄  respectively. Correlation between two 

variables will either be “weak”83 or “well related”84, depending on sector context 

and the variables in question. For example, correlation between two variables 

may be judged “weak” in a manufacturing83 context, while correlation between 

different variables may be “well related” in a public sector context84 (see 

Discussion, page 134). Two outliers in fig. 5.2 are due to Preforms 7 and 16 

(Tables 7 & 16 respectively, Appendix 1). If these are removed, fig.5.3 for 14 

profiles gives a significantly improved trend of increasing 𝑡𝑖 𝑡𝑏⁄  with 𝑅𝑖 𝑅𝐵⁄ , with 

r2 = 0.62 compared with 0.51. Figures 5.2.and 5.3 show a tendency for preforms 

to separate out by loom type, Jacquard or Weavebird, with Jacquard preforms 

tending to group above the trendline and Weavebird preforms grouping below the 

trendline. Figure 5.4 is a plot of eight preforms from the Jacquard loom. Figure 

5.5 is a plot of nine preforms from the Weavebird. Table 5.1 and Tables 5.2 

(Jacquard) and 5.3 (Weavebird) include the weave architecture for each preform. 
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Figure 5.3 14 Preforms W = Weavebird, J = Jacquard 

 

 

Figure 5.4 8 Preforms, Jacquard Loom 
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Table 5.2 Preforms woven on Jacquard Loom 

Preform 
Weave 

Machine 
Architecture 

Manufacturing 
Time (hours) 

𝑹𝒊/𝑹𝒃 𝒕𝒊/𝒕𝒃 

3 Jacquard 
Orthogonal 
flat profile 

252 137 28.0 

9 Jacquard 
Layer to layer 

flat profile 
58 2.00 6.44 

10 Jacquard 
Orthogonal 
flat profile 

108 5.48 12 

12 Jacquard 
Orthogonal 

T piece profile 
77 3.53 8.56 

13 Jacquard 
Orthogonal 

T piece profile 
116 11.25 12.89 

14 Jacquard 
Orthogonal 

T piece profile 
154 14.92 17.11 

15 Jacquard 
Orthogonal 
flat profile 

73 2.33 8.11 

16 Jacquard 
Orthogonal 
flat profile 

130 5.65 14.44 

 

 

Figure 5.5 9 Preforms, Weavebird Loom 
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Table 5.3 Preforms woven on Weavebird Loom 

Preform 
Weave 

Machine 
Architecture 

Manufacturing 
Time (hours) 

𝑹𝒊/𝑹𝒃 𝒕𝒊/𝒕𝒃 

1 Weavebird 
Single layer 
flat profile 

 
 

 
9 
 

1.0 1.0 

2 Weavebird 
Layer to layer 

flat profile 
 
 

130 9.75 14.44 

4 Weavebird 
Orthogonal T 
piece profile 

99 11.5 11.0 

5 Weavebird 
Orthogonal T 
piece profile 

49 5.18 5.44 

6 Weavebird 
Orthogonal T 
piece profile 

43 5.50 4.78 

7 Weavebird 
Layer to layer 

flat profile 
 

35 6.80 3.89 

8 Weavebird 
Layer to layer 

flat profile 
 

92 10.42 10.22 

11 Weavebird 
Orthogonal 

T piece profile 
79 3.79 8.77 

17 Weavebird 
Orthogonal 

T piece profile 
82 9.57 9.11 

 

Although there are only eight woven Jacquard preforms and nine woven 

Weavebird preforms, figure 5.4 indicates a strong correlation between 

manufacturing time and preform complexity for the Jacquard preforms as shown 

by correlation coefficient r2 = 0.89, while figure 5.5 shows a moderately strong 

correlation with r2 = 0.78 for nine Weavebird preforms. Additionally, figures 5.1 

and 5.4 show a pronounced tendency for manufacturing time to level off with 

increasing preform complexity, i.e. the rate of change of  𝑡𝑖 𝑡𝑏⁄  with increasing 

complexity 𝑅𝑖 𝑅𝐵⁄  decreases. For both Jacquard and Weavebird preforms, 

Tables 5.2 and 5.3 indicate that the relationship between 𝑡𝑖 𝑡𝑏⁄  and 𝑅𝑖 𝑅𝐵⁄  is 

independent of preform architecture. 
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5.1.4 Case Study: Preform Cost Modelling for a Commercial Quote 

 

The cost of a 3D woven preform estimated by a Northern Ireland-based 3D woven 

profile manufacturer was compared with the preform cost estimated by Model 1. 

A Republic of Ireland-based manufacturer of resin transfer moulded 3D woven 

composites buys 3D woven fabrics from a US manufacturer and requested a 

quote from the NI 3D fabric manufacturer. Fabric profile data supplied by the ROI 

3D woven composite manufacturer is shown in Table 5.4. 

 

Table 5.4 Commercial 3D woven fabric 

3D woven preform for Quoted 3D fabric 

Dimensions Materials 

Weaving Width(cm): 127 Weaving Length(cm): 
45427 

Warp stuffer:                                           
E-glass 
 Area (m2):  577 Areal weight (g/m2):                     5200 

Weight woven fabric (kg):                                       3000 Weft Filler:                                               
E-glass 
 

 

Preform Construction Warp Binder:                                                NA 
 Warp (Tows) 

Warp tows/cm/Layer/(Reed):   2.8                                         

Warp tows/cm/Layer/ TOTAL (Reed):                   
355.6                    

Number of warp layers:                                           3                         

Total number of stuffers along width (loom):     
1066.8 

Weft filler (Tows).  
Set-up length:                       2000cm 

Weft filler (tows).  
Weave length:  45427cm 

Weft tows/cm/Layer/(Reed):                                  1.9                                Weft tows/cm/Layer/(Reed):              1.9 

Weft tows/cm/Layer/ TOTAL:                                 7.6                        Weft tows/cm/Layer/ TOTAL:                   7.6 

Number of weft layers:                                            4 
 

Total number of fillers,  
length:  15200              

Total number of fillers, length:  345245 

Warp binder (tows): NA  

Binder/cm/Layer/(Reed):                                        NA                       Material Cost (£): 3523.6, based on 

£1/kg for E-glass 
Binder/cm/Layer/ TOTAL (Reed):                          NA                     

Total warp ends along width:                               1066.8                   

Total number, ends/cm:                                        8.4                  Total number, ends/cm:                            8.4                  

Total number of fibre tows:                               16,267                Total number of fibre tows:            346,312                    
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Using constants y and m from figs. 5.1 – 5.5 representing 17 preforms, 16 

preforms, 14 preforms, 8 Jacquard preforms and 9 Weavebird preforms 

respectively, manufacturing costs were estimated and compared for each case.  

 

Manufacturing cost based on 17 preforms (figure 5.1) 

 

The following equation was derived from Model - estimated data (figure 5.1): 

 

               
𝑡𝑖

𝑡𝑏
=  3.1713 (

𝑅𝑖

𝑅𝑏
)

0.5207
 , where 𝑦 is  

𝑡𝑖

𝑡𝑏
  and x is (

𝑅𝑖

𝑅𝑏
) . 

 

- Feature Factor Calculation 

 

Fabric manufacturing cost was estimated from equation 29 from which Model 1 

was constructed and which includes the Relative Feature Factor since 𝑡𝑖 for the 

fabric is unknown: 

 

𝐶𝑜𝑠𝑡 𝑖
=

𝑚𝐶𝑚

(1 − 𝑓)
+ 𝑚 (

𝑅𝑖

𝑅𝑏
)

𝑛 𝑡𝐵

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠) 

 

The Feature Factor is given by equation 25: 

 

𝑡𝑖

𝑡𝑏
=  𝑚 (

𝑅𝑖

𝑅𝑏
)

𝑛

 

 

Resource Cost example:  proportion of Tooling Cost for Quoted 3D Fabric 

 

The cost structure in 3D fabric manufacturing is split between the proportion of 

costs due to the loom set-up and costs due to weaving. These costs are labour, 

capital and overheads. In the set-up phase, 20m (2000cm) of warp and weft tows 

are assumed will be woven while in the weave phase, 454m will be woven. Two 

Feature Factors for complexity were calculated, one for set-up, the other for 

weaving.  
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The proportion of the Capital Tooling cost for set up and weaving is found from: 

 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑇𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 3.1713 (
𝑅𝑖

𝑅𝑏
)

0.5207 𝑡𝐵

𝑇
 

𝐶𝑡

0.7𝑡𝑤𝑜
 

 

where 𝑡𝑤𝑜 is the write-off time for capital equipment or 5 years and 𝐶𝑡 is capital 

tooling cost. A Load Factor 0.7 is assumed for the Jacquard loom on which the 

fabric would be woven.  

 

The fabric complexity is a function of the total number of fibre tows and sub-

features, e.g. holes, in the fabric and the shape of the fabric or number of 

structural elements (equation 26): 

 

𝑅𝑖 = (∑ 𝐴𝑖 + 𝑠𝑢𝑏𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠) (∑ 𝑆𝐸𝑖) 

 

where 𝐴𝑖 is the total number of fibre tows and ∑ 𝑆𝐸𝑖  is the number of structural 

elements. This fabric is a flat profile with no sub-features so ∑ 𝑆𝐸𝑖 = 1 and 

 

𝑅𝑖 = (∑ 𝐴𝑖) 

 

- Set-up Feature Factor: 

 

Fabric complexity 𝑅𝑖 = 16,267 tows or 16k (Table 5.4) 

Baseline complexity 𝑅𝐵 = 360 tows (Table 1, Appendix 1) 

 

Therefore  
𝑅𝑖

𝑅𝑏
= 16,000/360 = 45 
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- Weave Feature Factor 

 

Fabric complexity 𝑅𝑖 = 346,312 tows (Table 5.4). Baseline complexity 𝑅𝑏 = 360 

tows, so 

      
𝑅𝑖

𝑅𝑏
 = 346,312/360 = 962 

 

The company runs one shift per day, so the total annual available production time 

is 1840 hours based on 8 hours per day at 5 days per week for 46 weeks per 

year. From Table 1, Appendix 1, the baseline set-up time 𝑡𝑏 is 8 hours and the 

baseline weave time is 1 hour. Annual production time is 1840 hours, so 𝑡𝐵 𝑇⁄  

is 8/1840 = 0.004348 for the baseline set-up time and 1/1840 = 0.000543 for the 

baseline weave time. From fig. 5.1, 𝑚 is 3.1713 and 𝑛 is 0.5209. A key variable 

is load factor 𝐿 or machine utilisation. 17 woven preforms were made for this 

project from June 2017 to June 2019. In the same period, various other preforms 

were manufactured. A load factor of 70% was agreed with the manufacturer. 

Using these values and approximate cost data for tooling, labour and overheads 

supplied by the manufacturer (Table 5.5) the proportion of annual capital tooling 

cost 𝐶𝑡𝑜𝑜𝑙𝑖𝑛𝑔, was calculated by Model 1 for both set-up and weave phases: 

 

Loom set-up: Tooling cost = 3.17 x 45.20.5209 x 0.00434 x 200,000/5 x 0.7 = £5731 

 

Weaving: Tooling cost = 3.17 x 9620.5209 x 0.000543 x 200,000/5 x 0.7 = £3521 

 

Proportion of Capital Tooling Cost, Set-up and Weave = £5731 + £3521 = £9252 

 

In the same way, the proportion of labour and overhead costs for set-up and 

weaving was calculated and summed to give an overall manufacturing cost of 

£25,715 for the fabric at a width of 127cm and a total length of 454m. (Table 5.6). 

Figure 5.6 is a graphic of cost breakdown by resource category, Table 5.6. 
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Table 5.5 3D preform resource costs 

Resource  Cost (£) 

Material, 3000kg E glass at euro1/kg  2700 (exchange rate £0.9/1 euro 

Labour, £05,000 for two operatives 60,000 

Capital Tooling: 

          Jacquard Loom:  £70,000 

          Four creels:         £80,000    

          Bobbins:              £20,000 

          Feed/Transport:  £10,000 

          Other items:        £20,000 

200,000 

 

 

 

 

 

 

Overheads 25,000 

Labour, Capital Tooling and Overhead Costs. Courtesy of Axis Composites Ltd. 

 

Table 5.6 Estimated Cost of 3D woven Fabric, 17 preforms 

Cost Element Loom set-up  Weaving Total %  

Capital Tooling (£) 5731 3521 9252 36 

Labour (£) 6018 3698 9715 38 

Overheads (£) 2507 1541 4048 16 

3D woven fabric material (£) 2700 10 

                                                          Total Cost (£) 25,715 100 

 

Using the same methodology, manufacturing costs were estimated, based on 

data for n and m from 16 and 14 preforms, and 8 Jacquard and 9 Weavebird 

preforms (fig. 5.2 – fig. 5.5), Tables 5.7 – 5.10. Figures 5.6 is a graphic of cost 

breakdown from Table 5.6. 
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Table 5.7 Estimated Cost of 3D woven Fabric, 16 preforms 

Cost Element Loom set-up  Weaving Total %  

Capital Tooling (£) 8068 7869 15935 38 

Labour (£) 8471 8260 16732 40 

Overheads (£) 3528 3442 6972 16 

3D woven fabric material (£) 2700 6 

                                                          Total Cost (£) 42,338 100 

 

Table 5.8 Estimated Cost of 3D woven Fabric,14 preforms 

Cost Element Loom set-up  Weaving Total %  

Capital Tooling (£) 8595 8934 17529 38 

Labour (£) 9025 9381 18406 40 

Overheads (£) 3760 3909 7669 16 

3D woven fabric material (£) 2700 6 

                                                          Total Cost (£) 46,304 100 

 

Table 5.9 Estimated Cost of 3D woven Fabric, 8 Jacquard preforms 

Cost Element Loom set-up  Weaving Total %  

Capital Tooling (£) 5393 1826 7218 35 

Labour (£) 5662 1917 7579 37 

Overheads (£) 2359 799 3158 15 

3D woven fabric material (£) 2700 13 

                                                          Total Cost (£) 20,655 100 

 

Table 5.10 Estimated Cost of 3D woven Fabric, 9 Weavebird preforms 

Cost Element Loom set-up  Weaving Total %  

Capital Tooling (£) 10317 22355 32671 39 

Labour (£) 10833 23472 34301 41 

Overheads (£) 4514 9780 14924 17 

3D woven fabric material (£) 2700 3 

                                                          Total Cost (£) 83,970 100 
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Figure 5.6 Cost Breakdown by resource category, 17 preforms 

 

Table 5.11 Cost Breakdown (%) and total Cost 

No. of 

Preforms 

n m Cost Breakdown (%) Cost 

(£) 

   Tooling Labour Overhead Material  

8 J 0.3258 6.2714 35 37 15 13 20,655 

17 J & W 0.5207 3.1713 36 38 16 10 25,715 

16 J & W 0.6717 2.5111 38 40 16 6 42,338 

14 J & W 0.6926 2.4707 38 40 16 6 46,304 

9 W 0.9328 1.1872 39 41 17 3 83,970 

J = Jacquard, W = Weavebird 

 

- Preform cost comparison: model and manufacturer  

 

The 3D fabric manufacturer’s estimated cost was approximately £44,000. Table 

5.11 shows the variation in preform cost with values of constants n and m from 

figures 5.1.to 5.5. Data for n and m from figure 5.2 and figure 5.3 gave cost 

estimates of £42,338 and £46,304 respectively. which is within 3.8% and 4.98% 

of £44,000 respectively. Data for n and m from figure 5.4 gave a cost estimate of 

Material
10%

Tooling
36%

Labour
38%

Overhead
16%

COST PROPORTION BY CATEGORY
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£20,655, while data for n and m from figure 5.5 gave an estimate of £83,970. The 

biggest cost contributors are Labour and Tooling, Table 5.11, fig. 5.6 based on 

data from figure 5.1 (17 preforms) as an example. 

 

- Linear relationship for manufacturing time & preform complexity 

 

A key assumption for Model 1 is that the relationship between manufacturing time 

and preform complexity is a non-linear power function (equation 25). 

Alternatively, if 𝑡𝑖 𝑡𝑏⁄  vs 𝑅𝑖 𝑅𝐵⁄ , is assumed linear, the following plot for 16 

preforms (fig.5.7) is obtained from Table 5.1 (preform 3 removed as an outlier). 

 

 

Figure 5.7 Linear relationship between Time and Complexity 

 

From fig.5.7, the equation for the feature factor is: 

 

       
𝑡𝑖

𝑡𝑏
= 0.7436 (

𝑅𝑖

𝑅𝑏
) + 4.217        42 
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Therefore, the estimated manufacturing cost may be found from: 

 

𝐶𝑜𝑠𝑡 𝑖
=

𝑚𝐶𝑚

(1−𝑓)
+  (𝑚 (

𝑅𝑖

𝑅𝑏
) + 𝐶)

𝑡𝐵

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠)   43 

 

Using the same information for fabric complexity, fabric baseline complexity, 

fabric baseline time, set-up and weave times and machine utilisation factor, the 

estimated manufacturing cost for the proposed 3D woven preform was £78,957 

which differs by a factor of 1.79 or 79% from £44,000, the manufacturer’s 

estimated profile cost. Two outliers in fig.5.7 are due to Preforms 6 and 14. If 

these are removed, the following linear plot of 14 profiles (fig.5.8) gives a 

significantly improved trend of increasing 𝑡𝑖 𝑡𝑏⁄  vs. 𝑅𝑖 𝑅𝐵⁄ , with r2 = 0.63 

compared with r2 = 0.47. 

 

 

Figure 5.8 Linear relationship, 15 profiles 

 

From figure. 5.8 the equation for the feature factor is: 

 

𝑡𝑖

𝑡𝑏
= 0.7726 (

𝑅𝑖

𝑅𝑏
) + 3.9735 
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Using constants from fig.5.8, the modelled cost estimate is £81,751, which differs 

from the manufacturer’s estimate by 85% or a factor of 1.85. As more preforms 

are made, more data would be expected to confirm whether the relationship 

between preform manufacturing time and complexity is non-linear or linear.  

 

5.1.5 Discussion  

 

5.1.5.1 Correlation of preform manufacturing time and complexity  

 

A local NI-based manufacturer of bespoke 3D woven preforms for research 

purposes required a cost model framework to obtain more accurate preform 

manufacturing costs. Production started in June 2017 with 17 individual 3D 

woven profiles of varying fibre architecture and shape manufactured until June 

2019. No data for other profiles was available, so cost data (capital, labour and 

overheads), profile complexity and time data for the 17 preforms was employed 

to develop a resource-based technical cost model to enable estimation of 

manufacturing cost for a new bespoke profile yet to be made. The key principle 

of the Model is that production time and therefore cost scales with preform 

complexity. Increasingly accurate estimation of 3D woven profile manufacturing 

cost is possible as more data becomes available55. 

 

Significant variation across all 17 preforms was present according to profile shape 

and weave architecture. Nine preforms were woven on the Weavebird loom and 

eight preforms were woven on the Jacquard loom. The Weavebird is suitable for 

weaving short length profiles, for example Preform 6, Table 5.6 (Appendix 1) 

while the Jacquard is suitable for longer length preforms such as Preform 3, Table 

5.3. The preforms were a variety of flat and T section shapes with weave 

architecture varying from single layer, layer to layer and orthogonal. Section 3.5, 

Chapter 3 describes the weaving of Preforms 3 and 4 on the Jacquard and 

Weavebird respectively. All 17 preforms were woven for the first time with loom 

set-up issues such as fibre clumping, contact with loom framework and fibre 

breakage causing significant time delays. 
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Correlation coefficient r2 was used in this study as a measure of the relationship 

between manufacturing time and preform complexity. Different sectors, for 

example manufacturing or public sector bodies, have differing opinions on how 

the strength of correlation between two variables is defined. The plastics 

manufacturing sector83 recommends that an r2 of 0.7 is the minimum acceptable 

value for a strong correlation between energy consumption and production output 

for a given process, e.g. injection moulding, with a recommended minimum 

sample size of 12. Values of r2 between 0.6 and 0.7 show a moderate correlation 

between energy consumption and production output while values below 0.6 are 

regarded as evidence of weak correlation. 

 

DEFRA (Department of Environment, Food and Rural Affairs)84 a UK public 

sector body, analysed the relationship between two variables, wave height and 

sea level, for Britain’s coastal area based on 1 measurement per day or 365 days 

per year and defined the correlation between the variables in terms of the value 

of r2: 

 

- r2 ≤ 0.11: the variables are not correlated 

-    0.12 ≤ r2 ≤ 0.37: the two variables are ‘modestly correlated’.  

-    0.38 ≤ r2 ≤ 0.53: the two variables are “well related”. 

     -    0.54 ≤ r2 ≤ 0.70: a strong dependence between the two variables,  

     -    r2 > 0.70: a very strong dependence between the two variables 

 

A review of the literature shows no evidence of correlation studies in the public 

domain for the relationship between 3D woven preform manufacturing cost and 

complexity so previous values of r2 for this relationship are unavailable. Figures 

5.1 (17 preforms) and 5.2 (16 preforms) show a correlation of 0.56 and 0.51 

respectively between preform manufacturing time and complexity. In figure 5.2, 

a data point for the longest Jacquard preform (20m) was removed. If judged by 

the plastics processing industry, correlation is weak. However, if the assumptions 

of DEFRA concerning correlation coefficient are accepted, then there is a well-

related to strong correlation between the two variables. 
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Figure 5.2 shows a clear distinction between preforms manufactured on the 

Jacquard and Weavebird looms, with the seven Jacquard preforms either on or 

above the trendline and seven of the nine Weavebird preforms below the line. In 

figure 5.3, which showed the same trend by loom, two outliers were removed 

resulting in an r2 value of 0.62, indicating either a moderate or strong correlation 

between manufacturing time and complexity. Although sample sizes were below 

12, figures 5.4 and 5.5 show very strong and strong correlations (as defined by 

DEFRA), 0.89 and 0.78 for eight and nine preforms made on the Jacquard and 

Weavebird looms respectively (Table 5.12) The lower values of r2 and greater 

scatter of data observed in figures 5.1, 5.2 and 5.3 can be explained by the 

presence of both Jacquard and Weavebird data points on the same plots. For a 

sample size comparison, Fingersh et al76 used sample sizes varying from 6 to 13 

when determining r2 for the dependence of wind turbine tower mass on blade 

swept area and blade hub height. 

 

Table 5.12 Correlation Coefficient and number of Preforms by Loom 

Number of preforms 
Correlation Coefficient r2,  

𝑡𝑖

𝑡𝑏
 vs 

𝑅𝑖

𝑅𝑏

 

17 Jacquard & Weavebird 0.56 

16 Jacquard & Weavebird 0.51 

14 Jacquard & Weavebird 0.62 

8 preforms woven on Jacquard 0.89 

9 preforms woven on Weavebird 0.78 

 

 

In a Jacquard loom, harness cords extend down from a control head. Each 

harness cord is connected to one, two or sometimes four warp yarns which can 

be moved individually, allowing for weaving of much more intricate, complex and 

longer length 3D fabrics. Gurkan14 notes that while dobby mechanisms work 

together with harnesses, there are harness cords for each warp yarn in a 

Jacquard loom. Therefore, the capability of Jacquard looms to make highly 

complex patterns is the highest among shedding mechanisms such as dobby, 

crank or cam. In addition, Jacquard looms can make long length complex fabrics 

much more efficiently than dobby looms e.g. Preform 3 at 20 metres (Table 3, 
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Appendix 1) or the quoted fabric in this study (474 metres). This is shown clearly 

in figure 5.4 for eight Jacquard preforms in which manufacturing time increases 

at a decreasing rate with complexity and length, i.e. the loom becomes more 

efficient at weaving longer length, more complex fabrics.  

 

The same pattern is shown in figures 5.1, 5.2 and 5.3, in which eight, seven and 

six preforms respectively were made on a Jacquard loom as reflected in the 

trendline curving downwards. Conversely, where all the preforms were made on 

a Weavebird loom manufacturing time increases almost linearly with complexity 

(fig. 5.5), and weaving efficiency does not increase with preform complexity. The 

Weavebird is a dobby loom. Stewart208 observed that the main difference 

between a dobby and a Jacquard loom is how the warp yarns are moved up and 

down to form gaps or sheds through which the weft yarns are drawn by a shuttle 

to form the weave pattern. In the case of a dobby loom the warp yarns can only 

be controlled in groups, moved by harnesses attached to shafts or frames (fig. 

3.7, page 73). When a harness goes up or down, all the warp yarns attached 

move with the harness. As the loom can only hold a certain number of harnesses, 

this means that there is a limit on weave complexity. Dobby looms are best used 

for making simple geometric patterns and short fabric lengths because of the 

limitations of the harnesses.  

 

Table 5.11 is a summary of manufacturing cost estimated by the model using 

values of exponent n and constant m from figures 5.1 to 5.5. In figure 5.4, the 

value of exponent n is the lowest at 0.3258 as all the preforms are made on the 

Jacquard loom. As the number of Jacquard woven preforms fall from 8 to 6, figs. 

5.1, 5.2.and 5.3, n approaches 1 i.e. linearity. Finally, fig. 5.5 is for nine 

Weavebird preforms, with n = 0.9328. Fig 5.9 shows a steep rise in manufacturing 

cost as weave manufacturing conditions change from those on the more efficient 

Jacquard to the less efficient Weavebird, as denoted by complexity exponent n, 

for the quoted preform of this size and complexity. 
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Fig.5.9. Manufacturing cost vs complexity exponent 

 

The equation for the relationship between preform manufacturing cost Ci and 

exponent n as a measure of decreasing loom efficiency from Jacquard to 

Weavebird.as n approaches 1 is: 

 

     𝐶𝑖 = 77181𝑛1.3203        44 

 

Although sample size is 5, r2 = 0.90 implying a very strong correlation between 

preform manufacturing cost and complexity exponent n.  

 

5.1.5.2 Costing of the commercial 3D woven preform 

 

Data for n and m from figure 5.2 (seven Jacquard, nine Weavebird) and figure 

5.3 (six Jacquard, eight Weavebird) gave cost estimates within a factor of 3.8% 

and 4.9% of the manufacturer’s estimate, £44,000, respectively. For eight 

Jacquard preforms, constants data from fig. 5.4 gave a preform cost of £20,655, 

while for nine Weavebird preforms, data from fig. 5.5 gave a cost of £83,970. 

Data from figure 5.1 gave a cost of £25,715. Although nine Weavebird preforms 

were included, the presence of Jacquard Preform 3 in figure 5.1 with the longest 
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length and highest complexity at 137 (Table 5.1) resulted in the trendline levelling 

off with a value for n at 0.5207.  

 

Therefore, a less efficient Weavebird will give a much higher manufacturing cost 

for a large, complex preform compared to the cost when woven on a more 

efficient Jacquard. Values of complexity exponent n between 0 and 1 in equation 

25 for the feature factor imply an economy of scale for 3D woven preform 

manufacturing as preforms become more complex:  

 

𝑡𝑖

𝑡𝑏
=  𝑚 (

𝑅𝑖

𝑅𝐵
)

𝑛
     25 

 

   0 <  𝑛 < 1 

 

Esawi55 found a similar relationship for injection moulding, extrusion and casting 

operations in which tooling cost t and capital cost c scale with complexity 

exponents 𝑦𝑡  and 𝑦𝑐 respectively. Values for 𝑦𝑡  and 𝑦𝑐  vary between 0 and 1, 

implying greater economy of scale as tooling and capital equipment become more 

complex: 

 

          0 <  𝑦𝑡  < 1 

 

          0 <  𝑦𝑐  < 1 

 

However, the analysis for 3D preforms woven on the Jacquard and Weavebird 

looms indicates that as manufacturing conditions change from the more efficient 

Jacquard to the less efficient Weavebird for a large, complex preform, as 

indicated by the increasing value of complexity exponent n, economy of scale will 

decrease and manufacturing cost increases (Table 5.11). 

 

In conclusion, Jacquard costs alone should be used to estimate costs for a large, 

complex preform intended to be made on the Jacquard loom. As the relationship 

between manufacturing time and complexity is almost linear for the Weavebird, 
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preform manufacturing cost is much higher on the Weavebird compared with the 

Jacquard for this type of large complex preform, reflecting less efficient 

manufacturing conditions on the Weavebird. Therefore, the £20,655 cost for the 

commercial preform is judged the most accurate estimate. 

 

Assuming a non-linear relationship between manufacturing time and complexity 

based on the available data and observed correlation coefficient for Jacquard and 

Weavebird manufactured preforms (Table 5.12), two Feature Factor sub-models 

are proposed for 3D preform weaving, one for the Jacquard and one for the 

Weavebird: 

 

Jacquard Feature Factor:  

 

𝑡𝑖

𝑡𝑏
=  6.2714 (

𝑅𝑖

𝑅𝑏
)

0.3258
      45 

 

Weavebird Feature Factor: 

 

     
𝑡𝑖

𝑡𝑏
=  1.1872 (

𝑅𝑖

𝑅𝑏
)

0.9328
              46 

 

which in turn leads to two cost models for preform manufacturing cost, 𝐶𝑖: 

 

Jacquard Cost Model 

 

𝐶𝑖 =
𝑚𝐶𝑚

(1−𝑓)
+  6.27 (

𝑅𝑖

𝑅𝑏
)

0.3358 𝑡𝑏

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠)       47 

 

Weavebird Cost Model 

 

𝐶𝑖 =
𝑚𝐶𝑚

(1−𝑓)
+  1.19 (

𝑅𝑖

𝑅𝑏
)

0.9328 𝑡𝑏

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠)       48  
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5.1.5.3 Acceptable cost: normal preform complexity range 

 

Esawi55 discussed a refinement to cost modelling which accounts for part 

complexity exceeding a range of complexities for which manufacturing costs are 

acceptable. In this study, a similar level of detail is proposed to improve the 

capability of the model to estimate preform manufacturing cost. An assumption is 

made that there is a “normal” range of preform complexities across which 

manufacturing costs are acceptable. A second assumption is that above this 

normal range, preform complexity becomes prohibitively expensive. Finally, it is 

assumed that there is a preform architecture whose complexity ensures that it will 

be very difficult or impossible to make now or in the foreseeable future. A cost 

factor Z is proposed to account for a situation where preform complexity exceeds 

the normal complexity range for acceptable manufacturing costs:  

 

                              𝑍 =  1 (1 −  
𝑅𝑛𝑖

𝑅𝑣ℎ𝑐
)⁄                                   49 

 

where 𝑅𝑛𝑖 is a preform complexity in the normal range of acceptable 

manufacturing cost and 𝑅𝑣ℎ𝑐 is a preform of very high complexity. Since 𝑅𝑛𝑖 is 

very much smaller than 𝑅𝑣ℎ𝑐, 𝑅𝑛𝑖 𝑅𝑣ℎ𝑐⁄ ≅ 0 and 𝑍 ≅ 1. For a preform 𝑅𝑖 with 

a complexity whose manufacturing cost may be prohibitively expensive, 

𝑅𝑖 𝑅𝑣ℎ𝑐⁄  > 0 and 𝑍 > 1.  However, 𝑅𝑖 is assumed much smaller than 𝑅𝑣ℎ𝑐 

so a situation where 𝑍 approaches infinity if 𝑅𝑖 𝑅𝑣ℎ𝑐⁄  approaches 1 does not 

occur. In this case: 

 

0 < 𝑅𝑖 𝑅𝑣ℎ𝑐⁄  ≪ 1                                      

 

To validate the expression for Z, data from a wide range of preforms with varying 

complexities should be obtained in order to estimate a “normal” range of 

complexities for which manufacturing costs are acceptable, and an estimate of  

𝑅𝑣ℎ𝑐 whose manufacture is not currently possible. Equation 29 can then be 

modified to account for a situation where preform manufacturing cost 

𝐶𝑝𝑖 approaches the limit of an acceptable cost range (equation 50): 
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          𝐶𝑝𝑖 =
𝑚𝐶𝑚

(1−𝑓)
+ 𝑚 (

𝑅𝑖

𝑅𝑏
)

𝑛

𝑍 (
𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑)             50 

 

5.1.5.4 Summary 

 

Figures 5.1 to 5.5 show moderately strong to strong correlation between preform 

manufacturing time and preform complexity as indicated by values of correlation 

coefficient r2. A quote for a 3D woven preform currently supplied by a US 

manufacturer was requested by a Republic of Ireland-based company. Data for 

n and m from figures 5.2 and 5.3 gave cost estimates within a factor of 3.8% and 

4.98% of a Northern Ireland manufacturer’s estimate, £44,000, respectively. 

Based on the high values for correlation coefficient from figures 5.4 and 5.5 

(Table 5.12) between preform complexity and manufacturing time for preforms 

woven on the Jacquard and Weavebird looms respectively, the assumption of a 

non-linear relationship between time (cost) and preform complexity seems valid.  

 

A key issue is whether the relationship between manufacturing time and preform 

complexity is non-linear or linear. Based on a linear relationship (equation 43), 

the predicted preform cost was 85% more expensive than the manufacturer’s 

estimate. For manufacturing companies “Rough Order of Magnitude” variations 

around 20% are typical206,207. For a technical cost model, cost estimate variations 

within a factor of 2 are acceptable55 for a new preform yet to be manufactured 

and undergoing design modifications. More preform manufacturing data would 

be expected to confirm whether the relationship between time and complexity is 

non-linear or linear.  

 

Labour and tooling dominate manufacturing cost, from a combined 72% for eight 

Jacquard preforms to 80% for nine Weavebird preforms (Table 5.11). This is 

typical of a manufacturing process where the production rate is very low55, in this 

case for one preform. In a process where the rate is high, material cost will 

dominate and overall part cost will be lower as production rate is higher55,77,78, 

(figs. 5.28 – 5.33, section 5.2.2.5). 

 

The company cost estimate of £44,000 was based on the costs of making nine 

Weavebird and eight Jacquard preforms. However, figures 5.4 and 5.5 show very 
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strong and strong correlation between manufacturing time and preform 

complexity for preforms woven on the Jacquard and Weavebird looms 

respectively, implying separate cost models for the Jacquard and Weavebird 

looms. The model cost estimate for the proposed preform was £20,655 based on 

data from figure 5.4 (Jacquard). As the preform is intended to be made on the 

Jacquard due to its length and complexity, this cost estimate is assumed to be 

more accurate than the estimates from figures 5.2 and 5.3 as these included data 

from Weavebird and Jacquard preforms. 

 

The cost estimate of £20,655 is approximately three times that for the same 

preform supplied by a US manufacturer, or £7500. To be competitive, the 

manufacturer must acquire the organisational learning and experience to produce 

the preform at a similar or lower cost.  

 

5.1.5.5 Cost reduction by Learning 

 

Organizational Learning is defined as a conscious attempt by organizations to 

improve productivity, effectiveness and innovativeness in complex economic and 

technological market conditions. Learning enables quicker and more effective 

responses to a complex and dynamic environment. The greater the complexity, 

the greater the need for learning105,106,107,110. 3D woven preform manufacture is a 

highly complex process with numerous steps carried out in a required sequence 

for successful manufacture as described by the examples of preforms 3, 4 and 

11 (pages 72 - 89). If there is a delay in completing a given step, the time required 

to complete the overall preform will increase thereby increasing preform cost. 

 

Manufacturing systems are complex. Fredendall105 defined manufacturing 

complexity as the number of items and steps in a manufacturing process and the 

degree of relationship between them. Manufacturing systems can have many 

elements. The elements have obvious, but non-simple relationships to each 

other. The elements in the typical manufacturing system are not completely 

organized, and they are not completely disordered. If a process has a high degree 

of dynamic complexity, the process has a high degree of disorder while a 

statically complex process has a high degree of order.  
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Frizelle and Woodcock111 state that systems with higher complexity have more 

problems than systems with lower complexity. Static or structural complexity is a 

“function of the structure of the system, connective patterns, variety of 

components, and the strengths of interactions”. Therefore, static complexity 

measures how the factory is structured (e.g., number of products, number of 

processes/machines). On the other hand, dynamic complexity is a measure of 

“the unpredictability in the behaviour of the system over a time period”108,109. An 

example of dynamic complexity is a loom machine breakdown. Therefore, in first-

time preform manufacturing, dynamic complexity will be high because embedded 

learning to make 3D woven preforms with minimal or no interruption is low.  

 

In this study, preforms 1 to 17 were made for the first time with no previous 3D 

woven preform manufacturing experience. Wright114 observed that as aircraft 

production increased, the cost in terms of direct labour hours fell as shown in fig. 

10, which is a learning curve (LC). 

 

 

Figure.5.10 General Relationship, Component Cost and Production Volume 

 

In general, learning curves (LC) can be described by equation 2114: 

 

𝑦 =  𝐶1𝑥𝑏          2 
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where y is the average time (or cost) per unit required to produce x units, and C1 

is the time (cost) to produce the first unit. Parameter b (1 < b < 0) is the slope of 

the LC, which describes the worker’s learning rate 

 

For a new component which has not been manufactured before, the learning 

required and therefore the cost to make the part will initially be high as shown by 

the start of the slope on the left of the graph. As more units are made, there is a 

steep drop in labour hours per part until the rate of decrease in direct labour hours 

per part becomes smaller (figure 5.10). 

 

Klenow169 reviewed various studies investigating learning by doing for a single 

defined production process across a variety of industrial sectors that showed 

estimates of approximately 20% for the learning rate. Baloff170, Garg and 

Milliman171, and Irwin and Klenow172 showed that 20% is the rate at which 

productivity rises with a doubling of cumulative output. Lee173 summarised 

learning rates from the literature by manufacturing sector and activity (Table 2.3, 

Chapter 2). Table 2.3 clearly shows that even in one overall activity, in this case 

industrial manufacturing, learning rates will vary considerably by individual sector. 

In several studies, Yelle131 and Argotte and Epple174, Jovanovic and Nyarko175, 

Bahk and Gort176 observed that productivity rose across a variety of industries 

through a process of learning by doing. 
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Table 2.3 Representative Learning Rates by Industrial Sector176 

Representative Learning Rates 

Aerospace              15% 

Shipbuilding              15% - 20% 

Machine Tools (new models)              15% - 20% 

Electronics (repetitive)               5% - 10% 

Electrical Wiring (repetitive)               15% - 25% 

Machining                5% - 10% 

75% Manual Assembly + 25% machining                20% 

50% Manual Assembly + 50% machining                15% 

25% Manual Assembly + 75% machining                10% 

Punch Press                 5% - 10% 

Raw Materials                  5% - 7% 

Purchased Parts                12% - 15% 

Welding (repetitive)                10% 

 

Learning curves focus on small work teams and are useful for tactical applications 

such as evaluating work group performance or estimating product cost. In 

contrast, Henderson185 defined an experience curve that relates to entire 

industries over long time frames, typically years or decades rather than weeks or 

months. A work team of two was involved for this project while the total 

accumulated time for the manufacture of 17 woven preforms was 1634 hours, or 

approximately seven months based on an 8-hour day. Therefore, the focus here 

was on estimating a learning curve for the new preform since an increase in the 

total number of preforms made will very likely lead to a decrease in direct labour 

hours required to make a preform and therefore a reduction in cost per preform. 

 

In preform manufacture, direct labour hours are associated with activities such as 

bobbin winding and insertion, tube preparation time, maintaining and operating 

the Jacquard and Weavebird looms during operations, and stoppage time due to 

issues encountered during weaving, e.g. damage to carbon and glass fibres 

owing to contact with the loom framework. Manufacturing time in this study is the 

time taken to complete these activities for the manufacture of a given preform. 

With increased preform production, manufacturing time 𝑡𝑖 and manufacturing 
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cost should decrease as learning increases and dynamic complexity associated 

with issues such as damage to carbon and glass fibres decreases. The estimated 

manufacturing time  𝑡𝑖 for one preform is found from equation 25, 

 

𝑡𝑖

𝑡𝑏
=  𝑚 (

𝑅𝑖

𝑅𝐵
)

𝑛

 

from which    

𝑡𝑖 = 𝑚 (
𝑅𝑖

𝑅𝑏
)

𝑛

𝑡𝑏 

 

As explained on pages 124 - 127, the cost of 3D fabric manufacturing is split 

between the proportion of costs due to loom set-up and costs due to weaving, 

therefore there are two manufacturing times for a given preform: 𝑡𝑖 𝑤𝑒𝑎𝑣𝑒 and 

𝑡𝑖 𝑠𝑒𝑡𝑢𝑝. The estimated cost of the commercial preform was £20,655 (section 

5.1.3) for weaving on the Jacquard loom. The company has no experience of 

making this preform. Set-up time and weave time 𝑡𝑏  for the baseline preform was 

8 hours and 1 hour respectively (Table 1, Appendix 1). Using values for constants 

𝑚 and 𝑛 (fig. 5.4, page 121) the set-up and weave times for the commercial 

preform are: 

 

Set-up time:    𝑡𝑖 𝑠𝑒𝑡𝑢𝑝 = 6.2714(45.19)0.32588 = 174 hours 

 

Weave time:    𝑡𝑖 𝑤𝑒𝑎𝑣𝑒 = 6.2714(962)0.32581 = 59 hours 

 

Total manufacturing time:  𝑡𝑖 𝑠𝑒𝑡𝑢𝑝 +  𝑡𝑖 𝑤𝑒𝑎𝑣𝑒 = 174 + 59 = 233 hours 

 

No data was publicly available for 3D woven preform learning rates. The total 

estimated manufacturing time is 233 hours. Set-up time is the manual labour time 

involved in activities such as bobbin winding, bobbin placement on the creel and 

taking fibre tow onto the loom. The set-up time is 174/233 or 74.7% while the 
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weave or machine time is 25.3%. From Table 2.3, a learning rate of 20%, in which 

manufacturing time decreases by 20% for each doubling of cumulative 

production, corresponds to a manufacturing activity in which manual operations 

are 75% and machining is 25% of total activity. As no learning rate data is 

available for 3D preform manufacturing learning rates, and since manual set up 

time (74.7%) and weave time (25.3%) are closest to 75% manual assembly and 

25% machining, 20% was the assumed learning rate for the new preform. Based 

on this rate, a learning curve and an equation (equation 51) was derived by the 

model from equation114 2, (fig.5.11) to estimate a competitive manufacturing cost 

for the new preform. 

 

 

Figure 5.11 Learning curve for commercial preform i 

 

𝑡𝑖 = 233𝑛−0.32      51 

 

where 𝑡𝑖 = preform manufacturing time, n = number of preforms 

 

The model estimated a manufacturing time 𝑡𝑖 of 98 hours per preform after a 

cumulative production of 15 preforms. Insertion of this value for 𝑡𝑖 in equation 24 

together with resource costs for tooling, salaries, overhead, write-off time and 

load factor (Section 5.1.4, Table 5.5, p.128) gave an estimated cost of £7570, 
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approximately three times less than the first time preform cost of £20,655 and in 

line with the US supplier’s cost of £7500. More manufacturing data will be 

required to clarify learning rates for 3D woven preforms in order to fully validate 

equation 51 and provide a more accurate estimate of preform cost. 

 

    𝐶𝑝𝑖 =
𝑚𝐶𝑚

(1−𝑓)
+

𝑡𝑖

𝑇
(

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑)            24 

 

= 2700 +
98

1840
(200,000

0.7𝑥5⁄ + 60000 + 25000) = £7570 

 

Various production issues were encountered during first-time manufacture of the 

17 preforms, some of which are outlined as follows: 

 

- Fibre catching on the edges of the bobbin 

- Fibres splitting at the tensioning bars. 

- Weight of bobbins causing tension problems.    

- Damage to carbon and glass fibres due to contact with loom framework 

- Crossing fibres forming balls of carbon at the heddles 

- Weft insertion forming fibre clumps and splitting  

 

These issues accounted for the observed manufacturing times for each preform 

(Table 1 – 17, Appendix 1) and are examples of the high degree of dynamic 

complexity or disorder where preform manufacture is happening for the first time 

and embedded learning is low105.  

 

A key assumption underlying this analysis is that the commercial preform will be 

continuously made by the 3D preform manufacturer so that unlearning or 

forgetting117, 119,128,162,163,164,165,166,167 due to discontinuous production is avoided 

and enough learning acquired to reduce cost to a competitive level  Another 

assumption is the use of Wright’s learning curve model114 (equation 2) to estimate 

the cumulative number of preforms produced based on the estimated time to 

make one preform and an assumed learning rate. The model yields production 

times equal to zero126,127 after a high number of repetitions, which is impossible. 

Furthermore, it does not account for workers’ prior experience115,116,139, nor the 
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influence of machinery in the learning process131,140. However, workers’ prior 

experience does not apply in this case as there was none for the seventeen-3D 

woven preforms as they were made for the first time while no data exists for the 

influence of weaving loom machinery on learning. Finally, Wright has been used 

successfully in various manufacturing sectors as reviewed by various 

authors115,120,116,117,169. Therefore, the choice of this LC model is justified. 

 

Irwin and Klernow172 pointed out that productivity growth from learning by doing 

diminishes as experience accumulates with a technology. Even though learning 

by doing is largely specific for a given technology, a review of the literature 

showed that this same pattern holds for a wide variety of industries. An alternative 

visual representation of learning is a plot which shows learning increasing as a 

function of decreasing manufacturing time against the number of manufactured 

preforms. This relationship can be expressed as: 

 

                               𝐿𝑒𝑎𝑟𝑛𝑖𝑛𝑔 =  [1 − (
𝑡𝑖

𝑇
)] =  𝑛𝑐                             52 

 

Using the same learning rate of 20% and a manufacturing time of 233 hours for 

initial manufacture of the commercial preform, the following plot was obtained. 

 

 

Figure 5.12. Learning as a function of time and number of preforms 
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Figure 5.12 shows a sharp initial increase in learning as a function of 

manufacturing time and the number of preforms produced, followed by a levelling 

off until there is no discernible increase in learning after a cumulative production 

of 80 preforms. Correlation coefficient r2 is 0.96, denoting a strong correlation 

between the expression for manufacturing time ti, and n, the cumulative 

production of preforms. Exponent c has a value of 0.0234. 

 

An alternative to continuous production of 15 preforms of the same complexity 

and size as the commercial preform is acquiring a more efficient Jacquard loom 

so that manufacturing time and therefore cost is reduced. Cochran177, Garg and 

Milliman171, Baloff178,179,180, Russell181, and Pegels182 observed that while 

productivity will initially fall with technology updates, it will gradually rise to 

overtake the level achieved with the old technology. However, Lee173 and Hill183 

pointed out that reduced manufacturing cost through learning will not happen 

unless there is a willingness to learn, an ability to learn and, in many cases, an 

investment in learning. Many factors were identified that determine the learning 

curve for a given individual, team, factory or industry, including: 

 

- Management Styles & Actions 

- Corporate Culture 

- Organization Structure 

- Technology 

- Capital Investment 

- Engineering 

- Product design 

- Direct and indirect labour efficiency 

- Economy of scale 

- Plant layout 

- Process improvement 

 

To maximise learning and hence productivity, Skinner184 emphasised a limited, 

manageable set of products and markets that could lower costs, especially over-

head, and increase competitiveness. Therefore, to maximise learning and hence 
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productivity in preform manufacture, the company should focus on a manageable 

set of 3D woven preform designs. 

 

5.2 Results. Model 2, wind turbine Spar Caps 

 

From material costs and model-generated tooling, capital, direct labour costs and 

production rate (Tables 5.13, 5.14, 5.15, 5.16, 5.17, 5.18, figs.5.13, 5.15, 5.16, 

5.17), cost curves were derived and compared with spar cap cost data for 35m 

to 75m blade lengths from a wind turbine blade manufacturer190. Manufacturing 

data was supplied as ranges from which mid-point data was selected for 

comparison with the Model to derive cost curves for GFRP and CFRP, 35m to 

75m blade length (Tables 5.20, 5.21, figs.5.21 - 5.24). Figs. 5.25 and 5.26 are 

corrected cost curve plots of mid-point manufacturer data compared with model 

data corrected by an impact factor for higher than calculated Direct Labour costs 

for spar cap length above 50m, for both CFRP and GFRP (Table 5.22). Figure 

5.27 is Direct Labour cost corrected by an impact factor for both CFRP and GFRP 

from 35m to 75m spar cap length. 

 

Figures 5.18 and 5.19 are percentage cost breakdowns by resource for CFRP 

and GFRP. Table 5.19 compares Model-derived cost breakdown for three spar 

cap lengths with resource cost breakdown for three spar cap blade lengths 

derived by another cost model. Figure 5.20 compares the cost breakdown by 

resource for a 50m spar cap manufactured in Europe with the resource cost 

breakdown for a 50m spar cap made in south Asia. 

 

The effect of production rate and fibre material cost on part cost is shown for three 

Spar Caps at blade lengths 35m, 55m and 75m (figs. 5.28 – 5.33). Tables 5.23 

and 5.24 compare LCOE in three scenarios: a 20-year baseline GFRP turbine 

and same length GFRP and longer length CFRP retrofits respectively with a 

CFRP price of £25/kg (fig. 5.34). Tables 5.25 and 5.26 compare LCOE for GFRP 

and CFRP retrofits at 25-year life for a CFRP price of £25/kg and £5.kg 

respectively (figs.5.34, 5.35). Fig 5.36 compares the reduction in LCOE from 

GFRP retrofit to longer length CFRP at CFRP prices of £25/kg and £5/kg. 
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5.2.1 Results for Resource Costs 

 

Material Cost 

 

Table 5.13 CFRP, GFRP. Material cost v. with blade length 

Blade 

Length 

(m) 

Spar Cap 

Mass (kg) 

Carbon 

Cost of UD 

carbon fibre 

composite 

(£) 

𝒎𝑪𝒎

(𝟏 − 𝒇)
 

Spar Cap  

Mass (kg) 

E-glass 

Cost of E-

glass fibre 

composite 

(£) 

𝒎𝑪𝒎

(𝟏 − 𝒇)
 

 

35 500 8769 9557 1550 3100 3352 

40 600 10523 11469 1820 3640 3936 

45 700 12277 13380 2150 4300 4650 

50 950 16662 18159 2870 5740 6207 

55 1300 22801 24849 3950 7900 8543 

60 1800 31570 34406 5450 10900 11787 

65 2450 42970 46831 7370 14740 15939 

70 3150 55248 60211 9460 18920 20459 

75 3950 69279 75503 11870 23740 25672 

 

UD Carbon Fibre Composite. Cost based on weight fraction of resin and carbon 

fibre, 0.32 and 0.68. 

UD E-Glass Fibre Composite. Cost based on weight fraction of resin and glass 

fibre, 0.25 and 0.75. 
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Figure 5.13 Spar Cap Material Cost vs Spar Cap Length for CFRP & GFRP 

 

Comment: Material cost for CFRP and GFRP is a quadratic function of spar cap 

mass (Table 5.13). 

 

Dedicated Tooling Costs 

 

Table 5.14 Tooling Cost variation with Spar Cap Mass 

  M = 10,000kg  

Blade Length 

(m) 

Spar Cap 

mass (kg) 

Tooling Cost (£) 

35 500 265,000 

40 600 267,862 

45 700 270,742 

50 950 278,222 

55 1300 289,414 

60 1800 307,062 

65 2450 333,497 

70 3150 367,577 

75 3950 416,183 

 

y = 1094.3x2 - 2724x + 11674
R² = 0.9996

y = 370.1x2 - 917.55x + 4039.7
R² = 0.9997
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Figure 5.14 Tooling Cost vs. Spar Cap Blade Length. 

 

Capital Costs 

 

Table 5.15 Capital Cost variation with Spar Cap Mass 

 M = 10,000kg  

Spar Cap 

Length (m) 

Spar Cap mass 

(kg) 

Capital Cost (£) 

35 500 1,935,000 

40 600 1953574 

45 700 1972469 

50 950 2021442 

55 1300 2094487 

60 1800 2209085 

65 2450 2379538 

70 3150 2597308 

75 3950 2904458 
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Figure 5.15 Capital Cost vs. Spar Cap Blade Length 

 

Direct Labour Costs 

 

Table 5.16 Direct Labour Cost, Spar Cap blade lengths 35m – 75m. 

Blade Length (m) Spar Cap Mass (kg) Direct Labour Cost, 

1 Spar Cap (£) 

35 500 735 

40 600 882 

45 700 1029 

50 950 1397 

55 1300 1911 

60 1800 2646 

65 2450 3602 

70 3150 4631 

75 3950 5807 
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Figure 5.16 Direct Labour Cost vs. Spar Cap Length 

 

Comment: Tooling, Capital and Direct Labour costs vary as a quadratic function 

of spar cap length and therefore spar cap mass (Table 5.13), with cost rising at 

an increasing rate with spar cap length for all three cost resources. 

 

Production Rate 

 

Table 5.17 Production Rate variation with Spar Cap Mass. 

  Mass M 10,000kg  

Blade Length (m) Spar Cap mass (kg) Production Rate (per year) 

35 500 300 

40 600 294 

45 700 288 

50 950 273 

55 1300 253 

60 1800 225 

65 2450 192 

70 3150 159 

75 3950 125 
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Figure 5.17 Production Rate vs. Spar Cap Length 

 

Comment 

 

Annual production rate is a quadratic function of spar cap length and therefore 

spar cap mass (Table 5.17). The production rate for a 75m spar cap is 42% that 

for a 35m spar cap, based on the assumption that the 10m Reference Standard 

has a production rate of 900 parts per year and the Calibration standard an 

annual production rate of 300 parts per year. Griffiths and Johanns74 assumed 

that the production rate of a 100m glass and carbon blade was one third (1/3) 

that of a 40m blade. 
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Table 5.18 Carbon and Glass Fibre Composite, Model-derived Spar Cap Cost Elements by Blade Length. 1 

Blade Length (m)   35 40 45 50 55 60 65 70 75 

             

Material  CFRP   9,557 11,469 13,380 18,159 24,849 34,406 46,831 60,211 75,503 

 GFRP   3,352 3,936 4,650 6,207 8,543 11,787 15,939 20,459 25,672 

Tooling Cost            

 Tool Life (no. of parts) 1250 1250 1250 1250 1250 1250 1250 1250 1250 

 Production Rate (parts/year) 300.363 294.2285 288.1557 273.2437 253.016 225.4356 191.9031 158.7384 124.5972 

 Tool Life Factor  1.24029 1.235383 1.230525 1.218595 1.202413 1.180348 1.153522 1.126991 1.099678 

             

 Tooling Cost per Part 1094.442 1124.678 1156.164 1240.795 1375.389 1607.73 2004.64 2609.678 3673.169 

             

Capital Cost            

 Load Factor  0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 

 Capital write-off time (years) 20 20 20 20 20 20 20 20 20 

 Production Rate (parts/year) 300.363 294.2285 288.1557 273.2437 253.016 225.4356 191.9031 158.7384 124.5972 

             

 Capital Cost per Part 378.9643 390.5676 402.656 435.1732 486.9459 576.4227 729.3933 962.4816 1371.222 

             

Labour             

 Direct Labour  1323 1587.6 1852.2 2513.7 3439.8 4762.8 6482.7 8334.9 10451.7 

 Indirect Labour  1999.58 2041.271 2084.29 2198.038 2373.763 2664.176 3129.704 3783.583 4820.332 

 Indirect Labour per Part          

 

Total Labour Cost/Part 
(CFRP) 3322.58 3628.871 3936.49 4711.738 5813.563 7426.976 9612.404 12118.48 15272.03 

 

Total Labour Cost/Part 
(GFRP) 3322.58 3628.871 3936.49 4711.738 5813.563 7426.976 9612.404 12118.48 15272.03 

             

Utilities             
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 Power Consumption 428500.8 428500.8 428500.8 428500.8 428500.8 428500.8 428500.8 428500.8 428500.8 

 

Water 
consumption           

 Production Rate  300.363 294.2285 288.1557 273.2437 253.016 225.4356 191.9031 158.7384 124.5972 

             

 Total Utilities per Part 1426.61 1456.354 1487.046 1568.2 1693.572 1900.768 2232.902 2699.415 3439.087 

             

Cost Per Part CFRP  15,780 18,069 20,363 26,115 34,219 45,918 61,410 78,601 99,259 

  GFRP  9,575 10,537 11,632 14,163 17,912 23,299 30,519 38,849 49,427 

  Costs less material 6222.596 6600.47 6982.356 7955.906 9369.47 11511.9 14579.34 18390.06 23755.51 

   CFRP 35 40 45 50 55 60 65 70 75 

Cost Profile  Material 60.56641 63.47132 65.70996 69.53494 72.61875 74.92962 76.25913 76.60337 76.06703 

(% of total cost)  Tooling 6.935653 6.224255 5.67787 4.751299 4.019425 3.501283 3.264338 3.320146 3.700609 

   Capital 2.401558 2.161501 1.977426 1.666382 1.423046 1.255322 1.187737 1.224511 1.381465 

   

Direct 
Lab 8.384064 8.786183 9.096073 9.625556 10.05244 10.37233 10.55637 10.60402 10.52978 

   Ind Lab 12.67166 11.29691 10.23586 8.416811 6.937063 5.801988 5.096383 4.813639 4.856341 

   Utilities 9.040655 8.059833 7.302818 6.005012 4.949279 4.139455 3.636037 3.434313 3.464779 

   GFRP 35 40 45 50 55 60 65 70 75 

   Material 35.01081 37.35689 39.97395 43.82581 47.69232 50.59004 52.22803 52.66323 51.93822 

   Tooling 11.43042 10.67399 9.939331 8.760867 7.678495 6.900504 6.568583 6.71742 7.431499 

   Capital 3.957928 3.706761 3.46156 3.072623 2.718511 2.474051 2.389995 2.477467 2.774235 

   

Direct 
Lab 13.8175 15.06744 15.92303 17.74846 19.20364 20.44231 21.24179 21.45438 21.14572 

   Ind Lab 20.88375 19.3731 17.91826 15.51966 13.25219 11.43485 10.25507 9.739099 9.752419 

   Utilities 14.8996 13.82182 12.78387 11.07258 9.454838 8.158246 7.316526 6.948404 6.957908 
  2 
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Water 
consumption           

 Production Rate  285.1855 280.9916 276.8155 266.4541 252.1397 232.0886 206.7474 180.4185 151.6254 

             

 Total Utilities per Part 1502.534 1524.96 1547.965 1608.16 1699.458 1846.281 2072.581 2375.038 2826.05 

             

Cost Per Part CFRP  16,029 18,295 20,564 26,248 34,238 45,732 60,848 77,428 96,946 

  GFRP  9,824 10,763 11,834 14,296 17,932 23,112 29,956 37,676 47,115 

 3 

   CFRP 35 40 45 50 55 60 65 70 75 

Cost Profile  Material 59.62379 62.68709 65.06675 69.18259 72.57674 75.23507 76.96369 77.76382 77.8812 

(% of total cost)  Tooling 7.120683 6.381763 5.809469 4.826071 4.028711 3.430178 3.089436 3.011069 3.174698 

   Capital 2.490003 2.235359 2.038285 1.700185 1.427166 1.224308 1.112645 1.093688 1.162285 

   

Direct 
Lab 8.253579 8.677624 9.007035 9.576782 10.04663 10.41461 10.6539 10.76466 10.78091 

   Ind Lab 13.13834 11.68293 10.55088 8.587547 6.957146 5.658644 4.774171 4.299363 4.085845 

   Utilities 9.373607 8.335239 7.527576 6.126824 4.963607 4.037185 3.406154 3.0674 2.915065 

   GFRP 35 40 45 50 55 60 65 70 75 

   Material 34.12177 36.57228 39.29399 43.41807 47.63965 50.9981 53.20817 54.30275 54.48706 

   Tooling 11.61818 10.84827 10.09553 8.860849 7.692184 6.787228 6.275328 6.188003 6.532444 

   Capital 4.062714 3.799858 3.542074 3.121603 2.724946 2.422515 2.260027 2.247621 2.391586 

   

Direct 
Lab 13.46662 14.75098 15.65217 17.58333 19.18244 20.6072 21.64043 22.1223 22.18343 

   Ind Lab 21.43665 19.85966 18.33503 15.76706 13.28356 11.19665 9.697397 8.835558 8.407274 

   Utilities 15.29407 14.16896 13.08121 11.24908 9.477219 7.988303 6.918652 6.303769 5.998208 

4 
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5.2.2 Discussion         

 

5.2.2.1 Resource Costs 

 

The Model calculated resource costs for a given spar cap length. Table 5.18 

shows total costs for each blade length as the sum of individual resource costs 

from 300 parts/annum for 35m to 124 parts/annum for 75m. Manufacturing cost 

profile by resource cost for both CFRP and GFRP 35m Spar Caps (Fig.5.18) is 

in line with a manufacturer’s Cost Profile estimate190.  

 

All resource costs increase as a quadratic function of Spar Cap mass with blade 

length as a proxy for mass (Figs.5.13 – 5.16). For both CFRP and GFRP Cost 

Profiles (Table 5.18, Figs 5.18, 5.19), Material and Direct Labour costs increase 

as a proportion of total cost from 35m to 75m while Indirect Labour, Capital, 

Tooling and Utilities decrease. Direct Labour cost has a much bigger impact on 

overall cost than increases for other non-material costs. As carbon is ten times 

more expensive than glass, CFRP rises from 60% to 78% dominating total cost 

to a much greater extent compared with GFRP, which rises from 34% to 55%. 

 

 

Figure 5.18 CFRP Cost Profile: Cost as a percentage of total cost. 
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Figure 5.19 GFRP Cost Profile: Cost as a percentage of Total Cost 

 

Using a parametric, bottom-up technical cost model, Berry and Lockhart75 studied 

blade costs for all-glass wind turbine blade length 30m, 50m and 70m. Results 

for resource costs were expressed as percentages. 

 

Table 5.19. Comparison between Sandia & Cost Model 2 

 Berry & Lockhart (Sandia) GFRP Spar Cap Model 2 

30m 50m 70m 35m 50m 70m 

Materials (%) 30.7 35.9 37.9 34.1 43.4 54.3 

Labour (%) 36.8 31.1 28.5 34.9 33.4 30.5 

Overhead (%) 21.6 21.4 21.2 15.7 12 8.4 

Other (%) 4.3 4.8 5.6 15.3 11.2 6.3 

Transport (%) 6.7 6.9 6.8 - - - 

Total Cost 100 100 100 100 100 100 

 

Note: “Other” is development costs for Sandia and utility costs for Model 2. 
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The Sandia results (Table 5.19) indicate that as turbine blades get larger, 

materials become a greater proportion of total cost while labour cost becomes 

less. Labour cost includes direct and indirect labour. Even though production 

rates are 300, 273 and 159 caps per year from Model 2 compared with annual 

production rates of 1440, 440 and 280 blades for the 30m, 50m and 70m Sandia 

blades respectively, the same trends for material and labour are evident for 35m, 

50m and 70m GFRP spar caps. Overhead decreases as a proportion of total cost 

in both models. For the Sandia blades, the “other” category denotes development 

costs which increase substantially with blade length as a result of higher 

prototype costs and shorter production rates over which development costs are 

amortized. In Model 2, “other” is for utility (electricity) costs which decrease as a 

proportion of total cost with increasing spar cap length. Development costs were 

not accounted for in Model 2 as no information was available for this category. 

 

5.2.2.2. Cost by Location 

 

 

Figure 5.20 50m GFRP Spar Cap, South Asian and European 

Manufacturers. 

 

Spar cap cost will depend on location. A south Asian manufactured 50m glass 

spar cap has 75% material, 20% labour and 5% combined capital and utilities 
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costs, (fig.5.20). In Europe, the Model predicts 43.4% material, 33.4% labour 

(direct & indirect) and 23.2% for capital, tooling and utilities as validated by 

another source190. If material costs remain unchanged between south Asia and 

Europe, the cost comparison in arbitrary currency units for south Asia and Europe 

is 100/75 and 100/43.4 or 1.3 and 2.3 respectively. Therefore, according to the 

model, Europe is 1.8 times more expensive (2.3/1.3) than south Asia due to 

higher tooling, capital and labour costs. 

 

5.2.2.3 Comparison of Model cost data with manufacturer’s cost data 

 

Manufacturing cost data was supplied as upper and lower range limits for both 

CFRP and GFRP (Table 5.20, figs 5.21 & 5.22), increasing as a quadratic 

function of spar cap mass. Model 2 data for CFRP and GFRP plotted on the same 

graphs showed the same quadratic relationship. Model data was also plotted 

against manufacturing mid-point data for CFRP and GFRP (Table 5.21, figs. 5.23 

& 5.24). Correlation coefficients are 0.99 and 1 for the Model and manufacturing 

data (figs. 5.25 and 5.26) so the assumption of equal Cost Factor Indices for both 

CFRP and GFRP and constant complexity with spar cap length appears valid. 

 

Table 5.20 CFRP, GFRP: Model Data, Manufacturer Data 

 Manufacturer CFRP  Manufacturer GFRP 

Blade 

Length 

(m) 

Model 

CFRP (£) 

Lower 

Limit 

Upper 

Limit 

Model 

GFRP (£) 

Lower 

Limit 

Upper 

Limit 

35 15,780 16,968 20,738 9,575 7620 9314 

40 18,069 16,464 20,122 10,537 8233 10063 

45 20,363 19,395 23,705 11,632 10,316 12608 

50 26,115 25,761 31,485 14,163 13,863 16943 

55 34,219 35,579 43,485 17,912 18,874 23068 

60 45,918 48,832 59,684 23,299 25,352 30986 

65 61,410 65,520 80,080 30,519 33,298 40698 

70 78,601 85,641 104,673 38,849 42,709 52201 

75 99,259 109,201 133,467 49,427 53,589 65497 
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  Table 5.21 Percentage variance. Model v manufacturer mid-point data 

Blade 

Length 

(m) 

Model 

CFRP 

(£) 

Manufacturer 

CFRP 

cost (£) 

% 

variance 

Model 

GFRP 

(£) 

Manufacturer 

GFRP 

cost (£) 

% 

variance 

35 15,780 18,853 -19.5 9,575 8467 11.6 

40 18,069 18,293 -1.2 10,537 9148 13.2 

45 20,363 21,550 -5.8 11,632 11462 1.5 

50 26,115 28,623 -9.6 14,163 15403 -8.6 

55 34,219 39,532 -15.5 17,912 20971 -17.1 

60 45,918 54,258 -18.2 23,299 28169 -20.9 

65 61,410 72,800 -18.5 30,519 36998 -21.2 

70 78,601 95,157 -21.1 38,849 47455 -22.2 

75 99,259 121,334 -22.2 49,427 59543 -20.5 

         Mean variance (%) 14.6         Mean variance (%) 9.3 

Standard Deviation 7.4 Standard Deviation 14.5 

 

In Figs 5.21, 5.22, 5.23 and 5.24, the Model increasingly underestimates cost for 

both CFRP and GFRP above 50m length compared with the manufacturer’s cost 

estimates. Cost was underestimated by an average difference of 14.6% for CFRP 

and 9.3% for GFRP (Table 5.21). While these variations are acceptable in 

manufacturing companies where “Rough Order of Magnitude” (ROM) variations 

up to 20% are typical206,207, the difference between GFRP and CFRP is 

significant. As the increase in Direct Labour cost has a much bigger impact than 

increases for other non-material costs (Table 5.18, figs. 5.18 and 5.19), the 

implication is that Direct Labour cost is higher for CFRP Caps than for GFRP 

Caps. Therefore, the assumption that Direct Labour costs are equal for GFRP 

and CFRP, (page 108, section 4.5.4) appears incorrect.  
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Figure 5.21 CFRP Spar Cap Cost: Model vs. Manufacturer 

 

Figure 5.22 GFRP Spar Cap Cost: Model vs. Manufacturer 
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Figure 5.23 CFRP Spar Cap Cost Curve: Model vs. Manufacturer  

(mid-range data) 

 

Figure 5.24 GFRP Spar Cap Cost: Model vs. Manufacturer 

(mid-range cost data) 
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5.2.2.4 Effect of Direct Labour 

 

Figures 5.23 and 5.24 shows that the Model significantly underestimated spar 

cap cost by an average of 14.6% for CFRP and 9.3% for GFRP. Direct Labour 

cost has a much bigger impact on overall cost than increases for other non-

material costs (figs. 5.18 and 5.19). Griffith and Johanns74 observed that Direct 

Labour Costs were lower for spar cap made from carbon compared with caps 

made from glass in a study of 40m and 100m blade lengths, the reason being 

that less carbon is required to obtain the same mechanical performance as for 

glass. At the same time, GFRP caps are approximately three times heavier than 

CFRP spar caps for the same blade length. 

 

However, replacing E-glass with carbon fibre is problematic for spar cap 

manufacturers as carbon has a relatively low damage tolerance, its 

compressive strength is greatly affected by fibre alignment and fibre wetout 

during vacuum infusion is more difficult compared with glass. Resin infused 

carbon plies must cure quickly and require perfect fibre alignment as even small 

misalignments can lead to significant reductions in compressive and fatigue 

strengths. Generally, spar caps may require 45 to 50 plies but as blade size 

grows, structures may require 100 plies or more. As a carbon fibre 

manufacturer98 (2020) noted, trying to lay 80 plies of prepreg, one on top of the 

other, in a spar cap tool 36.6 to 61m long and 600 mm wide can be very 

challenging, implying that direct labour costs for CFRP spar caps may be higher 

than for GFRP spar caps.  

 

Direct Labour Cost (equation 40) was defined as: 

 

𝐷𝑖𝑟𝑒𝑐𝑡 𝐿𝑎𝑏𝑜𝑢𝑟 𝐶𝑜𝑠𝑡𝑖 = 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑐𝑜𝑠𝑡, 35𝑚 𝑐𝑎𝑝 (
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑝𝑎𝑟 𝐶𝑎𝑝𝑖

𝑚𝑎𝑠𝑠 𝑜𝑓 35𝑚 𝐶𝑎𝑝
)        40 

 

where spar cap Direct Labour Costi is the cost of a spar cap longer than 35m. 

 

A Direct Labour Impact Factor 𝛼 was inserted in equation 40 to account for the 

impact of increased weight of glass fibre on direct labour cost compared with 



169 
 

 

carbon, and the impact of increased difficulties in manufacturing CFRP spar caps 

compared with GFRP spar caps: 

 

    𝐷𝑖𝑟𝑒𝑐𝑡 𝐿𝑎𝑏𝑜𝑢𝑟𝑖 = 𝛼 [𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑐𝑜𝑠𝑡, 35𝑚 𝑐𝑎𝑝 (
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑝𝑎𝑟 𝐶𝑎𝑝𝑖

𝑚𝑎𝑠𝑠 𝑜𝑓 35𝑚 𝐶𝑎𝑝
)]      53 

 

Equation 41 can be modified by incorporating 𝛼 in the term for Direct Labour: 

 

𝐶𝑚𝑐 =
𝑚𝐶𝑚

(1−𝑓)
+  

𝐶𝑡𝑭

𝑛𝑟
(1 + 

𝑛𝑟

𝑛𝑡
) + 

1

𝑛𝑟
 [(

𝐶𝑐𝑭

𝐿𝑡𝑤𝑜
) + 𝛼𝑛𝑟𝑪𝒐𝒉𝒅𝒊𝒓𝒆𝒄𝒕

+ 𝑪𝒐𝒉𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕
+  𝑪𝒐𝒉𝒖𝒕𝒊𝒍𝒊𝒕𝒊𝒆𝒔

 ]   54      

 

The Impact Factor was varied from 1 to 3. For CFRP, when 𝛼 equals 2.5, spar 

cap direct labour cost (equation 40) was multiplied by 2.5 for each length resulting 

in an average deviation of 0.06% for GFRP compared with the spar cap 

manufacturer (Fig. 5.25). For GFRP, an Impact Factor of 1.5 gave an average 

deviation of zero compared with the manufacturer (fig.5.26). 

 

Table 5.22 Impact Factor-corrected cost variances 

Blade 

Length 

(m) 

Model 

CFRP 

(£) 

Manufacturer 

CFRP 

cost (£) 

% 

variance 

Model 

GFRP 

(£) 

Manufacturer 

GFRP 

cost (£) 

% 

variance 

35 17,764 18,853 -6.1 10,236 8467 17.3 

40 20,451 18,293 10.5 11,330 9148 19.3 

45 23,141 21,550 6.8 12,558 11462 8.7 

50 29,885 28,623 4.2 15,420 15403 0.1 

55 39,378 39,532 -0.4 19,632 20971 -6.8 

60 53,063 54,258 -2.3 25,680 28169 -9.7 

65 71,134 72,800 -2.3 33,760 36998 -9.6 

70 91,104 95,157 -4.4 43,017 47455 -10.3 

75 114,936 121,334 -5.6 54,653 59543 -8.9 

         Mean variance (%) 0.06         Mean variance (%) 0 

 Standard Deviation 5.9 Standard Deviation 12.1 
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Figure 5.25 CFRP Spar Cap Cost Curve, Impact Factor 2.5 

 

 

                    Figure 5.26 GFRP Spar Cap Cost Curve, Impact Factor 1.5 
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Figures 5.25 and 5.26 show a much better fit between the Model and 

Manufacturer compared with figures 5.23 and 5.24 for CFRP and GFRP 

respectively, implying that Direct Labour Cost for CFRP spar caps may be 2.5/1.5 

or 1.67 times higher than for a GFRP spar cap at a given length (fig. 5.27). 

 

 

Fig. 5.27 Direct Labour Cost corrected for Impact Factor 𝛼 

 

Figure 5.27 shows that direct labour cost for CFRP spar caps increases at a faster 

rate than for GFRP spar caps. This could reflect increasing difficulties in 

manufacturing carbon fibre spar caps at longer lengths as outlined on page 168. 

More automation is a possible solution in reducing Direct Labour cost, e.g.  

automatic ply placement. However, standard deviation from the mean variance 

between the Model and manufacturer was twice as large for GFRP as for CFRP. 

This could reflect greater potential difficulties in handling glass fabrics that are 

three times heavier than for CFRP. This is also reflected in Table 5.21 where 

the standard deviation was 7.4 for CFRP and 14.5 for GFRP when Direct Labour 

costs are assumed equal. 
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Model, direct labour cost scales with spar cap mass according to equations 40 

and 41, while tooling and capital cost scales with a feature factor (equation 33): 

    

  𝐶𝑜𝑠𝑡 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝐹𝑎𝑐𝑡𝑜𝑟, 𝐹 = 1 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄            

          

where 𝑉𝑓 = volume fraction of fibre,  𝐶̅ = Complexity Factor, �̅� = Mass Factor. 

and x, y, and z are Cost Factor Indices.  

 

In this analysis, volume fraction 𝑉𝑓 and complexity 𝐶̅ are assumed to be 56% 

and 0.5 respectively for the 35m to 75m range so will not vary (Section 4.4). Mass 

Factor �̅� will vary with spar cap mass m, which rises at an increasing rate with 

spar cap length according to a quadratic function (Table 4.2, fig. 4.2, page 97, 

Chapter 4). Since 𝑉𝑓 and 𝐶̅ are constant, tooling and capital cost scale with spar 

cap mass at an increasing rate with spar cap length which is reflected in the 

overall cost rising at an increasing rate with spar cap length. 

 

For manufacturing operations such as injection moulding, extrusion and casting, 

tooling cost and capital cost scale with part mass at a decreasing rate55: 

 

0 <  𝑥𝑡  < 1 

 

0 <  𝑥𝑐  < 1 

 

where 𝑥𝑡, 𝑥𝑐 are mass indices for tooling and capital respectively.  

 

The same trend holds as tooling cost and capital cost scale with part complexity. 

For injection moulding, extrusion and casting, this implies a greater economy of 

scale with increasing part size and complexity. In contrast, for spar cap tooling 

and capital cost, economy of scale decreases with increasing spar cap size and 

complexity58 where the spar cap has a box spar design and a given mass profile 

as investigated in this study95. Therefore, to ensure greater economy of scale at 

longer spar cap lengths and so reduce cost, re-design could be considered.  
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5.2.2.5 Production Rate 

 

Figs. 5.28 to 5.33 are plots of cost per part vs annual production rate for three 

selected spar cap lengths, 35m, 55m and 75m, for both CFRP and GFRP. As 

production rate increases, spar cap cost per part falls then stabilizes at which 

point material becomes the highest contributor to total cost in line with equation 

20. The same pattern of falling cost per part and material as biggest contributor 

to total cost with increased production volume has been validated elsewhere for 

sectors ranging from automotive, aerospace and wind energy 59,64,77,78. The 

production rate for a 75m spar cap is 125 spar caps per year or 42% of the annual 

rate for a 35m spar cap, 300 parts per year (Section 4.5.5, pages 110 – 111. 

Section 5.2.1, Results, pages 156 – 157).  

 

 

Fig. 5.28. 35m spar cap cost with production rate, two fibre prices  

 

In figs. 5.28, 5.29 and 5.30, 35m, 55m and 75m spare cap blade length, spar cap 

cost has been compared for CFRP (£25/kg) and GFRP (£2/kg). From a very low 

annual production rate until 20 spar caps per year, cost per part falls steeply after 

which cost per part starts to level off. For 35m at 300 spar caps per year, cost per 

part for CFRP is 66% more expensive than GFRP. 
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Fig. 5.29. 55m spar cap cost with production rate, two fibre prices  

 

 

 Fig. 5.30. 75m spar cap cost with production rate, two fibre prices  
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more expensive than a GFRP spar cap, while at 75m length, CFRP is 110% more 

expensive than a GFRP spar cap. Clearly, the fact that CFRP is over ten times 

the price of GFRP will have an impact on the economic feasibility of a CFRP spar 

cap (as discussed in Section 5.2.2.6) compared with a GFRP spar cap for the 

box spar cap design95,96,97 investigated in this study for a given annual production 

rate. To improve the economic feasibility of carbon fibre spar caps, carbon fibre 

price must be substantially reduced. 

 

Ennis et al81 (2019) compared a novel heavy tow textile carbon fibre with 

commercial carbon fibre and fiberglass materials in representative land-based 

and offshore reference wind turbine models. The heavy tow textile carbon fibre 

performed similarly to commercial carbon fiber in wind turbine blade design at 

significantly reduced cost. The novel carbon fibre outperformed fiberglass when 

comparing material cost estimates for spar caps optimized to satisfy design 

constraints. Heavy-tow textile carbon fiber cost was estimated at $11.19/kg for 

an annual production volume of 2,400 tonnes per year, and $7.82/kg for an 

annual production volume of 6,000 tonnes per year. 

 

Based on £5/kg for carbon fibre, CFRP was compared with CFRP at £25/kg and 

GFRP at £2/kg for 35m, 55m and 75m spar caps at varying annual production 

rates (figs 5.31, 5.32 and 5.33). For all three lengths CFRP spar caps at £5/kg 

were less expensive than GFRP at all production rates. At 35m, CFRP was 12.3% 

less expensive than GFRP at 300 per year. The lower cost of CFRP spar caps is 

probably due to the lower density of carbon compared with glass fibre, 1800kg/m3 

and 2560kg/m3 respectively. For 55m, CFRP spar caps at £5/kg fibre are 15.9% 

less expensive than GFRP spar caps at a maximum annual production rate of 

255 caps per year. For 75m, CFRP spar caps at £5/kg fibre cost is marginally 

less expensive than GFRP spar caps at all production rates, with a maximum of 

2% at 125 caps per year, probably due to the much greater mass of glass fibre 

at 75m compared with 35m and 55m.  
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Fig. 5.31. 35m spar cap cost with production rate, three fibre prices  

 

 

Fig. 5.32. 55m spar cap cost with production rate, three fibre prices  
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Fig. 5.33 75m spar cap cost with production rate, three fibre prices  

 

5.2.2.6 Commercial feasibility, Levelised Cost of Electricity 

 

The global weighted average Levelised Cost of Electricity (LCOE) for offshore 

wind is predicted to fall to 4.5p/kWh from 7.8p/kWh (2014) by 2020, with UK 

offshore wind electricity priced at 5.7/kWh in 201985. In a context of decreasing 

prices, retrofitting blades for wind turbine life extension is emerging as a serious 

alternative to very expensive system redesign and replacement options. The 

environmental effects of materials production and processing, particularly those 

related to energy, are becoming critical. To a degree these impacts can be 

mitigated by process efficiencies, but with demand predicted to double in the next 

40 years the increase in overall impacts will be unacceptable unless material 

production and processing are reduced86,197. Life extension by turbine blade 

retrofit is a possible alternative strategy that avoids costly turbine replacement. 

 

For a wind turbine blade, GFRP spar caps over 50m blade length will result in 

increased blade flexure and excessive weight on the turbine hub and bearings95. 

Specific stiffness for CFRP is higher than for GFRP therefore CFRP blades will 

flex less. For the same weight CFRP blades are longer than GFRP blades and 
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will generate more power. Using wind speed (Fig. 4.1), capacity factor, turbine 

capital installation cost data (Table 4.10), model generated data for turbine 

installation costs, O & M costs, CFRP and GFRP retrofit costs and generated 

power (Tables 4.11, 4.12 & 4.13), Levelised Cost of Electricity was modelled for 

three scenarios: a 20 year baseline rated turbine life with GFRP blade lengths 

35m to 75m, a 5 year life extension with a GFRP retrofit for each blade at the 

same length (Table 23) and 3m longer CFRP retrofits for each blade length 35m 

to 75m (Table 5.24). For both retrofit scenarios, CFRP price was varied for the 

effect on CFRP retrofit feasibility. Discount rate and wind speed were equal for 

the three scenarios. Capacity factor was set at 0.2 for the 20-year baseline 

scenario and 0.3 for the new refit scenarios88,205. 

 

Fig.5.34 compares LCOE for glass blades from 35m to 75 for a 20-year life with 

LCOE for same length GFRP blade retrofits for life extension to 25 years, and 

LCOE for 3m longer length CFRP blade retrofits for life extension to 25 years. 

CFRP price was £25/kg. LCOE decreases for GFRP retrofits with life extension 

as more power is generated compared to the 20-year baseline. A 35m GFRP 

retrofit reduces LCOE by 6.4%, with the percentage reduction in LCOE 

decreasing to 5.8% at 75m (Table 5.23). A CFRP longer length retrofit for a 35m 

blade (Table 5.24) reduces LCOE by 10.49% as the longer CFRP retrofit 

generates more power. The percentage reduction in LCOE decreases to 8.6% at 

75m. In both cases, the decrease is due to material and direct labour costs 

increasing as a proportion of overall cost with increase in length (Tables 5.18, 

5.19, figs. 5.18, 5.19) 
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Table 5.23 LCOE, GFRP retrofit with same length GFRP Blade 

Spar Cap 
Length 

(m) 

GFRP, 20 years  
LCOE (£/kWh) 

GFRP retrofit, 25 
years  

LCOE (£/kWh) 

% Reduction in 
LCOE 

35 0.157 0.147 6.42 

40 0.154 0.144 6.40 

45 0.150 0.140 6.37 

50 0.146 0.137 6.31 

55 0.142 0.133 6.23 

60 0.138 0.130 6.13 

65 0.134 0.126 6.03 

70 0.130 0.123 5.92 

75 0.126 0.119 5.80 

 

Table 5.24 LCOE, longer length CFRP retrofit. CFRP price: £25/kg  

Spar Cap 
Length 

(m) 

GFRP, 20 
years  
LCOE 

(£/kWh) 

Spar Cap 
Length (m) 

CFRP retrofit  
25 years LCOE 

(£/kWh) 

% 
Reduction 
in LCOE 

35 0.157 38 0.141 10.59 

40 0.154 43 0.138 10.21 

45 0.150 48 0.132 11.78 

50 0.146 53 0.131 9.88 

55 0.142 58 0.128 9.62 

60 0.138 63 0.125 9.36 

65 0.134 68 0.122 9.10 

70 0.130 73 0.119 8.85 

75 0.126 78 0.116 8.60 
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Table 5.25 LCOE, GFRP retrofit and CFRP retrofit. CFRP price: £25/kg 

Spar Cap 
Length 

(m) 

GFRP, retrofit  
25 years  

LCOE (£/kWh) 

Spar 
Cap 

Length 
(m) 

CFRP retrofit  
25 years  

LCOE (£/kWh) 

% 
Reduction 
in LCOE 
for CFRP 

35 0.147 38 0.141 4.52 

40 0.144 43 0.138 4.14 

45 0.140 48 0.132 5.84 

50 0.137 53 0.131 3.88 

55 0.133 58 0.128 3.70 

60 0.130 63 0.125 3.54 

65 0.126 68 0.122 3.40 

70 0.123 73 0.119 3.27 

75 0.119 78 0.116 3.15 

 

 

Figure 5.34 LCOE vs Spar Cap Length, CFRP and GFRP 
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Table 5.26 LCOE, GFRP retrofit and CFRP retrofit. CFRP price: £5/kg 

Spar Cap 
Length 

(m) 

GFRP, retrofit  
25 years  

LCOE (£/kWh) 

Spar 
Cap 

Length 
(m) 

CFRP retrofit  
25 years  

LCOE (£/kWh) 

% 
Reduction 
in LCOE 
for CFRP 

35 0.147 38 0.140 4.72 

40 0.144 43 0.137 4.39 

45 0.140 48 0.134 4.26 

50 0.137 53 0.131 4.09 

55 0.133 58 0.128 3.95 

60 0.130 63 0.124 3.82 

65 0.126 68 0.121 3.72 

70 0.123 73 0.118 3.62 

75 0.119 78 0.115 3.53 

 

 

Figure 5.35 LCOE vs Spar Cap Length, CFRP and GFRP 
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Figure 5.36 LCOE percentage reduction with blade length 

 

Fig.5.35 compares LCOE for the three scenarios at a CFRP price of 

£5/kg81.Tables 5.25 and 5.26 show how the decrease in LCOE percentage 

reduction for longer length CFRP retrofits compared with GFRP retrofits varies 

with CFRP price. At £25/kg, the LCOE percentage reduction for CFRP is lower 

for all blade lengths and the decrease in percentage reduction with increase in 

blade length more marked than for £5/kg as shown in fig. 5.36. As the percentage 

reduction in LCOE for CFRP retrofits decreases with increasing blade length, the 

implication is that at some blade length greater than 75m, a CFRP retrofit will give 

the same reduction in LCOE compared with a GFRP retrofit as shown in fig.5.34, 

as the reduction for LCOE for CFRP retrofits approaches LCOE for GFRP 

retrofits. Above this length, a CFRP retrofit will not be economically viable due to 

£25/kg for carbon fibre compared with £2/kg for GFRP. A lower CFRP price for 

carbon fibre preforms specified for wind turbine spar caps81 will increase the 

viability of CFRP retrofits at higher blade lengths (fig.5.35 & 5.36). 

 

This is a simplified sensitivity analysis as a single variable was changed, CFRP 

price. If only material was considered, CFRP retrofits would not be financially 

viable compared with GFRP retrofits above a certain blade length. However, new 

CFRP retrofits will generate more power with reduced LCOE over longer length 
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alone since longer and thinner CFRP blades retrofits are aerodynamically more 

efficient than thicker GFRP retrofits. Taken together, these factors may outweigh 

the cost of very expensive CFRP retrofits, e.g. a 68m CFRP retrofit (3 blades) will 

cost £238,100 at a carbon fibre price of £25/kg. Other factors will affect the 

viability of longer length CFRP blade retrofits. Longer blade lengths will induce 

increased turbulence where turbines are adjacent to each other as in a wind farm, 

with reduced power output. Planning restrictions may limit retrofit length. Lighter 

weight CFRP retrofits may require a braking system on the nacelle to prevent 

rotation at greater than rated wind speed.  

 

The environmental impact cost of increased forecast materials consumption 

should be accounted for if an overall turbine system redesign and complete 

replacement is to be considered compared with the costs of life extension by 

blade retrofit. In any feasibility assessment of blade retrofits in terms of decreased 

LCOE compared with a baseline 20-year turbine life, a wide variety of potentially 

conflicting cost, design, planning, installation and operational performance 

constraints must be accounted for if an optimum retrofit solution is to be obtained. 

Figure 5.37 is a summary of the factors for inclusion in any cost model for retrofits. 
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Fig. 5.37 Integrated Cost Model 
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5.3 Equation Summary, Model 1 and Model 2 

 

Table 5.27 is a summary of equations for developing Model 1 and Model 2. Thirty  

equations are the work of the author and were developed to account for the 

increase in 3D woven prefom manufacturing time (and therefore cost) with 

increasing preform complexity (Model 1), and increasing spar cap manufacturig 

cost with spar cap complexity, mass and volume fraction (Model 2).  

 

Table 5.27 Model 1 and Model 2: Equation Summary 

Equation Att. No. 

𝐶𝑜𝑠𝑡 = 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 𝑇𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 + 𝐿𝑎𝑏𝑜𝑢𝑟 +  𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠 MA 15 

𝐶1 =  𝑚𝐶𝑚 (1 − 𝑓)⁄  MA 16 

𝐶2 =  𝐶𝑡 𝑛𝑟⁄ (1 +  𝑛𝑟 𝑛𝑡⁄ ) MA 17 

𝐶3 = 1 𝑛𝑟⁄ (𝐶𝑐 𝐿𝑡𝑤𝑜⁄ ), MA 18 

𝐶4 =  𝐶𝑜ℎ 𝑛𝑟⁄  MA 19 

𝐶𝑚𝑐 = 𝑚𝐶𝑚 (1 − 𝑓)⁄ +  𝐶𝑡 𝑛𝑟⁄ (1 +  𝑛𝑟 𝑛𝑡⁄ ) + 1 𝑛𝑟⁄ (𝐶𝑐 𝐿𝑡𝑤𝑜⁄ +  𝐶𝑜ℎ) MA 20 

𝐶𝑡𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑡𝑖 𝑇⁄ (𝐶𝑡 𝐿𝑡𝑤𝑜⁄ ) JC 21 

𝐶𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 = 𝑡𝑖 𝑇⁄ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 JC 22 

𝐶𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 = 𝑡𝑖 𝑇⁄ ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 JC 23 

𝐶𝑝𝑖 = 𝑚𝐶𝑚 (1 − 𝑓)⁄ + 𝑡𝑖 𝑇⁄ (𝐶𝑡 𝐿𝑡𝑤𝑜⁄ + ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑) JC 24 

𝑡𝑖 𝑡𝑏⁄ =  𝑚(𝑅𝑖 𝑅𝐵⁄ )𝑛 JC 25 

𝑅𝑖 = (𝐴𝑖 + 𝑠𝑢𝑏𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠) (∑ 𝑆𝐸𝑖) JC 26 

𝑅𝑏 = (𝐴𝑏) (∑ 𝑆𝐸𝑏) JC 27 

𝑡𝑖 =  𝑚(𝑅𝑖 𝑅𝐵⁄ )𝑛𝑡𝑏 JC 28 

𝐶𝑝𝑖 = 𝑚𝐶𝑚 (1 − 𝑓)⁄

+ 𝑚(𝑅𝑖 𝑅𝐵⁄ )𝑛 𝑡𝐵 𝑇⁄ (𝐶𝑡 𝐿𝑡𝑤𝑜⁄ + ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠

+ ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑) 

JC 29 

𝑉𝑓 =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑖𝑏𝑟𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐹𝑖𝑏𝑟𝑒𝑠 + 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑐 𝑀𝑎𝑡𝑟𝑖𝑥 
 

NC 30 

𝐿𝐶𝑂𝐸 =  ∑  

𝑛

𝑡=1

𝐼𝑡 + 𝑀𝑡 + 𝐹𝑡 (1 + 𝑟)𝑡⁄ ∑  

𝑛

𝑡=1

⁄ 𝐸𝑡 (1 + 𝑟)𝑡⁄  
US 31 

𝑃𝑜𝑤𝑒𝑟 (𝑤𝑎𝑡𝑡𝑠) = 1 2⁄  𝐶𝐴𝜌𝑣3 GB 32 
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𝐶𝑜𝑠𝑡 𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑒𝑎𝑡𝑢𝑟𝑒 𝐹𝑎𝑐𝑡𝑜𝑟, 𝐹 = 1 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄  JC 33 

𝐶̅ =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝐷  𝑝𝑙𝑖𝑒𝑠 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝐷 𝑝𝑙𝑖𝑒𝑠⁄ =  𝑛 𝑁⁄  JC 34 

M̅ =  Mass of moulded spar Maximum Mass⁄ = m M⁄  JC 35 

𝑛𝑟 = 𝑛𝑟𝑠(1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧 JC 36 

𝐹𝑖𝑏𝑟𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =   𝜌𝑓𝐹𝑉𝐹 [𝜌𝑚 + (𝜌𝑓 − 𝜌𝑚)𝐹𝑉𝐹]⁄  NC 37 

    𝑆𝑝𝑎𝑟 𝐶𝑎𝑝 𝑇𝑜𝑜𝑙𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 𝐶𝑡 (1 − 𝑉𝑓)𝑥 (1 − 𝐶̅)𝑦(1 − �̅�)𝑧⁄  JC 38 

Spar Cap Capital Cost = Cc (1 − Vf)x (1 − C̅)y(1 − M̅)z⁄  JC 39 

Direct Labour Costi

= Baseline cost, 35m cap(mass of Spar Capi mass of 35m Cap⁄ ) 

JC 40 

𝐶𝑚𝑐 = 𝑚𝐶𝑚 (1 − 𝑓)⁄ + 
𝐶𝑡𝑭

𝑛𝑟

(1 + 
𝑛𝑟

𝑛𝑡

) +  
1

𝑛𝑟

 [(
𝐶𝑐𝑭

𝐿𝑡𝑤𝑜

) + 𝑛𝑟𝑪𝒐𝒉𝒅𝒊𝒓𝒆𝒄𝒕
+ 𝑪𝒐𝒉𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕

+  𝑪𝒐𝒉𝒖𝒕𝒊𝒍𝒊𝒕𝒊𝒆𝒔
 ] JC 41 

𝑡𝑖 𝑡𝑏⁄ = 0.7436 𝑅𝑖 𝑅𝑏⁄ + 4.217 JC 42 

𝐶𝑜𝑠𝑡 𝑖 =
𝑚𝐶𝑚

(1 − 𝑓)
+  (𝑚 (

𝑅𝑖

𝑅𝐵
) + 𝐶)

𝑡𝐵

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠) JC 43 

𝐶𝑖 = 77181𝑛1.3203 JC 44 

𝑡𝑖 𝑡𝑏⁄ =  6.2714 𝑅𝑖 𝑅𝑏⁄ 0.3258
 JC 45 

𝑡𝑖 𝑡𝑏⁄ =  1.1872 𝑅𝑖 𝑅𝑏⁄ 0.9328
 JC 46 

𝐶𝑖 =
𝑚𝐶𝑚

(1 − 𝑓)
+ 6.27 (

𝑅𝑖

𝑅𝑏
)

0.3358 𝑡𝑏

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠) 

JC 47 

𝐶𝑖 =
𝑚𝐶𝑚

(1 − 𝑓)
+ 1.19 (

𝑅𝑖

𝑅𝑏
)

0.9328 𝑡𝑏

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠) 

JC 48 

𝑍 =  1 (1 −  𝑅𝑖 𝑅𝑢𝑙⁄ )⁄  JC 49 

𝐶𝑝𝑖 =
𝑚𝐶𝑚

(1 − 𝑓)
+ 𝑚 (

𝑅𝑖

𝑅𝐵

)
𝑛

𝑍 (
𝐶𝑡

𝐿𝑡𝑤𝑜

+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑) 
JC 50 

𝑡𝑖 = 233𝑛−0.32 JC 51 

𝐿𝑒𝑎𝑟𝑛𝑖𝑛𝑔 =  [1 − (
𝑡𝑖

𝑇
)] =  𝑛𝑐 JC 52 

𝐷𝑖𝑟𝑒𝑐𝑡 𝐿𝑎𝑏𝑜𝑢𝑟𝑖 = 𝛼 [𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑐𝑜𝑠𝑡, 35𝑚 𝑐𝑎𝑝 (
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑝𝑎𝑟 𝐶𝑎𝑝𝑖

𝑚𝑎𝑠𝑠 𝑜𝑓 35𝑚 𝐶𝑎𝑝
)]       JC 53 

𝐶𝑚𝑐 =
𝑚𝐶𝑚

(1 − 𝑓)
+ 

𝐶𝑡𝑭

𝑛𝑟

(1 + 
𝑛𝑟

𝑛𝑡

) +  
1

𝑛𝑟

 [(
𝐶𝑐𝑭

𝐿𝑡𝑤𝑜

) + 𝛼𝑛𝑟𝑪𝒐𝒉𝒅𝒊𝒓𝒆𝒄𝒕
+ 𝑪𝒐𝒉𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕

+  𝑪𝒐𝒉𝒖𝒕𝒊𝒍𝒊𝒕𝒊𝒆𝒔
 ] JC 54 
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Chapter 6.0 A Cost Model Framework for 3D woven composites 

 

6.1 Comparison of Model 1 and Model 2 

 

Model 1 is based on equation 29 (Table 5.27) for costing the manufacture of 3D 

woven preforms and utilises two principles. Firstly, the manufacturing time for a 

single bespoke preform will depend on the unique complexity of that preform. 

Secondly, the resource cost for a given preform, for example tooling cost, will be 

a function of the time required to make that preform as a proportion of total annual 

production time (equations 21, 22 and 23, Table 5.27). Loom tooling is not 

dedicated for a given preform. As explained in Chapter 3, equation 29 was 

derived from equation 25 for the relationship between manufacturing time and 

preform complexity, and equation 20. Plotting manufacturing time against 

preform complexity for seventeen 3D woven preforms enabled derivation of 

constants 𝑚 and 𝑛 in equation 25. Inserting these values into equation 29 

enables estimation of the manufacturing cost of a new 3D preform with a given 

architecture 𝑅𝑖:  

 

𝐶𝑝𝑖
=

𝑚𝐶𝑚

(1 − 𝑓)
+  𝑚 (

𝑅𝑖

𝑅𝑏
)

𝑛 𝑡𝐵

𝑇
 (

𝐶𝑡

𝐿𝑡𝑤𝑜
+ ∑ 𝐶𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑙𝑎𝑟𝑖𝑒𝑠 + ∑ 𝐶𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑𝑠) 

 

Model 2 (equation 41) is a cost model for batch manufacturing in which parts are 

made in equal times and in which tooling is dedicated for a given run of parts. 

Model 2 was derived from equation 20, which is a generalized expression for cost 

per part. The equation contains a feature factor F (equation 33, Table 5.27) which 

accounts for the effect of spar cap mass, complexity and volume fraction on 

resource costs such as tooling, capital and direct labour: 

 

𝐶𝑚𝑐 =
𝑚𝐶𝑚

(1 − 𝑓)
+ 

𝐶𝑡𝑭

𝑛𝑟
(1 +  

𝑛𝑟

𝑛𝑡
) + 

1

𝑛𝑟
 [(

𝐶𝑐𝑭

𝐿𝑡𝑤𝑜
) +  𝑛𝑟𝑪𝒐𝒉𝒅𝒊𝒓𝒆𝒄𝒕

+ 𝑪𝒐𝒉𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕
+  𝑪𝒐𝒉𝒖𝒕𝒊𝒍𝒊𝒕𝒊𝒆𝒔

 ] 

 

In Model 1, preforms of varying complexities are made on one loom so a 

smoothing factor (1 + 
𝑛𝑟

𝑛𝑡
) was not included in order to simplify the analysis. 
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6.2 An integrated cost model framework for 3D woven composites  

 

Model 1 can estimate the material input cost for a 3D woven composite spar cap 

whose cost can be estimated in turn by Model 2. A framework linking both Models 

is proposed, the format of which will depend on whether 3D woven preforms are 

manufactured either as bespoke preforms manufactured in different times or in 

batches of the same preform manufactured in equal times. To obtain an optimal 

balance between cost and mechanical properties, any framework model must be 

capable of integration with a suitable software package so that a given 3D woven 

architecture can be optimized to meet design specifications. 

 

Spar caps made from 3D woven preforms have been investigated. Mohamed31 

described 3D woven preform spar cap designs for 24m and 37m wind turbine 

blades in which multi-layer lamination was eliminated thereby reducing spar cap 

weight, labour, shipping and installation costs. The design has 100% carbon warp 

with 100% glass filling and Z binder yarns. A 24m blade with a 3D carbon/glass 

hybrid spar cap fabricated using VARTM would weigh 44% less than a baseline 

all-glass blade with a spar cap fabricated using wet hand layup and 33% less 

than a VARTM all-glass blade. Increased spar cap material stiffness and reduced 

weight relative to the resin-infused baseline blade resulted in weight reductions 

between 30% and 33% relative to a baseline hand lay-up, depending upon the 

density of the spar cap 3D weave.  

 

A hypothetical 3D preform was costed from available data for 17 preforms 

(Chapter 5, section 5.1.4, pages 124-133). More preforms will provide additional 

data which should result in greater accuracy. The cost was derived from preforms 

manufactured on a Jacquard loom as a Jacquard will make a preform with given 

complexity more efficiently than a Weavebird loom. In a similar way, the cost of 

3D woven preforms for spar caps can be estimated. However, these 3D woven 

composite spar caps will be very expensive compared to conventional 2D 

laminate spar caps manufactured on dedicated tooling in equal times at higher 

production rates.  

 



189 
 

 

For example, a 35m spar cap can have an annual production rate of 300 caps 

(pages 110-111, section 4.5.5, Chapter 4). 1840 hours is the annual production 

time for the 3D woven manufacturing plant (Axis Composites), which equates to 

one eight-hour shift per day at 5 days per week at 46 weeks per year. Therefore, 

a 35m 3D woven preform requires 1840/300, or 6 hours manufacturing set-up 

and weave time. The Jacquard loom with single weft insertion took 252 hours to 

make a 20m 3D woven preform. Based on 1840 hours, this gives a production 

rate of 7 preforms per year. This may be valid if 3D woven composite spar caps 

are to be used for research and testing purposes only. However, it is much less 

than the annual production rate of 300 required for a 35m spar cap. Therefore, 

suitable automated multi-weft insertion loom technology33 will be required to meet 

annual production rates of several hundred spar caps and make 3D woven 

preforms competitive with conventional 2D laminates.  

 

If a range of 3D woven preforms of varying complexity, size and shape is to be 

manufactured at production rates of several hundred per year, it will be much 

more efficient if a weaving loom was dedicated for a preform of given complexity 

and weave architecture so that set-up and tool changes for different preforms and 

implied higher costs are avoided. Therefore, a variant of Model 2 for batch 

production of 3D woven fabrics on dedicated looms will now apply: 

 

𝐶𝑚𝑐 =
𝑚𝐶𝑚

(1 − 𝑓)
+  

𝐶𝑙𝑭

𝑛𝑟
(1 +  

𝑛𝑟

𝑛𝑡
) +  

1

𝑛𝑟
 [(

𝐶𝑐𝑭

𝐿𝑡𝑤𝑜
) +  𝑛𝑟𝑪𝒐𝒉𝒅𝒊𝒓𝒆𝒄𝒕

+ 𝑪𝒐𝒉𝒊𝒏𝒅𝒊𝒓𝒆𝒄𝒕
+  𝑪𝒐𝒉𝒖𝒕𝒊𝒍𝒊𝒕𝒊𝒆𝒔

 ] 

 

where  𝐶𝑚𝑐 =  manufacturing cost of a 3D woven preform of given complexity 

𝐹 = cost scaling feature factor (𝑅𝑖 𝑅𝑏⁄ ), 𝑅𝑖 = preform complexity 

𝑅𝑏 = complexity of simplest or baseline preform 

 𝐶𝑙 = cost of dedicated automated weave loom for the simplest preform 

𝐶𝑐 = capital cost for one loom, 𝐶𝑜ℎ𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠
= energy costs 

 𝑛𝑡 = life of dedicated automated loom, 𝑛𝑟 = annual production rate 

𝐶𝑜ℎ𝑑𝑖𝑟𝑒𝑐𝑡
=  direct labour for one preform, 𝐶𝑜ℎ𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡

= indirect labour 
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The cost of the required dedicated loom will scale with 3D woven preform size, 

shape and complexity. With known costs for loom machine and setup, salaries 

and overheads, capital write-off time and load factor information, the cost of a 3D 

preform at the required production rate and required material cost for a given spar 

cap length can be found from the modified variant of Model 2. 

 

There may be a requirement to predict the cost of 3D woven spar caps over a 

range of lengths at commercial production rates in order to compare costs with 

the same range of spar caps made from 2D laminates. For each spar cap length, 

the known 3D woven architecture design of a given mass will have the same or 

greater performance as the 2D laminate under specified wind loading conditions. 

If VARTM tooling and capital costs, labour and overheads for a spar cap length, 

say 35m, are known together with the costs of a smaller length 3D woven 

composite analogue made by VARTM, the cost of a range of 3D woven spar caps 

of known mass at each length can be estimated from Model 2 (equation 41) using 

the cost scaling feature factor relationship (equation 33, Table 5.27) derived in 

Chapter 4. Cost factor indices for (1 − 𝑉𝑓), (1 − 𝐶̅), (1 − �̅�) can be derived 

so that tooling, capital and labour costs for longer spar caps are estimated and a 

cost curve for this spar cap range obtained. 

 

If a 3D woven preform architecture is redesigned to reduce cost, it may still be 

more expensive than the equivalent 2D laminate for a given set of design 

specifications. As carbon is considerably more expensive than glass, material 

can be is a high cost factor. 3D woven preforms can reduce spar cap composite 

manufacturing costs through near net shape liquid moulding by eliminating multi-

ply lamination50,59,64, therefore a 3D woven composite spar cap may have a lower 

overall cost than an equivalent 2D laminate cap even though 3D woven material 

cost may be higher than for a 2D laminate. If so, the economic feasibility of a 3D 

woven spar cap of given length in terms of levelized cost of energy (LCOE) may 

be more favourable than for the same length 2D laminate cap. However, there is 

a possibility that carbon 3D woven preforms can be made significantly cheaper 

than at present81, which will significantly improve the economics of 3D woven 

carbon preforms for wind turbine spar caps. 
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7.0 Conclusions and Recommendations for Further Work 

 

7.1 Cost Model for 3D woven preforms 

 

3D woven preforms are promising materials for composite parts in numerous 

applications, for example wind turbine spar caps. They have unique mechanical 

properties and have the potential to reduce composite manufacturing costs due 

to near net shape resin transfer moulding. At present, they are not widely used 

due to a perception of high cost and demanding safety protocols in market sectors 

such as aerospace. A predictive resource-based technical cost model for 

bespoke manufacturing of 3D woven fabrics was developed based on the 

principles that cost is determined by resources such as tooling, labour and other 

overheads and that manufacturing time and therefore cost will scale with preform 

complexity. An expression for a cost scaling feature factor was introduced relating 

preform manufacturing time to preform architectural complexity, defined as a 

function of the number of fibre tows and preform shape.  

 

Approximate resource costs for tooling, labour and overheads together with 

manufacturing times for seventeen unique 3D woven fabric preforms with varying 

architectures such as single layer, layer to layer and orthogonal were provided 

by a 3D preform manufacturer. The preforms were made on two weaving 

machines, a Weavebird handloom and Jacquard loom. A hypothesis was 

proposed stating that preform manufacturing time will increase non-linearly with 

preform complexity,  

 

Table 5.11, page 130 summarised model-estimated costs based on differing 

values for constants derived from plots for the Jacquard, and Weavebird, and 

plots with both Jacquard and Weavebird preforms. Eight preforms were made on 

the Jacquard and nine were made on the Weavebird. Manufacturing time was 

plotted against preform complexity to derive separate plots for the Jacquard and 

Weavebird looms. For the separate Weavebird and Jacquard looms, 

manufacturing time for a 3D woven preform was shown to have a strong 

correlation with preform complexity. Other plots of manufacturing time against 

preform complexity were done for all seventeen preforms and varying numbers 
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of Jacquard and Weavebird preforms. Analysis of the plots (Table 5.12, page 

135) showed that those with nine Weavebird and eight Jacquard woven preforms 

gave the strongest positive correlation with preform complexity, as measured by 

correlation coefficient r2, 0.78 and 0.89 respectively. Therefore, the proposed 

relationship of preform manufacturing time increasing non-linearly with preform 

complexity is considered validated based on the cost information and preform 

data provided. 

 

A composite parts manufacturer requested that the manufacturer supply a quote 

for a large, complex preform currently supplied by a US manufacturer for £7500. 

The cost of the new preform was estimated and compared with a 3D preform 

manufacturer’s cost estimate of £44,000 for the preform based on all preforms 

made by the manufacturer on either the Jacquard or Weavebird looms. Analysis 

of the plots showed that the Jacquard weaves large, complex preforms more 

efficiently than the Weavebird. Therefore, the estimated cost for the preform, 

£20,655 based on data derived from the plot for eight Jacquard-woven preforms, 

was judged the most realistic. While this cost is much less than the 

manufacturer’s estimated cost of £44,000, it is still almost three times that of the 

US-supplier’s cost of £7500. A learning curve was derived based on a learning 

rate from the estimated labour and machine proportion of total manufacturing time 

for the preform. From the learning curve, a continuous production of 15 preforms 

resulted in a cost per preform of £7570.  

 

If a linear relationship is assumed between manufacturing time and complexity, 

cost varied by up to 85% between the model and manufacturer based on data 

from a plot for 14 preforms. Correlation coefficient r2 was 0.632, indicating a weak 

to moderate relationship. More data from a wider range of preforms of varying 

complexity is required to fully validate the non-linear relationship between 

manufacturing time and complexity and confirm the validity of a linear 

relationship. 
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7.1.1 Recommendations for further work 

 

The capability of the model for more accurate cost prediction can be improved 

further. Resource costs, complexity and manufacturing times are required from 

as many 3D preforms as possible. Time and motion studies for each 

manufacturing step, for example set-up and weaving, are recommended so that 

learning rates for 3D woven manufacture are clarified and the effect on cost of 

increased embedded learning and experience is quantified. 

 

Studies of learning in manufacturing operations have shown that after a steep 

increase in learning as measured by a rapid decrease in cost per part, the 

learning rate starts to decrease as the reduction in cost per part begins to level 

off. Specialist weaving machinery coupled with greater automation should be 

considered to reduce preform cost further. Although studies have indicated that 

cost per part will initially increase following machine installation, cost per part will 

fall below the level present before machine installation as new learning is 

embedded for successful machine operation. 

 

Mass customization, where short manufacturing runs for a part of given size and 

complexity are coupled with fast turnaround times and tool changes for another 

part, can be dynamically complex and very expensive owing to a lack of 

embedded learning in dealing with a fast-changing production environment. Short 

runs of bespoke 3D woven preforms could be modelled more accurately if 

extensions of traditional learning curve models incorporating multivariate analysis 

can be developed. Multivariate learning curves are based on two or more 

independent variables and are required when quantitative and qualitative factors 

run in tandem, e.g. when fast tool changes are required for a run of new preforms. 

To date, development of multivariate analysis tools for constantly changing 

scenarios has been sparse, a key issue being lack of real time manufacturing 

process data. However, recent advances in digital twin technology enabling real 

time imaging of a manufacturing operation based on worker performance and 

recording of process data should encourage the development of multivariate 

learning curves for improving worker learning so that the dynamic complexity and 

cost of short production runs of 3D woven preforms are reduced. 
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7.2 Cost Model for Wind Turbine Spar Caps 

 

The market for wind energy is increasingly competitive as electricity prices fall. 

Existing cost models focus on entire wind turbine systems. However, system-

level design and complete turbine replacement are very expensive strategies for 

lowering Levelised Cost of Energy (LCOE). Another issue is the environmental 

cost of increasing materials consumption. Consequently, turbine manufacturers 

are starting to focus on the feasibility of retrofitting existing turbine designs with 

longer CFRP spar cap blades to extend wind turbine life.  

 

A cost model was developed to assess the commercial feasibility of retrofitting 

same length turbine glass and longer length carbon fibre spar caps in the 35m to 

75m range. Due to commercial restrictions, tooling and capital cost data for caps 

from 40m to 75m were unavailable. A wind turbine blade manufacturer supplied 

cost data for a spar cap analogue part, termed a Reference Standard, made from 

either glass or carbon fibre composite and a 35m blade box spar cap, termed a 

Calibration Standard. Glass and carbon fibre composite mass data for a box spar 

cap design was obtained from a cost and engineering study of spar caps in the 

35m to 75m spar cap range. The Model employed a Technical Cost Modelling 

(TCM) approach where historical cost data is either not available or does not 

exist, to derive tooling and capital cost data for spar cap lengths 40m to 75m in 

which cost scales with features defined as mass, volume fraction and complexity. 

In TCM, Cost Elements can be approximate and are isolated, giving the model 

flexibility, scalability and adaptability. As more data becomes available, detail can 

be added to the Model to improve predictive capability.  

 

Cost Factor Indices were derived from material, reference and calibration cost 

data. Cost Scaling Feature Factors incorporating these Cost Factor Indices were 

developed to predict how spar cap costs such as dedicated tooling scale with part 

features. The only feature varied was part mass, with volume fraction and part 

complexity remaining constant. Predicted cost per part is a quadratic function of 

spar cap mass. For both CFRP and GFRP, material and direct labour costs 

increase as a proportion of total cost from 35m to 75m while indirect labour, 

capital, tooling and utilities decrease. Direct labour is a bigger proportion of total 
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GFRP cost than for CFRP. As carbon fibre is much more expensive than glass, 

CFRP material dominates total cost to a much greater extent than GFRP. A cost 

curve was derived for predicting and comparing CFRP and GFRP spar cap cost 

per part from 40m to 75m based on 300 parts per year for 35m and 125 parts per 

year for 75m. Both the CFRP and GFRP cost curves showed no economy of 

scale for wind turbine spar cap manufacture with increasing blade length. 

 

Material cost becomes a greater proportion of total cost while the proportion due 

to labour cost decreases.as spar cap length increases, in agreement with findings 

by an independent laboratory investigating cost profile by wind turbine blade 

length. In this instance, labour cost includes direct and indirect labour. For 

validation, the cost curve was compared with cost data independently derived by 

a manufacturer for a box spar turbine blade design in 35m to 75m blade lengths. 

When direct labour costs are assumed equal for the manufacture of CRFP and 

GFRP spar caps, the average variation was 14.6% for CFRP and 9.3% for GFRP. 

An expression for the variation of direct labour with spar cap mass relative to the 

mass of a 35m spar cap baseline was introduced to estimate direct labour cost 

for a given spar cap length. If this expression is multiplied by a Direct Labour 

Impact Factor, the cost differential between model and manufacturer is 

approximately zero for GFRP and 0.06% for CFRP, although standard deviation 

for GFRP is twice that of CFRP, probably indicating greater difficulty of working 

with heavier glass fibre compared with lighter carbon. However, direct labour for 

CRFP is 1.7 times higher than for GFRP, probably reflecting the greater difficulty 

of working with carbon, which is more brittle than glass, even though glass is 

heavier than carbon.  

 

In general, the assumptions of constant part complexity with Spar Cap length and 

equal Feature Factors for CFRP and GFRP appear valid. However, the 

assumption of equal direct labour cost for CFRP and GFRP is not valid. The 

predicted cost profile for a 50m GFRP Spar Cap shows good agreement with a 

manufacturer’s estimate. For manufacture by location, the model estimated that 

Europe is 1.8 times more expensive than south Asia due to higher tooling, capital 

and labour costs.  
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The cost of same length retrofit GFRP spar cap blades and 3m longer CFRP 

blades was taken from the cost curve. Using precalculated turbine investment 

cost, operational & maintenance costs and power generation for a 20-year life, 

the model calculated LCOE for 20-year baseline GFRP blade turbines ranging 

from 35m to 75m. LCOE for GFRP and CFRP turbine retrofits was then calculated 

and compared by inserting model-derived costs for the retrofits. Sensitivity 

analysis for one variable, CFRP material cost, was carried out to clarify the effect 

on blade retrofit feasibility. The reduction in LCOE for longer length CFRP retrofits 

compared with same length GFRP retrofits decreased as blade length increased, 

implying that at some blade length above 75m, CFRP retrofits may not be viable. 

This reduction was more pronounced for a CFRP price of £25/kg than for £5/kg, 

so a lower CFRP price will increase CFRP retrofit viability at longer lengths. 

 

7.2.1 Recommendations for further work 

 

The Model is intended as a tool for assessing the economic feasibility of 

retrofitting wind turbines with new spar cap blades. To meet design and 

operational performance constraints, any feasibility assessment of blade retrofits 

in terms of decreased LCOE compared with LCOE for a baseline 20-year turbine 

life must account for a wide variety of potentially conflicting cost and engineering 

factors if an optimum retrofit solution is to be obtained compared with a system 

redesign and complete turbine replacement. Engineering studies should be 

carried out concurrently with financial modelling to confirm if longer CFRP 

retrofitted blades can meet given wind loading, tip deflection and power 

generation performance criteria, including an assessment of the effect of lighter 

blades on nacelles and rotors designed for heavier glass blades. A significant 

issue is whether increased turbulence resulting from longer retrofit blades 

outweighs increased power generation from longer blades. A feasibility 

assessment must also include the environmental cost implications of complete 

turbine replacement compared with life extension via blade retrofits and account 

for wind farm planning restrictions on the maximum allowable blade length that 

can be retrofitted. 
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Further work will explore incorporation of engineering specifications such as wind 

loading, tip deflection and edgewise fatigue limits into the model and how 

retrofitted blades impact engineering performance. Fringe factors such as 

inflation, variation in part complexity and volume fraction in addition to mass 

should be investigated further. The cost impact of the relationship between 

Manufacturing Complexity and Organizational Learning should also be 

investigated. The development of a multivariate analysis tool to investigate 

changing multiple variables such as part complexity and volume fraction in 

addition to variation in mass with spar cap length could considerably improve the 

cost estimation capability of the model. 

 

As more commercial cost data becomes available, an improved model will enable 

more accurate prediction of power generation by GFRP and CFRP spar caps. To 

deal with extra data, an algorithm for automatic calculation of cost factor Indices 

and cost scaling feature factors is a concept worth pursuing. It may be possible 

to extend the model to investigate retrofitting other turbine components, e.g. rotor 

and nacelle, so that material efficiency and sustainability are enhanced and 

whether replacement of other turbine components by composites is feasible, 

although a detailed engineering assessment is required in each case. 

 

Based on further studies as outlined and using a concurrent engineering 

philosophy to model different scenarios while accounting for engineering and 

power generation performance specifications, Model 2 can be improved so that 

a more reliable tool is obtained for assisting spar cap blade design, optimizing 

manufacturing cost and assessing the economic case for turbine life extension 

via blade retrofits in terms of reduced LCOE and reduced environmental impact 

costs via reduced materials consumption.  
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7.3 Development of a Cost Model Framework for 3D woven composites 

 

Cost models will depend on manufacturing context. Two cost models were 

developed for this study, one for manufacturing bespoke 3D woven preforms in 

different times termed Model 1, the other for batch manufacturing of composite 

wind turbine spar caps in equal times termed Model 2. As a proposal for further 

work, Model 1 can be linked with Model 2 with the output of Model 1 as material 

input for Model 2. The linked framework should have the capability of integrating 

suitable software packages for 3D woven preforms, e.g. WISETEX design 

packages, in order to design a preform with an optimised balance of cost and 

mechanical properties for a given application. 

 

This can be a valid approach so long as the resulting 3D woven spar caps are 

solely for research purposes as bespoke manufactured 3D woven preforms will 

be too expensive for composite spar caps produced at several hundred parts per 

year. If batch manufacturing of 3D woven preforms for spar caps is to be 

considered, a variant of Model 2 for batch manufacturing should be employed to 

predict 3D woven cost as material input to Model 2 so that the cost of 3D woven 

composite spar caps with optimized mechanical properties at annual production 

rates of several hundred parts at a cost per preform competitive with 2D laminates 

can be reasonably estimated. 

 

Mass customized manufacturing of bespoke 3D woven preforms at production 

rates of several preforms at a time, with an acceptable cost per preform in each 

case, may be possible with more automated Jacquard loom systems. Digital twin 

technology could improve worker learning. By developing appropriate learning 

curves incorporating multivariate analysis with two or more variables, it may be 

possible to improve the predictive power of the joint model framework so that the 

cost of a 3D woven preform manufactured at a required production rate in a 

constantly changing and dynamically complex environment, and the resulting 

composite part cost, can be predicted with reasonable accuracy. 
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Appendix 1 

 

Table 1.0 

Preform 1.0 Baseline. Single Layer Flat Profile, 2D woven architecture 

Weave Machine: Weavebird  

Total Production Time (hours):                                     9 

Dimensions Materials 

Weaving Width (cm):     20    
Weaving Length (cm):   100 

Warp stuffer Tow size (k) or TEX: 12k           
                   Carbon T700GC 12000-31E 

Area (m2):   0.2                    Areal weight (g/m2): 

Weight woven fabric (kg): Weft Filler Tow size (k) or TEX: 12k 
                      Carbon T700GC 12000-31E  

Preform Construction Warp Binder Tow size (k) or TEX: 12k        
                    Carbon T700GC 12000-31E  Warp (Tows) 

Warp tows/cm/Layer/(Reed)                                         3  

Warp tows/cm/Layer/ TOTAL (Reed)                         60 Number of bobbins                                    NA 

Bobbin/beam winding time (hours)   NA  

Number of warp layers                                                  1 Tubing preparation time (hours)        NA    
 

Total number stuffers along the width (loom)   60 Bobbin insertion on creel (hours):     NA      
 

Weft filler (Tows) Tube thread through & Loom (hours): 
NA 

Weft tows/cm/Layer/(Reed)                                           3 Set-up Time:                                              8 

Weft tows/cm/Layer/ TOTAL                                          3 Change over time for fabric (hours):      
NA 

Number of weft layers                                                     1 Total Actual Production Time (hrs):          

Total number of fillers along the length      300             Weave time (hours):                                    1 

Warp binder (tows) Total Time:                                                     9 

Binder/cm/Layer/(Reed)                                               NA Material Cost: 

Binder/cm/Layer/ TOTAL (Reed)                                 NA 

Total warp ends along width                                      60 Set-up Scrap (m) 
extra fibre for creel/beam changes (m) 

Total number of ends/cm                                             3 Fabric Scrap. Width: length: area: 
weight: 

Total number of fibre tows                                       360 Material Cost (including scrap): 
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Table 2.0 

Preform 2.0 Flat Profile, 3D woven layer to layer 

Weave Machine: Weavebird  

Total Production Time (hours):                       130 

Dimensions Materials 

Weaving Width (cm):    20    
Weaving Length (cm):  150.  

Warp stuffer  
Tow size (k) or TEX:                                              12k 
Carbon T700GC 12000-31E Area (m2):   0.3    Areal weight (g/m2):   3344 

Depth (cm);  0.6  uncompressed Weft Filler Tow size (k) or TEX:                          
12k 
                      Carbon T700GC 12000-31E 

Weight woven fabric(kg):                              1.0032 

Preform Construction Warp Binder Tow size (k) or TEX:                      
12k 
                         Carbon T700GC 12000-31E  

Warp (Tows) 

Warp tows/cm/Layer/(Reed):                              3 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                60 Number of bobbins:                                             360 

Bobbin/beam winding time (hours):                   
40 

Number of warp layers: 6 Tubing preparation time (hours): 16 (360 
tubes) 

Total number stuffers along width (loom):     
360 

Bobbin insertion on creel (hours):                       
16 

Weft filler (Tows) Tube thread through & Loom (hours):                

24 

Weft tows/cm/Layer/(Reed): 3 Weave time (hours):                                              10 

Weft tows/cm/Layer/ TOTAL:                               21 Change over time for fabric (hours):                  
NA 

Number of weft layers:                                            7 Total Actual Production Time (hrs):                 
106 

Total number of fillers along the length:        
3150 

Design Time:                                                           24 

Warp binder (tows) Total Time:                                                            130 

Binder/cm/Layer/(Reed):                                      NA Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                        NA 

Total warp ends along width:                            360 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                    18 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows                              3510 Material Cost (including scrap): 
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Table 3.0 

Preform 3.0. Orthogonal Flat 3D woven Profile  

Weave Machine: Jacquard  

Total Production Time (hours):                        252 

Dimensions Materials 

Weaving Width (cm):     53 
Weaving Length (cm):    2000  

Warp stuffer Tow size (k) or TEX:                1200 
                         HYBON 2002 E-Glass 

Area (m2):  10.6           Areal weight (g/m2): 4000 

Depth (cm): 0.37 uncompresssed Weft Filler Tow size (k) or TEX:                    1200 
                      HYBON 2002 E-Glass Weight woven fabric (kg): 42.4 

Preform Construction Warp Binder Tow size (k) or TEX: 
                         HYBON 2002 E-Glass Warp (Tows) 

Warp tows/cm/Layer/(Reed):                                 3 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):               
159 

Number of bobbins:                                        800 

Bobbin/beam winding time (hours):             40 

Number of warp layers:                                           5 Tubing preparation time (hours): 40 (800 
tubes) 

Total number of stuffers along width (loom):  
795 

Bobbin insertion on creel (hours):                 16 

Weft filler (Tows) Tube thread through & Loom (hours):          40 

Weft tows/cm/Layer/(Reed):                                 3 Weave time (hours):                                         84 

Weft tows/cm/Layer/ TOTAL:                              18 Change over time for fabric (hours):             NA 

Number of weft layers: 6 Total Actual Production Time (hrs):            220 

Total number of fillers along the length:      
36000 

Design Time:                                                       32 

Warp binder (tows) Total Time:                                                       252 

Binder/cm/Layer/(Reed): 2 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                      106 

Total warp ends along width:                           901 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                  12 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows                          36901 Material Cost (including scrap): 
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Table 4.0 

Preform 4.0. Orthogonal T Piece 3D woven profile  

Weave Machine: Weavebird   

Total Production Time (hours):                           99 

Dimensions Materials 

Weaving Width (cm):  18    
Weaving Length (cm): 41 

Warp stuffer Tow size (k) or TEX:                      
12k. Carbon T700GC 12000-31E 

Area (m2):   0.1476       Areal weight (g/m2): 
5500 

Depth (cm): 0.4 Weft Filler Tow size (k) or TEX:                          
12k. Carbon T700GC 12000-31E Weight woven fabric (kg):  0.8118 

Preform Construction Warp Binder Tow size (k) or TEX:                      
12k. Carbon T700GC 12000-31E Warp (Tows) 

Warp tows/cm/Layer/(Reed):                                 3 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                 
54 

Number of bobbins:                                           315 

Bobbin/beam winding time (hours):                 
16 

Number of warp layers: 7 Tubing preparation time (hours): 16 (315 
tubes) 

Total number of stuffers along width (loom): 
378 

Bobbin insertion on creel (hours): 8 

Weft filler (Tows) Tube thread through & Loom (hours):             

16 

Weft tows/cm/Layer/(Reed):                                 3 Weave time (hours):                                             3 

Weft tows/cm/Layer/ TOTAL:                              24 Change over time for fabric (hours):                  8 

Number of weft layers:                                           8 Total Actual Production Time (hrs):                
75 

Total number of fillers along the length:         
984 

Design Time:                                                         24 

Warp binder (tows) Total Time:                                                           99 

Binder/cm/Layer/(Reed): 1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                        18 

Total warp ends along width:                           396 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                  22 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows                            1380 Material Cost (including scrap): 
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Table 5.0 

Preform 5.0 3D weave orthogonal T piece profile  

Weave Machine: Weavebird (fig.)  

Total Production Time (hours):                                  49 

Dimensions Materials 

Weaving Width (cm): 12    Weaving Length (cm):   
17 

Warp stuffer Tow size (k) or TEX:         
1200 

Area (m2):   0.0204               Areal weight (g/m2): 
5500 

HYBON 2002 E-Glass 

Depth (cm): 0.4 Weft Filler Tow size (k) or TEX:              
1200 

Weight woven fabric (kg):  0.1122 HYBON 2002 E-Glass 

Preform Construction Warp Binder Tow size (k) or TEX:          
1200 

Warp (Tows) HYBON 2002 E-Glass 

Warp tows/cm/Layer/(Reed):                                       3 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                        36 Number of bobbins:                                     NA 

Bobbin/beam winding time (hours):            
8 

Number of warp layers: 7 Tubing preparation time (hours):                
16 

Total number of stuffers along the width (loom):   
252 

Bobbin insertion on creel (hours):             
NA 

Weft filler (Tows) Tube thread through & Loom (hours):         

5 

Weft tows/cm/Layer/(Reed):                                         3 Weave time (hours): 8 

Weft tows/cm/Layer/ TOTAL:                                      21 Change over time for fabric (hours):         
NA 

Number of weft layers: 7 Total Actual Production Time (hrs):         
37 

Total number of fillers along the length:                 357 Design Time                                                   12 

Warp binder (tows) Total Time:                                                    49 

Binder/cm/Layer/(Reed):                                                1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                12 

Total warp ends along width:                                    264 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                           22 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows                                         621 Material Cost (including scrap): 
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Table 6.0 

Preform 6.0 3D woven Orthogonal T Piece  

Weave Machine: Weavebird (fig.)  

Total Production Time (hours):                                    43 

Dimensions Materials 

Weaving Width (cm): 30    Weaving Length (cm):     
30 

Warp stuffer Tow size (k) or TEX:          
1080 

Area (m2):   0.09     Areal weight (g/m2):   1080 tex. 735 Glass, 345 PEEK 

Weight woven fabric (kg):  Weft Filler Tow size (k) or TEX:              
1080 

Thickness (cm): 0.9 735 Glass, 345 PEEK                                  

Preform Construction Warp Binder Tow size (k) or TEX:          
1080 

Warp (Tows) 735 Glass, 345 PEEK                                  

Warp tows/cm/Layer/(Reed):                                          3 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          90 Number of bobbins: NA 

Bobbin/beam winding time (hours):           
5 

Number of warp layers 5 Tubing preparation time (hours):              
NA 

Total number of stuffers along the width (loom):   
450 

Bobbin insertion on creel (hours):             
NA 

Weft filler (Tows) Tube thread through & Loom (hours):       

10 

Weft tows/cm/Layer/(Reed):                                         1 Weave time (hours):                                      12 

Weft tows/cm/Layer/ TOTAL:                                        6 Change over time for fabric (hours):         
NA 

Number of weft layers:                                                   6 Total Actual Production Time (hrs):          
27 

Total number of fillers along the length:                  180 Design Time:                                                   16 

Warp binder (tows) Total Time:                                                      43 

Binder/cm/Layer/(Reed): 1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                 30 

Total warp ends along width:                                    480 Set-up Scrap (m), 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                           16 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                       660 Material Cost (including scrap): 
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Table 7.0 

Preform 7.0 3D woven orthogonal flat profile  

Weave Machine: Weavebird (fig.)  

Total Production Time (hours):                                   35 

Dimensions Materials 

Weaving Width (cm):  20   Weaving Length (cm):     
47 

Warp stuffer Tow size (k) or TEX:          
1080 

Area (m2):     0.116         Areal weight (g/m2):         8190 1080 tex. 735 Glass, 345 PEEK 

Weight woven fabric (kg): 0.95 Weft Filler Tow size (k) or TEX:              
1080 

Thickness (cm): 1.1 1080 tex. 735 Glass, 345 PEEK 

Preform Construction Warp Binder Tow size (k) or TEX:          
1080 

Warp (Tows) 1080 tex. 735 Glass, 345 PEEK 

Warp tows/cm/Layer/(Reed):                                         3 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          60 Number of bobbins: NA 

Bobbin/beam winding time (hours):        5 

Number of warp layers:                                                   7 Tubing preparation time (hours):             
NA 

Total number of stuffers along the width (loom):   
420 

Bobbin insertion on creel (hours):           
NA 

Weft filler (Tows) Tube thread through & Loom (hours):     

8 

Weft tows/cm/Layer/(Reed):                                          1 Weave time (hours):                                    6 

Weft tows/cm/Layer/ TOTAL:                                         8 Change over time for fabric (hours):        
NA 

Number of weft layers:                                                    8 Total Actual Production Time (hrs):        
19 

Total number of fillers along the length:                   
376 

Design Time:                                                 16 

Warp binder (tows) Total Time:                                                     35 

Binder/cm/Layer/(Reed): 1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                  20 

Total warp ends along width:                                     440 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                             22 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                        816 Material Cost (including scrap): 
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Table 8.0 

Preform 8.0 Flat Profile  

Weave Machine: Weavebird (fig.)  

Total Production Time (hours):                                   92 

Dimensions Materials 

Weaving Width (cm):  25 Weaving Length (cm):     
200 

Warp stuffer Tow size (k) or TEX:         
1080 

Area (m2):   0.5                 Areal weight (g/m2): 735 Glass, 345 PEEK 

Weight woven fabric (kg):  Weft Filler Tow size (k) or TEX:             
1080 

 735 Glass, 345 PEEK 

Preform Construction Warp Binder Tow size (k) or TEX:         
1080 

Warp (Tows) 735 Glass, 345 PEEK 

Warp tows/cm/Layer/(Reed):                                        3 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                         75 Number of bobbins NA 

Bobbin/beam winding time (hours):           
4 

Number of warp layers:                                                   7 Tubing preparation time (hours):              
NA 

Total number of stuffers along the width (loom):   
525 

Bobbin insertion on creel (hours):             
NA 

Weft filler (Tows) Tube thread through & Loom (hours):       

8 

Weft tows/cm/Layer/(Reed):                                           2 Weave time (hours):            8 x 8 panels   

64 

Weft tows/cm/Layer/ TOTAL                                        16 Change over time for fabric (hours):  

Number of weft layers 8 Total Actual Production Time (hrs):         
76 

Total number of fillers along the length                  
3200 

Design Time:                                                  16 

Warp binder (tows) Total Time:                                                     92 

Binder/cm/Layer/(Reed)                                                1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed)                                  25 

Total warp ends along width                                     550 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm                                            22 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                    3750 Material Cost (including scrap): 
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Table 9.0 

Preform 9.0 3D woven, layer to layer flat profile  

Weave Machine: Jacquard (fig.)  

Total Production Time (hours):                                    58 

Dimensions Materials 

Weaving Width (cm):  40 Weaving Length (cm):        
40 

Warp stuffer Tow size (k) or TEX:            
12k 

Area (m2):  0.16. Areal weight (g/m2):                      
1487 

T700 50C 

Weight woven fabric (kg): 0.2379 Weft Filler Tow size (k) or TEX:                12k 

 T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:            
12k 

Warp (Tows) T700 50C 

Warp tows/cm/Layer/(Reed):                                         2 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          80 
 

Number of bobbins:                                   360 

Bobbin/beam winding time (hours):         
27 

Number of warp layers:                                                    3 Tubing preparation time (hours):                
9 

Total number of stuffers along the width (loom):   
240 

Bobbin insertion on creel (hours):               
3 

Weft filler (Tows) Tube thread through & Loom (hours):       

12 

Weft tows/cm/Layer/(Reed):                                        2.5 Weave time (hours):                                        2 

Weft tows/cm/Layer/ TOTAL:                                        10 Change over time for fabric (hours):  

Number of weft layers: 4 Total Actual Production Time (hrs) 

Total number of fillers along the length:                   
400 

Design Time/Meetings:                                   5 

Warp binder (tows) Total Time:                                                      58 

Binder/cm/Layer/(Reed): 2 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                  80 

Total warp ends along width:                                     320 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                            12 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                       720 Material Cost (including scrap): 
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Table 10.0 

Preform 10.0 3D woven, orthogonal flat profile, 3 sheets  

Weave Machine: Jacquard (fig.)  

Total Production Time (hours):                              107.8 

Dimensions Materials 

Weaving Width (cm): 45    Weaving Length (cm):     
45 

Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2):   0.2025          Areal weight (g/m2):        
2380 

T700 50C 

Weight woven fabric (kg): 1.4459 Weft Filler Tow size (k) or TEX:                  
24k 

 T700 50C  

Preform Construction Warp Binder Tow size (k) or TEX:              
12k 

Warp (Tows) T700 50C  

Warp tows/cm/Layer/(Reed):                                       1 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                         45 Number of bobbins:                                    540 

Bobbin/beam winding time (hours):          
27 

Number of warp layers:                                                  4 Tubing preparation time (hours):               
27 

Total number of stuffers along the width (loom):   
180 

Bobbin insertion on creel (hours):           
10.8 

Weft filler (Tows) Tube thread through & Loom (hours):      

27 

Weft tows/cm/Layer/(Reed):                                       2.4 Weave time (hours):                                      8 

Weft tows/cm/Layer/ TOTAL:                                      9.6 Change over time for fabric (hours):   

Number of weft layers:                                                  4 Total Actual Production Time (hrs) 

Total number of fillers along the length:                   
432 

Design Time/Meetings:                                 8 

Warp binder (tows) Total Time:                                                107.8 

Binder/cm/Layer/(Reed):                                               1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                45 

Total warp ends along width:                                     225 Set-up Scrap (m): 0.14 scrap fraction 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                           5 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                        657 Material Cost (including scrap): 
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Table 11.0 

Preform 11 3D woven, orthogonal flat profile  

Weave Machine: Weavebird (fig.)  

Total Production Time (hours):                                 79.2 

Dimensions Materials 

Weaving Width (cm):  45 Weaving Length (cm):        
50 

Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2):  0.4. Areal weight (g/m2):                        2400 T700 50C 

Weight woven fabric (kg):                                         0.486 Weft Filler Tow size (k) or TEX:                 
24k 

 T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:             
12k 

Warp (Tows) T700 50C 

Warp tows/cm/Layer/(Reed):                                          1 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          45 Number of bobbins:                                   360 

Bobbin/beam winding time (hours):         
20 

Number of warp layers: 8 Tubing preparation time (hours):              
18 

Total number of stuffers along the width (loom):   
360 

Bobbin insertion on creel (hours):             
7.2 

Weft filler (Tows) Tube thread through & Loom (hours):       

18 

Weft tows/cm/Layer/(Reed):                                       2.4 Weave time (hours):                                       8 

Weft tows/cm/Layer/ TOTAL:                                    19.2 Change over time for fabric (hours):  

Number of weft layers: 8 Total Actual Production Time (hrs) 

Total number of fillers along the length:                   
960 

Design Time/Meetings:                                  8 

Warp binder (tows) Total Time:                                                 79.2 

Binder/cm/Layer/(Reed):                                                  1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                  45 

Total warp ends along width:                                     405 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                              9 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                      1365 Material Cost (including scrap): 
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Table 12.0 

Preform 12.0 3D woven, orthogonal T piece   

Weave Machine: Jacquard (fig.)  

Total Production Time (hours):                                77.2 

Dimensions Materials 

Weaving Width (cm): 45 Weaving Length (cm):         
45 

Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2): 0.2025 Areal weight (g/m2):                   
2289 

Carbon T700 50C 

Weight woven fabric (kg): 0.4635 Weft Filler Tow size (k) or TEX:                 
24k 

 Carbon T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:             
12k 

Warp (Tows) Carbon T700 50C 

Warp tows/cm/Layer/(Reed):                                          1 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          45 Number of bobbins:                                   360 

Bobbin/beam winding time (hours):         
18 

Number of warp layers: 8 Tubing preparation time (hours):              
18 

Total number of stuffers along the width (loom): Bobbin insertion on creel (hours):            
7.2 

Weft filler (Tows) Tube thread through & Loom (hours):     

18 

Weft tows/cm/Layer/(Reed):                                       2.4 Weave time (hours):                                      8 

Weft tows/cm/Layer/ TOTAL:                                    19.2 Change over time for fabric (hours):        
NA 

Number of weft layers:                                                     8 Design Time/Meetings:                                 8  

Total number of fillers along the length:                  
864 

Total Actual Production Time (hrs):  

Warp binder (tows) Total Time:                                                77.2 

Binder/cm/Layer/(Reed):                                                  1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                  45 

Total number of ends along width:                           405 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                               9 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                     1269 Material Cost (including scrap): 
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Table 13.0 

Preform 13.0 3D woven, orthogonal flat profile, 3 Blade   

Weave Machine: Jacquard (fig.)  

Total Production Time (hours):                               115.8 

Dimensions Materials 

Weaving Width (cm):  45   Weaving Length (cm):      
50 

Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2): 0.225   Areal weight (g/m2):                   
2234 

Carbon T700 50C 

Weight woven fabric (kg):                                       1.5080 Weft Filler Tow size (k) or TEX:                 
24k 

 Carbon T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:             
12k 

Warp (Tows) Carbon T700 50C 

Warp tows/cm/Layer/(Reed):                                          1 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          45 Number of bobbins:                                    540 

Bobbin/beam winding time (hours):          
27 

Number of warp layers:                                                  12 Tubing preparation time (hours):               
27 

Total number of stuffers along the width (loom):   
540 

Bobbin insertion on creel (hours):          
10.8 

Weft filler (Tows) Tube thread through & Loom (hours):      

27 

Weft tows/cm/Layer/(Reed):                                       2.4 Weave time (hours):                                       8 

Weft tows/cm/Layer/ TOTAL:                                    28.8 Change over time for fabric (hours):        
NA 

Number of weft layers: 12 Total Actual Production Time (hrs) 

Total number of fillers along the length:                
1440 

Design Time/meetings:                                16 

Warp binder (tows) Total Time:                                               115.8 

Binder/cm/Layer/(Reed):                                                 1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                 45 

Total number of ends along width:                          585 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                           13 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                      2025 Material Cost (including scrap): 
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Table 14.0 

Preform 14.0 Orthogonal Flat profile, 4 blade  

Weave Machine: Jacquard (fig.)  

Total Production Time (hours):                               154.4 

Dimensions Materials 

Weaving Width (cm): 45   Weaving Length (cm):       
50 

Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2):  0.225     Areal weight (g/m2):                4731 Carbon T700 50C 

Weight woven fabric (kg):                                      4.2579 Weft Filler Tow size (k) or TEX:                  
24k 

 Carbon T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:              
12k 

Warp (Tows) Carbon T700 50C 

Warp tows/cm/Layer/(Reed):                                          1 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          45 Number of bobbins: 720 

Bobbin/beam winding time (hours):          
36 

Number of warp layers:                                                  16 Tubing preparation time (hours):               
36 

Total number of stuffers along the width (loom):   
720 

Bobbin insertion on creel (hours):           
14.4 

Weft filler (Tows) Tube thread through & Loom (hours):      

36 

Weft tows/cm/Layer/(Reed):                                       2.4 Weave time (hours):                                       8 

Weft tows/cm/Layer/ TOTAL:                                    38.8 Change over time for fabric (hours):         
NA 

Number of weft layers: 16 Total Actual Production Time (hrs) 

Total number of fillers along the length:                
1920 

Design Time:                                                   24 

Warp binder (tows) Total Time:                                                154.4 

Binder/cm/Layer/(Reed):                                                  1 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                  45 

Total number of ends along width:                           765 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                             17 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                      2685 Material Cost (including scrap): 
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Table 15.0 

Preform 15.0 Orthogonal Flat Profile 

Weave Machine: Jacquard (fig.)  

Total Production Time (hours):                                 73.2 

Dimensions Materials 

Weaving Width (cm):45   Weaving Length (cm):        
50 

Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2):  0.3      Areal weight (g/m2):                   0.225 Carbon T700 50C 

Weight woven fabric (kg):  Weft Filler Tow size (k) or TEX:                 
24k 

 Carbon T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:             
12k 

Warp (Tows) Carbon T700 50C 

Warp tows/cm/Layer/(Reed):                                          2 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          90 Number of bobbins:                                    360 

Bobbin/beam winding time (hours):          
18 

Number of warp layers:                                                    4 Tubing preparation time (hours):               
18 

Total number of stuffers along the width (loom):   
360 

Bobbin insertion on creel (hours):             
7.2 

Weft filler (Tows) Tube thread through & Loom (hours):      

18 

Weft tows/cm/Layer/(Reed):                                       1.3 Weave time (hours):                                       4 

Weft tows/cm/Layer/ TOTAL:                                      7.8 Change over time for fabric (hours):         
NA 

Number of weft layers:                                                     6 Total Actual Production Time (hrs): 

Total number of fillers along the length:                  
390 

Design Time/meetings:                                   8 

Warp binder (tows) Total Time:                                                  73.2 

Binder/cm/Layer/(Reed):                                                 2 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                 90 

Total warp ends along width:                                    450 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                            10 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                        840 Material Cost (including scrap): 
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Table 16.0 

Preform 16 Orthogonal Flat Profile 

Weave Machine: Jacquard (fig.)  

Total Production Time (hours):                               129.8 

Dimensions Materials 

Weaving Width (cm): 45   Weaving Length (cm):     
180 

Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2):  0.81 Areal weight (g/m2):  Carbon T700 50C 

Weight woven fabric (kg): Weft Filler Tow size (k) or TEX:                 
24k 

 Carbon T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:             
12k 

Warp (Tows) Carbon T700 50C 

Warp tows/cm/Layer/(Reed):                                          2 Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):                          90 Number of bobbins:                                    540 

Bobbin/beam winding time (hours):          
27 

Number of warp layers:                                                    6 Tubing preparation time (hours):                
27 

Total number of stuffers along the width (loom):   
540 

Bobbin insertion on creel (hours):           
10.8 

Weft filler (Tows) Tube thread through & Loom (hours):       

27 

Weft tows/cm/Layer/(Reed):                                       1.3 Weave time (hours):                                      30 

Weft tows/cm/Layer/ TOTAL:                                      7.8 Change over time for fabric (hours):         
NA 

Number of weft layers: 6 Total Actual Production Time (hrs) 

Total number of fillers along the length:                
1404 

Design Time/meetings:                                   8 

Warp binder (tows) Total Time:                                                129.8 

Binder/cm/Layer/(Reed):                                                  2 Material Cost: 

Binder/cm/Layer/ TOTAL (Reed):                                  90 

Total warp ends along width:                                     630 Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                             14 Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows:                                      2034 Material Cost (including scrap): 
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Table 17.0 

Preform 17 T Profile 

Weave Machine: Weavebird (fig.)  

Total Production Time (hours):                                

Dimensions Materials 

Weaving Width (cm): 45   Weaving Length (cm):      Warp stuffer Tow size (k) or TEX:             
12k 

Area (m2):  0.81 Areal weight (g/m2): 12000 Carbon T700 50C 

Weight woven fabric (kg): 0.1152 Weft Filler Tow size (k) or TEX:                 
24k 

 Carbon T700 50C 

Preform Construction Warp Binder Tow size (k) or TEX:             
12k 

Warp (Tows) Carbon T700 50C 

Warp tows/cm/Layer/(Reed):               2.7                            Set-up Time 

Warp tows/cm/Layer/ TOTAL (Reed):         32.4                  Number of bobbins:                                     

Bobbin/beam winding time (hours):           

Number of warp layers:              11                                       Tubing preparation time (hours):                 

Total number of stuffers along the width (loom):    Bobbin insertion on creel (hours):            

Weft filler (Tows) Tube thread through & Loom (hours):        

Weft tows/cm/Layer/(Reed):                 3                       Weave time (hours):                                       

Weft tows/cm/Layer/ TOTAL:                    13                   Change over time for fabric (hours):          

Number of weft layers: 6 Total Actual Production Time (hrs): 82 

Total number of fillers along the length:           720      Design Time/meetings:                                    

Warp binder (tows) Total Time:                                                 

Binder/cm/Layer/(Reed):                                     6              Material Cost: 
Binder/cm/Layer/ TOTAL (Reed):                         72          

Total warp ends along width:                          428        Set-up Scrap (m) 

extra fibre for creel/beam changes (m) 

Total number of ends/cm:                                 36             Fabric Scrap 
width:  length: area: weight: 

Total number of fibre tows: 1148                                      Material Cost (including scrap): 
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Appendix 2 

 

Cost Model 1 

 

Cost Model 1 3D 

woven preform.xlsx
 

 

 

Cost Model 2 

 

Cost Model 2 Spar 

Cap.xlsx
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


