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1 Introduction 

This opening chapter sets out to contextualise the project parameters by introducing the 

research field and briefly analysing current composite aerospace market canditions. The 

importance of cost evaluation within manufacturing is demonstrated. The chapter 

cancludes by summarising the project motivation and the patential benefit behind the 

proposed research. From this, a high-level project aim is determined. 

1.1 Composite Use in Aerospace 

To improve the sustainability of modern air travel the Advisory Council for Aeronautical 

Research in Europe (ACARE) have set a target of a 50% reduction in aircraft Carbon Dioxide 

(C0 2) emissions by the year 2020 [1]. This coupled with rising aviation fuel costs are driving 

the aerospace industry towards designing lighter, more efficient aircraft structures, which 

in turn will improve fuel efficiency. The use of advanced composite materials is currently a 

key strategy in reducing vehicle weight [2] by the large airframe manufacturers, all of which 

have chosen to react using carbon fibre reinforced plastic materials. Boeing's 787, Airbus's 

A350-XWB and Bombardiers C-Series are all employing large amounts of carbon fibre in 

primary structure and expecting to reach full production rates over the coming years. With 

this increase, composite material producers are under increasing pressure to meet the 

current customer demands. 

With the development every year of new higher strength fibres and resins, the options 

available to aircraft manufacturers are now vast. Within these options, there is now scope 

for rethinking complete aircraft designs. However, these new high strength to weight 

materials are considerably more expensive than their metallic counterparts. Before 

component manufacture has begun, the composite materials (carbon fibre, honeycomb 

core, toughened epoxies, etc.) are procured at high prices. 
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At higher manufacturing tiers, little is known about the specific processing involved in the 

production of these next generation aerospace materials. Now that commercial aircraft are 

adopting primary composite structures, these cost considerations, that were previously an 

afterthought with the original military applications, have become a more focused initiative 

in composite component design. 

1.2 Usage Forecasts 

In Figure 1-1, poly-acrylonitrile (PAN) based carbon fibre demand and production capacity is 

presented along with non-dimensionalised pricing for a specific carbon fibre prepreg. 

Within carbon fibre markets, forecasts look promising with material supply greater than 

customer demand. In order to meet increasing demands; carbon fibre manufacturers are 

investing nearly $800 million over the next three years, raising the total production capacity 

of carbon fibre by 78% [3] . 
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As can be seen in Figure 1-1, aerospace carbon fibre pricing contradicts basic economics 

and mass production theory; as demand and capacity increases, the cost per unit price 

should decrease. This is due to the long-term pricing contracts agreed by both customer 

and supplier in an effort to alleviate market fluctuations. 

Important to understanding market pricing is to identify the key drivers behind total 

composite material production costs. Therefore, understanding production costs of these 

engineered materials may help provide guidance for material cost reductions and greater 

utilisation of composite material within aircraft structure. 

1.3 Understanding Costs 

Cost awareness is an ever-increasing factor in design decisions for all aircraft components, 

not only composites . The importance of understanding cost drivers related to advanced 

composite components is key to gaining an advantage over well-developed metal 

technologies [4][5] . Figure 1-2 [10] demonstrates that 70% to 80% [6][7][8][9] of product 

cost is committed in the conceptual design phases. Promoting cost awareness in early 

design stages therefore gains the largest benefit from driver identification studies. 
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Figure 1-2 Potential cost savings at various stages of design and manufacture 
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Within industry, it is generally accepted that composite material prices are fixed and only 

reduced through powerful negotiations, long term contracts and competitive tendering. 

This should not be the case and each of these materials can themselves, be modelled as a 

production process. However there is little known about the intricacies involved in 

producing these specialised materials and therefore the generation of an accurate 

manufacturing cost is rare. 

To date, the aerospace research emphasis has been on reducing costs related to the design 

and fabrication of composite details. One concern with the identification of cost drivers 

within a single tier in the manufacturing supply chain is relocation of costs within the total 

manufacturing tree, thus suggesting a need for full supply chain investigation. This 

highlights the need for tools capable of identifying key cost drivers within the composite 

manufacturing supply chain. Understanding these cost drivers is necessary in improving 

efficiencies within the manufacturing supply chain and a powerful tool in contract 

negotiations. For this reason cost drivers of composite materials will be considered as the 

focus of this project. 

1.4 Project Motivation 

The motivation for this project has been generated through increasing pressure on airframe 

manufactures to ensure more environmentally conscious and sustainable decisions are 

made within aircraft design . Global industry strategy has been to invest considerable effort 

in advanced composite materials, in particular fibre reinforced plastics. It has been shown 

that these materials can provide significant strength to weight improvements; however 

these materials command a much higher price than currently used aerospace alloys. The 

review of the aerospace industry highlights the need for a better understanding of the costs 

associated with the manufacture of these engineered materials and in turn, a tool capable 

of modelling the production cost drivers associated with reinforced plastic materials. 
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1.5 Project Aim and Objectives 

Motivated by current aerospace industry initiatives to meet lower CO2 emission targets 

using advanced composite materials, this project will focus on production cost drivers 

associated with fibre reinforced aircraft structures. The aim is to improve the 

understanding of cost drivers associated with advanced composite material production 

within a complex manufacturing supply chain. This is achieved through development and 

implementation of an analytical modelling approach, reducing the dependence on 

empirical data and analogous based scaling factors . Key manufacturing materials, used in 

commercial production of advanced composite component structures are investigated. 

Cost drivers will be categorised using a physics based classification to allow comparison of 

specific processing costs within a complex manufacturing supply chain . 

This overarching project aim will be achieved through a series of envisaged objectives. 

These objectives include reviewing the state of the art in composite costing methodologies, 

describing current cost estimation practices and their limitations. From this review, a cost 

breakdown for a fibre reinforced plastic component will be produced using an industrial 

methodology with empirical data and analogous based scaling factors to identify significant 

cost drivers, also demonstrating the method's limitations. An appropriate analytical costing 

methodology can then be created, minimising the use of empirical data and analogous 

scaling factors . 
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The methodology must include the development of a representative mark-up factor to 

integrate individual manufacturing tiers and the potential for multiple suppliers within a 

complex composite material supply chain. Following the development of a robust 

methodology, appropriate materials and processes will be identified for detailed analysis, 

to improve the current understanding of their cost drivers, and validate the proposed 

analytical modelling method . It is therefore necessary to define a series of project tasks 

required to fulfil these objectives. These project tasks are: 

1. Review the state of the art literature in composite costing methodologies. 

2. Formulate a new analytical costing methodology. 

3. Review the composite material production processes appropriate for aerospace 

products. 

4. Use the new analytical costing methodology to model, identify, classify and rank 

key cost drivers for exemplar composite materials. 

S. Verify and validate where possible the new analytical costing methodology 

predictions and the identified cost drivers at the material level. 

6. Investigate modelling uncertainty and key driver sensitivity at a material level. 

7. Review the composite component production processes appropriate for aerospace 

products. 

8. Use the new analytical costing methodology to model, identify, classify and rank 

key cost drivers for exemplar composite components. 

9. Verify and validate where possible the new analytical costing methodology 

predictions and the identified cost drivers at a component level. 

10. Demonstrate the use of the new analytical costing methodology for industrial trade 

studies, examining appropriate strategies to reduce total component cost. 
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1.6 Chapter Synopsis 

Chapter 2 of this thesis presents a current state of the art literature review, thus 

completing the first task. Literature is collected from academic and industrial sources to 

identify a gap in current research. 

In chapter 3, the creation of a modelling approach using physics inputs is achieved following 

a critical analysis of available theories. Chapter 3 therefore accomplishes the second project 

task, presenting an appropriate analytical costing methodology. The methodology 

framework is structured to enable cost driver identification within a manufacturing supply 

chain. 

Chapter 4 identifies the third project task, defining a feasible project scope in which 

material tier analysis will be conducted. The Identified production cost drivers are 

presented in a consistent breakdown structure. A deterministic sensitivity analysis is 

performed to identify key cost drivers, in doing so completing the fourth project task. The 

new analytical costing methodology predictions and the identified cost drivers are also 

verified and validated with appropriate data, addressing the fifth project task. 

Chapter 5 examines modelling uncertainty using Monte Carlo simulations, completing the 

sixth project task. A novel demonstration of the analytical model is presented, validating 

the potential to generate non-deterministic predictions. 

Chapter 6 reviews the composite component production process, addressing the seventh 

task. The production assumptions are outlined and simulated cost breakdowns are 

presented for five carbon fibre composite components. Key cost drivers are identified using 

a deterministic sensitivity analysis, eighth task. 
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Chapter 7 presents a non-deterministic cost driver analysis of a full complex composite 

material supply chain, ninth task and thus fulfilling the project aim. Model application to 

alternative composite component production processes is presented with a novel 

demonstration of model flexibility. This final trade study further validates the application of 

the proposed method, thus completing the final project task. 

Chapter 8 presents a set of concluding remarks, summarising the project's contribution to 

the defined research field. The potential for future project work is discussed, exploring 

areas identified beyond the current project scope. 

1.7 Chapter Summary 

With increasingly stringent emission targets being set by aviation authorities, many of the 

prime airframe assemblers are achieving airframe weight reduction through use of 

advanced composite materials. Usage forecast suggest that global demand for carbon fibre 

composite materials is increasing, however little is known about the production cost drivers 

associated within an aerospace composite manufacturing supply chain. Therefore analytical 

tools capable of identifying cost drivers within a manufacturing supply chain containing 

both continuous and discontinuous processes is identified as a novel project scope, aiming 

to improve the understanding of cost drivers for fibre reinforced aircraft structures. 
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2 Literature Review 

In this chapter, a state of the art literature review is presented to identify and acknowledge 

previously undertaken research. A review of cost estimating theories is presented identifying 

strengths and weaknesses of each. A trade study representing current industrial cost 

estimating practices is presented to demonstrate the requirement for an analytical 

manufacturing supply chain cost tool. 

2.1 Composite Component Costing 

A large portion of research has been committed to cost models for composite component 

production . Various techniques and methodologies have been studied, each with their own 

benefits and limitations. Core cost modelling techniques will be discussed in the following 

section. 

2.1.1 Core Cost Models 

For detailed components, cost estimates are generally produced by experienced estimators 

with many years of proficiency and a large degree of knowledge in cost engineering. 

Estimates are typically made based upon the number of operations, time per operation, 

labour, material and non-recurring costs. To generate these estimates, an understanding of 

the product, process and relationships between processes is required. This expert 

judgement, is in itself a cost estimation approach however there is debate within literature 

if this constitutes an official method [11)[12], despite its common application within 

industry. 
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2.1.1.1 Regression Analysis/ Analogy Modelling 

Regression analysis or analogy based modelling uses scores of data to attempt to predict or 

forecast a component's manufacturing cost based on previous similar component costs. An 

integral feedback loop is used to gain confidence in accuracy of the original estimate. This 

method is one of the most widely applied [15] . It also acts as a base method to many other 

costing methodologies [17], namely case based reasoning. The key to using a regression 

model is to collect, store and organise previous cases of cost estimates and their equivalent 

actual costs . This then produces a database from which the tool can compare and scale 

estimates to new component costs. 

Issues occur when this method is first implemented and only a small database of previous 

cases exists. Typically, in manufacturing, as time progresses, the cost of producing a 

component decreases, due to an expected learning curve [18]. The majority of the work for 

this methodology occurs in populating the database initially and validating all information 

being populated. These initial estimates will also have to be generated by experts in each 

field to formalise the similarity within the database. 

This process can be applied in particularly early design development stages allowing design 

of a component for optimum cost with the caveat that a previous database exists. Within 

this project, modelling new processes is required . However, with analogy costing depending 

heavily on accurate historical data bases this would not be possible. 

2.1.1.2 Parametric Modelling 

Parametric cost methods are commonly found within commercial costing programs, usually 

underwritten by proprietary data, black box style algorithms. The method is founded on the 

principle that there are Cost Estimating Relationships (CERs) which exist between 

measurable parameters of a component and its final production cost. These CERs are 
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generally based on linear regression techniques [19] and obtained by the workflow 

demonstrated in Figure 2-1 [22] . Relationships between parameters were first recognised 

by the RAND Corporation [20]. Since then more advanced models have been developed 

identifying relationships between more than one parameter, creating advanced parametric 

models [21] . Not every parameter of a composite component has a related cost influence 

but those which do, are typically referred to as cost drivers. These drivers are the key 

parameters, and following a sensitivity analysis, prove to have the most influential impact 

on the f inal cost. Identifying these drivers is key to understanding a complete 

manufacturing cost. 
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Figure 2-1 Parametric cost estimation process 

A study conducted by Northrop [23] has obtained empirical correlations for recurring costs 

associated with layup times. These models account for many layup styles, sizes and propose 

a method of measuring complexity. A computerized version of this model is available and 

commonly used in aerospace but is computationally expensive. Parametric model 

application requ ires a large amount of production process knowledge initially however, it is 

part icularly useful in early stages of design to predict cost consequences of design 
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decisions. This reliance on user process knowledge limits parametric modelling techniques 

being applied to unfamiliar manufacturing processes studied within this project. 

2.1.1.3 Know/edge Based Estimating (KBE) 

Knowledge based estimating techniques are widely used within industry. Rush and Roy [13] 

identified cost estimating as knowledge intensive, requiring skill and knowledge from a 

number of disciplines. Many organisations have dedicated personnel, usually experienced 

cost engineers, whose primary function is to examine parts and assign cost estimates. 

These estimates are based on production process knowledge and experience. This process 

although co-operative within the company (involving design, production, methods, etc.) is 

slow and highly labour intensive, owing to its dependency on many different departments. 

As this method is based on an individual's knowledge it is not easily adapted to new 

processes without estimator's direct exposure to the production process. Within this 

project, this poses difficulties in application to manufacturing processes within an extended 

supply chain. 

KBE is a popular approach in CAD based models where much of the data mining of 

geometries can be generated automatically by the software. Choi [14] uses this approach to 

generate the input data for a costing model. It also proves beneficial when cost 

optimisation of the final design can be suggested automatically from within the model. 

Figure 2-2 [14] shows how the transfer of knowledge within Choi's model is used, but 

notice the requirement for constant user input. This modelling method provides a digital 

storage solution for the afore mentioned experienced operator. Implementation within this 

project would prove difficult without a detailed knowledge of all production process 

parameters. 
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Figure 2-2 Architecture of KBE showing knowledge flow 

2.1.1.4 Bottom-Up Costing 

The most detailed breakdown of a cost can be obtained using a bottom up costing 

approach. This method uses a Bill of Material (BOM) and Work Breakdown Structure (WBS) 

to generate a cost based on total component material and production hours. A bottom-up 

approach relies heavily on large amounts of product data being available and may not be 

su itable for conceptual design or work package bid proposal as identified by Curran et al. 

[15]. An experienced engineer is requ ired to carry out the estimate in order to fulfil the 

detail necessary. This method is used only when final details are known about the 

component; otherwise, it becomes an inefficient way of estimating costs [16]. In relation to 

th is project, bottom-up costing provides a highly accurate estimation however relies heavily 

on detailed data, not typically made available by composite material producers. 
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2.1.2 Refined Methods 

2.1.2.1 Complexity Models (parametric) 

Noton [24] identified the relationship between composite component cost and complexity. 

However, the perception of complexity varies between estimators and any guidelines are 

susceptible to interpretation . This is a common problem within estimating models, whereby 

the model created is accurate for a specific set of components or processes. Within this 

project a generic model is required for application to a complex manufacturing supply chain 

whilst maintaining estimation fidelity. 

Further to this, Busch [25] uses accounting methods within the automobile industry to 

identify cost drivers and associate complexity factors to them. Bush's method employed 

regression analysis techniques, which was shown previously (section 2.1.1.1) to be 

dependent on previous estimations being accurate. This unfortunately proved unsuccessful 

with Busch failing to employ it in further models. Here, linking complexity factors with 

regressional analysis highlights the shortcomings of a dependence on limited historical data 

being used to perform accurate cost estimations, reinforcing the need for analytical 

modelling tools. 

2.1.2.2 Feature Based Modelling (parametric) 

Using one of the CERs identified by the RAND Corporation [20], feature based modelling 

builds on the relationship between component features (slots, notches, fillets, pockets) and 

manufacturing cost. This provides a dynamic model, which can be rapidly adapted to 

changing designs. A high-level processing plan is all that is required for estimate generation. 

As the design develops and variables become fixed, a more accurate cost estimate can be 

generated [26] . Feature based modelling can be built around existing 3D modelling 

software and features extracted from the 3D model itself as demonstrated in work by 

Pernot [27] . This development of compatibility within pre-existing computer software has 
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played a significant part in the success and implementation of feature based modelling [28]. 

To promote the uptake of the model within industry, software compatible with common 

engineering departments is preferred. 

2.1.2.3 Activity Based Costing (bottom up) 

The aim of this method is to breakdown manufacturing activities into all incurred costs. 

Activity Based Costing (ABC) models have proven successful and range in complexity from 

simple first order models [29] to complex frameworks involving the theory of constraints 

philosophy [30] . ABC methods assume that a component consumes activities throughout its 

production [31]. This differs from traditional methods by tracing the intricacies within the 

process as shown in Figure 2-3. These costs involve direct costs (material and labour) and 

indirect costs (engineering, initial investments and overheads) . This is useful for model 

construction as it allows a clear visualisation of the cost origins. This therefore identifies the 

key production drivers in a process and allows a substantial reduction of computational 

power by disregarding non-key drivers. However, a large degree of initial knowledge is 

required to build the model to identify these key drivers. 
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Figure 2-3 Differences between traditional and activity based costing methods 

Reeve [32] published literature identifying the need for cost management tools within 

continuous production processes. In this work it was identified that many of the current 
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studies focused on detail design and component assembly scenarios. This research stated 

that the popular Activity Based Costing (ABC) methodology was not suitable for continuous 

production processes. Contrary to Reeve's findings, Brierley [33] and Omiri [34] concluded 

that research does not support the idea of a difference in product costing practices 

between the two environments in industry. Brierley's research is backed by an industrial 

questionnaire supported by UK manufacturers. It discovered that 46.3% and 49.1% of 

discrete and continuous production facilities respectively, estimate costs using production 

department overhead rates. This identification of a dependence on a fixed overhead rate 

highlights the need for a better understanding of overhead cost in both detailed design 

components and continuously produced product. Therefore, facilities production overhead 

costs require further investigation. 

2.1.3 Costing Models in Use 

A method already in practice at Rolls Royce using part definition [35] and complexity [36] 

has been attempted within industry to reduce current cost estimation time. This method 

has proven accurate for Rolls Royce however, it is solely dependent on the accuracy of 

regressed data . Although accurate, this data will soon be made redundant by newer, more 

efficient production techniques, highlighting the need for a multi-production process 

framework within this project. 

Rahman and Sarker [37] have investigated the supply chain and procurement department 

to develop a costing model for the pre-processing of raw materials, which enter the supply 

chain from different sources. In the manufacture of composite materials, namely prepreg, 

this is a common occurrence. The report focuses on two raw materials entering the supply 

chain, one that requires pre-processing in the facility before the assembly operation (Resin) 

and one that fed directly into the assembly line (Fibre) . They have developed non-linear 

cost functions that incorporate all aspects of the supply chain. This complex nature of 

supply chain integration provides a requirement for full supply chain visibility within the 

project framework. 
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2.1.4 Assembly Costing 

The assembly of both composite and metallic components is labour intensive and typically 

costly. Techniques to reduce these costs include moving assembly operations to lower 

labour rate countries . However, identified by Cinquin [45], the use of composite materials 

customisation properties, integrating parts and removing the need for assembly achieves a 

similar success rate . This multi solution ideology is evident within cost engineering; 

therefore, this project requires impact assessment tools to avoid the relocation of 

manufacturing costs when performing cost comparisons between production processes. 

The development of time estimating models for advanced composite manufacturing 

processes is outlined in the report by Stackton et al [38]. In this report, time estimating 

models are investigated for composite manufacture. It discusses the models being 

developed for both part manufacture and assembly. This article however only considers 

automated tape layup process highlighting the emphasis on process or component specific 

models. 

2.1.5 Composite Cost Reduction 

Procured composite materials have not been significantly investigated within the literature, 

as the main tool available is negotiation on the part of the customer. Watson [120] has 

identified that product value is created through (a) innovation and growth (b) value chain 

optimisation (c) advanced cost management and (d) risk management. Greatest cost 

savings however, can be made through advanced cost management providing additional 

cost information ahead of sourcing activities [121] . This area has been further researched 

by Gilmore [123] tracking cost or manufacturing time throughout the early product 

development process using an improved manufacturing estimation approach. However, 

both these studies are considering metallic aerospace details and therefore overriding 

emphasis is placed on manufacturing time, as it is considered the key cost driver. Within 
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this study, the focus is on composite aerospace components and it has been shown that 

cost is allocated differently across a manufacturing, material, and treatments breakdown. 

Therefore, driver identification for advanced cost management within composite 

component supply chains will require a different approach. 

It is shown in section 2.4 that the composite fabrication process is a series of small labour 

commitments that accumulate to form an expensive process. Removing cost from 

fabrication process is achieved by optimising process steps, implementation of lean 

practices or reducing labour rates. Within the aerospace industry, the task of reducing raw 

material cost following a signed contract is generally to reduce the amount of material 

within the structure hence benefiting in an overall reduction of aircraft weight. 

Costing with respect to composite raw materials is a novel subject. The majority of research 

in this area is focused on preparation of the fibres and the main driver appears to be 

specific precursors used. The focus on PAN based precursor fibres for the aerospace 

industry is evident. Within this group there is huge variation in the final quality of the fibre, 

determined by the precursor quality and the control measure specifics during the 

polymerisation and spinning processes. Precursor costs in literature have not been 

modelled but merely stated as industry standard rates [[39]-[43]]. Other composite raw 

materials such as honeycomb cores, resins and lightning strike protection mesh have been 

addressed in similar detail. 
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Another method for reducing cost of composite materials is the use of alternative lower 

cost materials to achieve similar component properties. From an article in Reinforced 

Plastics [44] the product manager of Hexcel discusses their strategy to make composite 

materials more cost effective. He identifies that material savings can be made by: 

• Using lower cost materials. 

• Reducing wastage in production. 

• Optimising part design to use less material and take advantage of composite 

properties. 

• Material standardisation, saving industry costly certification and qualification 

processes. 

The article goes on to cover Hexcel's new materials and the advantages over the 

competition but many of its suggestions for composite component cost reduction are, by 

now, standard practice within the aerospace industry. With reference to the lower cost 

composite material this is a result of "tweaking" the production process to gain higher 

performance from existing fibres . On the other hand resin matrices have advanced rapidly 

in the last 10 years moving from 2nd generation toughened epoxies to polyurethane-based 

liquid polymer epoxies, providing exceptional properties while reducing cost through the 

use of low cost filler materials. 

Cinquin [45] published a journal paper on composite structural cost reduction focusing on 

the raw materials. This paper centres on two main areas - less expensive materials and 

materials designed for less expensive processes. He identifies, as previously, that the price 

of carbon prepreg is driven by the cost of carbon fibre. A common method to reduce this 

cost is to increase the number of filaments in the tows. Cinquin also highlights the 

possibilities in using organic fibres in composite materials however, the author feels that 

these materials are not ready to be used as aerospace structural materials due to the 

naturally occurring inconsistencies found within nature. Cinquin concludes that although 

minor reductions in material costs can be achieved using cheaper materials, the material 
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manufactures still determine the selling price. This presents the need for full price 

visualisation within this project, rather than engineering production costs. 

Within literature, carbon fibre pre-processing has been optimised and refinement of 

current processes has been studied. Cost models however for these refining processes 

receive minimal attention. A possible explanation for this is that process intellectual 

property determines the value of these fibres, with specific volumes, additives and 

temperatures remaining trade secrets. The real value therefore comes from the material's 

guarded chemical composition, which is unique to every fibre manufacturer. Costing 

exercises are therefore required for the precursor production process. Using PAN precursor 

as an example, there are seven manufacturers worldwide capable of aerospace grade 

precursor fibres, 3 in the United States and the remaining 4 in Japan [46]. Each of these 

manufacturers has its own unique formula, which is guarded to stop proliferation and 

protect market share. The process is not commonly publicised in literature and the specifics 

are most certainly not divulged. This therefore demonstrates the requirement for a generic 

pan fibre production analytical cost framework, incorporating variation in production 

processes. Using information available for comparable non-aerospace grade materials 

would allow the generation of a generic framework without specific material input detail. 

2.2 Component Cost Model Summary 

An in-depth literature review has been conducted into costing methodologies suitable for 

composite components. The detailed study is summarised in Table 2-1. From the table it 

appears analogous costing methods are the best all-rounder with a compromise between 

detail gained in bottom-up costing and general application of parametric methods. The 

over reliance on historic data of these three methods is apparent. Within this project, 

access to required data may not be available and therefore a more analytical approach is 

required . 
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Feature and complexity based models are capable of providing high-level estimates in early 

design stages allowing visualisation of design consequence. However, these two modelling 

techniques are generally less accurate than detailed bottom-up or activity based 

approaches. KBE and ABC have both proven to provide accurate results, however KBE 

requires a greater level of process knowledge and is generally less efficient . Despite this, it 

is commonly used in industry and has proven accurate when used by an experienced 

estimator. For this reason, analysis will now be carried out to investigate traditional 

industrial cost estimating methods to provide a cost breakdown for a typical aerospace 

composite component. 

Cost models are used to evaluate alternative trade-offs in design, applicable manufacturing 

processes, understanding feature impacts and material selections. Many cost modelling 

techniques have limited accuracy or application within industry, dictated by component 

consideration and study scope. However, the foundations for these techniques are solid, 

and can be applied to a small, limited number of components or processes. The narrow 

application spectrum of an individual model justifies the industry's dependency on skilled 

cost estimating specialists. In general, the models reviewed will prove difficult to 

implement to processes within the scope of this project where little information is known 

about process specifics. 
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Methodology 

Regression Analysis/ Analogy 

Parametric Models 

Knowledge Based Estimating 

Bottom Up Costing 

Complexity Models 

Feature Based 

Activity Based Costing 

Advantages 

Cause and effect understood 
Slightly easier to apply than bottom up approach 

Easy to Implement 
Can be used by non-technical experts 
Uncertainty of forecast can be calculated 
Allows scope for quantification of risk 

Data mining can be completed by software 
Closely linked to industrial practice 

Cause and effect understood 
Provides very detailed estimate 

Can be applied at a high level 
Estimations can be made early in the design stages 
Gives immediate effect of design on cost 

Can be performed at very early stage of design 
Easily integrated within CAD software 
Dynamic within design 

Proven to be very accurate 
Provides clear breakdown of impact of activities 
Reduced demand for large data bases 
Can be used with relatively little user knowledge 

Disadvantages 

Appropriate baseline must exist 
Substantial, detailed data is required 
Requires expert knowledge to use 

Difficult to develop 
Factors may be associative but not causative (i.e. lack of direct 
cause-and-effect relationships) 
Extrapolation of existing data to forecast the future, neglects 
radical technological changes 

Very labour intensive 
Slow and inefficient due to requirement on many different 
sources 
Requires constant knowledge input from user 

Difficult to develop and implement 
Substantial, detailed expert data is required 
Requires expert knowledge to use 

Guidelines can be interpreted differently 
Accurate only for specific sets of components 

Requires high level processing plan 
Up-to-date database is required for current capabilities 

Requires a large degree of initial heuristic process knowledge 
Can be time consuming if all activities are to be costed 
May provide too much detail for high level costing 

Table 2-1 Overview of common cost estimating techniques 
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2.3 Industrial Practice 

It is important at this stage to distinguish between the breakdown of recurring and non

recurring costs as described in some costing models. Recurring costs are expected to be 

incurred in a repeating fashion, whereas nonrecurring costs are expected to be incurred 

only once or at certain intervals within a production timeframe. Watson et al identified that 

typically within the aerospace manufacturing industry, production unit costs may be 

divided into three main components; manufacturing, material and treatment costs 

(Equation 2-1 [122]). A brief description of this breakdown is as shown in Table 2-2. 

Equation 2-1 

I Unit cost = I Manufacturing Cost + I Material Cost + I Treatment Cost 

This type of breakdown studies the recurring costs associated with manufacture; however, 

non-recurring overhead costs are combined to form a wrap rate. This factor is used to scale 

the labour time in the manufacturing cost estimate presenting a common issue with 

current estimating processes. 

Table 2-2 Industrial cost breakdown terminology 

Breakdown 

Manufacturing Costs 

Material Cost 

Treatment Costs 

Description 

The labour constituent required to manufacture the 

component (in hours) In traditional costing methodologies this 

is factored by the company overhead wrap rate 

The price for the raw materials required for the manufacture 

of the studied component 

The estimated cost of treatments applied to the component 

after manufacture (set as a percentage of total cost) 
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2.3.1 Recurring Costs 

2.3.1.1 Manufacturing Costs 

An hourly rate (determined by an overhead wrap rate) is applied to manufacturing time 

spent on a product to determine labour costs. The hourly rate is a reflection of activities 

associated with the greater manufacturing facility outside the main production line. In its 

simplest form this can be broken down into 2 distinct categories, direct and indirect labour. 

Direct Labour 

Direct labour refers to the labour time directly associated with the manufacture of a 

component. Rates will vary between operations (Iayup, machining, assembly, quality, etc.) 

however these can be accounted for using an appropriate scaling factor. In composite layup 

operations, semi-skilled labourers are typically used. The differentiation between the 

labourer's skill grades can be determined using Table 2-3 which shows a typical relative 

measure of cost for labour operations. 

Table 2-3 Normalised comparison of wage rates based on operator skill level 

Skill level Grade Normalised labour rate 

Skilled Grade 1 100% 

Skilled Grade 2 90% 

Skilled Grade 3 80% 

Semi-Skilled Grade 1 70% 

Semi-Skilled Grade 2 65% 

Unskilled Grade 1 60% 
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Indirect Labour 

The indirect labour is the additional supporting labour that occurs outside the production 

line to ensure a continual operation of the facility . This rate will be highly dependent on the 

type of manufacturing facility and sensitive to many company direction decisions such as 

research and development commitment, engineering support, or dependency on IT. In 

common cases, this is usually defined as a ratio to the direct labour resources. 

The ratio factor can be estimated using generic breakdowns of aerospace production 

facilities. Salaries are defined in this case as expenses associated with employing a labour 

force and therefore include such costs as national insurance, pensions, etc. An example of 

typical expenses breakdown can be seen in Figure 2-4. 

• Total Direct Salaries 

• Total Indirect Salaries 

Fringe Benefits 

• Overheads 

• Other 

Figure 2-4 Example breakdown of general manufacturing facility expenditure 
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2.3.1.2 Wrap Rate 

As mentioned previously, industry typically applies a standardised wrap rate(R wrap) to all 

labour hours used within cost estimates. The commonly accepted industrial process of full/ 

absorption costing is used to generate an overhead wrap rate to calculate manufacturing 

costs. This overhead wrap rate is decided based upon company expenditure, C contro llable and 

total labour hours, T direct labour (Equation 2-2) . 

Equation 2-2 

R = L~l Ccont ro lable i 
w r ap ~ T 

L.. d ir ect labour 

Figure 2-5 shows the breakdown of the overhead wrap rate for a typical aerospace 

component production facility . It can be seen that salary costs plus employee related 

expenses accounts for almost 75% of this wrap rate. In Figure 2-5 this salary contribution 

consists of both direct (manufacturing) and indirect (management, engineering etc.) labour 

costs . IT, company runn ing costs and other miscellaneous expenses represent a small 

portion of the wrap rate . 

• Salaries 

• Plant Operations 

• Employee related expenses 

• Company Running Costs 

• IT Expenses 

• Other 

Figure 2-5 Example wrap rate decomposition for general manufacturing facility 
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2.3.1.3 Material Cost 

The cost of materials used in traditional cost estimation is generally based on existing 

contract pricing where material commonality between programs is promoted. The prices 

are usually lower than published or advertised material prices due to large purchase 

volumes and long-term contracts. For new materials, vendor quotations or scaling of 

existing material prices can be used in early design stages. 

The quantity of material used for an aerospace component is calculated using a buy-to-fly 

ratio, providing a representation of production yield. This ratio is process dependant and up 

to an additional 80% of material can be required depending on material utilisation defined 

within the design . The buy to fly ratio is given in Equation 2-3 where m Component is the mass 

of the finished component and e Utilisotion is percentage material utilisation. 

Equation 2-3 

mComponent 
Buy: Fly = : mComponent 

eUtilisation 

2.3.1.4 Treatment Costs 

Treatment costs are generally applied during the cost estimation of metallic details where 

additional material properties are specified . Typically, this is applied as a percentage of the 

total cost and lies in the region of 10-25%. For composite structure, post-processing 

operations are much less common. The treatment cost will consist of manual edge sealing 

and painting operations, implying this additional treatment cost will lie in the lower end of 

the quoted range. 
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2.3.2 Non-Recurring Costs 

2.3.2.1 Equipment 

Manufacturing equipment associated with a component production is generally a large 

initial investment that is paid back over time . This contribution to a component's non

recurring cost is accounted for within the facility wrap rate . 

Several additional costs are associated with manufacturing equipment. These costs include 

additional equipment to aid the operation of the primary manufacturing machine. In most 

cases, this is cabling, piping or computer control modules that can total as much as 70% of 

the base equipment cost. The largest additional cost of procuring equipment is generally 

the in situ installation and tailoring to environment conditions. Finally, to maintain desired 

process yield, specialist maintenance contracts are put in place and considered as an 

additional necessary cost to the main equipment. 

2.3.2.1.1 Equipment Amortisation 

Amortisation describes the process of repaying a cost over t ime. This is dependent on the 

equipment, for example if a piece of machinery requ ires replacement every 18 months, 

then it is not practical to amortise its purchase cost over 6 years. The cost of this 

replacement should be included in the capital costs and repeated for the longest 

amortisation period in the capital consideration. 
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2.3.2.1.2 Return on Investment Period 

Prior to acquisition of new infrastructure, a proposal of the expected payback period is 

submitted for accounting purposes. This payback period or Return On Investment (ROI) 

period is the length of operational time before the initial cost of the equipment is fully 

repaid. Equation 2-4 describes the calculation of return on investment periods, TROI with 

initial capital cost, ( infrastructure, and amortisation period Tamortisation. (contribution is the 

contribution from each component produced within the amortisation period. It can be seen 

that the ROI period can be specified initially, defining the proportion of individual 

component contribution to pay back the initial capital expenditure. 

Equation 2-4 

Tamortisation X I Ccontribution TR01 = ----~--~------~~~~ 
Cinfrastructure 

2.3.2.1.3 Estimate at Completion 

Estimation at completion (EAC) evaluation is a rolling cost estimate that is evaluated as a 

component progresses through design and manufacture. It is a summation of the total cost 

incurred over component design and production, generalised in Equation 2-5 [108]. EAC's 

are generally compared against generated revenue assessing initially specified target costs. 

Ideally, the EA( is less than the generated revenue to remain profitable. (actual, describes 

the cumulative cost of work performed, Bcompletion , is the budget at project completion and 

Bwork performed budgeted cost performed. 

Equation 2-5 

EAC = [f C .] + [(BcomPletion + [If=l Bwork performed d)] 
L actual L Index 
i=l 
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2.3.3 Facility Running Costs 

2.3.3.1 Recurring Capital/ Operating Capital 

This section describes the production costs which are considered as a non-recurring costs 

within the company overhead however, have a continuous presence over the operational 

lifecycle of the production facility. For this reason, they are calculated on an annual basis 

rather than over the life cycle of the equipment or program production. These costs include 

tax, insurance, rent etc. The tax burden is taken as a property tax (all equipment and 

installation) plus taxation on revenues. Therefore, the taxation cost is applied to both 

recurring and non-recurring costs. 

2.3.3.2 Energy 

Energy costs are typically accounted for within the overall total manufacturing operations 

therefore, are included in the non-recurring overhead . It is difficult to define the energy 

demands for a particular stage of a components production. In modern manufacturing 

facilities, energy demands can be simplified into two categories, gas and electricity. The 

source of many additional energy demands within the manufacturing process can be traced 

back to a load on one of these two energy sources. For example, the inert gas used by the 

autoclave is produced in nitrogen silos. These silos are typically driven by electric 

generators. 
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2.4 Industrial Trade Study 

Traditional cost breakdown of composite components 

2.4.1 Example Cost Breakdown 

For a typical aerospace composite component, a breakdown study is undertaken to identify 

the component cost drivers. Production of a basic component using a traditional hand layup 

production process is analysed . Using information made available in section 2.3 and 

discussions with a strategic material producer, manufacturing costs are described in the 

common material, manufacturing and treatment structure used within the aerospace 

manufacturing industry. 

The results of this high-level component breakdown are presented in Figure 2-6. It can be 

seen that for a basic composite component, the majority of cost is associated with the 

procured composite materials (53%). Manufacturing costs (43%) represent the majority of 

the remaining cost with a small portion of treatment costs (4%) . The following sections will 

present the deta il w ith in th is component estimation. 

4% 
• Manufacture 

• Material 

• Treat 

Figure 2-6 Composite Carbon Fibre Panel -Cost breakdown using traditional costing method 
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2.4.1.1 Material Cost 

A detailed breakdown of material cost is presented in Figure 2-7. It can be seen that the 

cost of carbon fibre prepreg in the component controls over 67% of the material costs or 

36% of the total component cost. The second and third largest factors are a lightning strike 

protection foil and a honeycomb core making up a further 23% of material costs. The 

remaining 10% of material costs are associated with a very small amount of glass cloth, 

adhesive and miscellaneous materials (paints, sealants, etc.). 

• Glass Cloth 

• M iscellaneous 

• Adhesive 

• Honeycomb 

• Lightning Strike Protection 

• Carbon Fiber Prepreg 

Figure 2-7 Composite Carbon Fibre Panel-material cost detail 

Through discussion with a strategic composite material producer this dominating carbon 

fibre prepreg costs can be broken down yet further. The main driver in this prepreg is the 

woven carbon fabric. In Figure 2-8, woven carbon fibre is classified as 77% of the prepreg 

material cost. Epoxy resin material accounts for the additional 13% of the prepreg costs. 

Through further material producer discussions, this dominating driver can be broken down 

into its constituent production costs and so on until we gain the lowest engineered material 

breakdown, carbon fibre . Figure 2-9 presents the supplied cost breakdown for woven 

carbon fibre production, and subsequently Figure 2-10 for carbon fibre tow production . 
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1% 3% 

• Energy 

• Manufacture 

• Material 

• Capital 

Figure 2-8 Carbon Fibre Prepreg - cost breakdown 

• Material 

• Machine 

• Setup 

• Packaging 

Figure 2-9 Woven Carbon Fibre - cost breakdown 
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Finally, it is possible to see the raw material for carbon fibre filaments. The precursor (in 

this case PAN fibre) dominates the fibre price (Figure 2-10), representing 38% of carbon 

fibre cost. It is however interesting to note the difference in breakdown structure from that 

used at the component production tier. The cost breakdown structure provided differs 

between all material production processes. This identifies a need for a standardised 

breakdown structure, allowing comparison between manufacturing processes and 

identification of key cost drivers within the supply chain. 

• Precursor 

• Production 

• Overhead 

• Energy 

• Maintenance 

Figure 2-10 Carbon Fibre Prepreg - cost breakdown 

2.4.1.2 Manufacturing Cost 

The manufacturing cost is calculated using a common industrial costing technique in which 

time associated with component material layup is factored by a facility wrap rate . As seen 

in Figure 2-11 the manufacturing cost consists of a series of layup elements. It can be seen 

that any of the larger sections arise due to the final bag-up or carbon fibre layup 

operations, which are necessary to produce the component. There are no dominating 

drivers associated with the manufacturing cost of this composite component. 
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• Prepare Kit 

• Peel Ply 

• Tedlar Film 

• Lightning Strike Protection 

5% • Adhesive 

• Honeycomb Core 

• CF Full Plies 

• CF Part Plies 

• GC Part Plies 

• Debulks 

• Apply Bag 

• Final Bagup 

Figure 2-11 Composite Carbon Fibre Panel-manufacturing cost detail 

2.4.1.3 Treatment Costs 

One of the attractions of composite materials is their tailorability to end use environments 

through material selection. Therefore, composite materials require minimal post cure 

processing. The treatment costs for composite cost estimations are generally insignificant 

and commonly applied as a factor of the manufacturing cost and cannot be simplified 

further. 
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2.4.2 Trade Study Summary 

Within this trade study, a basic composite component is analysed for high level cost 

breakdowns. From this, it is established that the key driver at the component production 

level is the composite materials, in particular carbon fibre prepreg. With data made 

available, a breakdown of this key material is produced albeit in a different costing 

structure. From material producer data, costs are established for the lowest level 

engineered material within the manufacturing supply chain, carbon fibre. This data 

provides a representation of how a material producer recognises production costs. It is 

found that the costing structure was different again and still, raw materials are presented 

as a key driver. 

When investigating the second largest driver at the aerospace component production level, 

it is determined that further breakdown of this cost structure cannot be established. To 

obtain more detail on manufacturing costs, investigation of the facility wrap rate, which is 

applied to the manufacturing time, is required. 

Several manufacturing levels at which cost drivers can exist have been identified from the 

sample cost breakdown of a single composite component. If the component cost is divided 

into simplest cost drivers using a traditional costing method it can be seen that the majority 

of the cost drivers exist at manufacturing sub tiers. This example is limited as it assumes all 

composite components conform to this cost structure. In reality, this is not the case and in 

order to obtain a full understanding of cost drivers, further investigation is required into 

additional composite components. 
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2.4.3 Parts Attribute Matrix 

Cost breakdown structures of complex aircraft components will vary significantly from the 

example shown in Figure 2-6. Typically, aerospace assemblies contain additional metallic 

details and are much larger in size. In order to determine relationships between part size, 

material composition and non-recurring costs at varying part complexities it is important to 

use the experience gained in this basic part to expand on the component range. 

A component matrix has been created detailing a series of component characteristics 

within an aerospace manufacturing facility. The matrix contains components with a varying 

range of footprints, mass and complexities. The component attribute matrix can be seen in 

Table 2-4. The analysis carried out in the above trade study is been repeated for the 

components in the matrix to provide a cost breakdown for a wider range of components. 

From this, identification of cost patterns and trends associated with component 

characteristics can be determined. 
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Table 2-4 Parts attribute matrix 

Component Material Description Footprint Weight Structure Complexity· 
(m2) (kg) 

1 Carbon Flat panel with 0.59 2.2 Tertiary 1 
Fibre HIC core 

2 Carbon Underbelly fairing 2.92 6.5 Secondary 3 
Fibre with access 

panels and metal 
details 

3 Carbon Double curvature 3.09 8.6 Secondary 2 
Fibre underbelly fairing 

with metal details 

4 Carbon Composite 5.95 49.6 Primary 4 
Fibre Rudder 

5 Carbon Composite 6.66 40.5 Primary 4 
Fibre Elevator 

• Complexity 

0- Very Low- Small simple flat surfaces of constant thickness, with straight edges e.g., 

panels without build ups or the need to lay material over cores. 

1- Low - Small flat surface with irregular or curved edges or panels or surfaces including a 

few simple build ups or cores. 

2- Nominal- Medium curved sUrface with single plane of curvature. Irregular sUrfaces e.g., 

panels or sUrfaces requiring the layup of a few camplex build ups or cares. 

3- High - Medium curved surface with mUltiple plane of curvature. Flat irregular parts with 

varying thickness and parts that include many build ups and cores. 

4- Very High- Large curved sUrface with multiple plane of curvature e.g., wing skins. Flat 

irregular parts with varying thickness. Parts that include many build ups, cores and are 

assembled to prefabricated external members. 

5- Extra High- Large parts that incorporate prefabricated external structural members that 

are co-cured with the part. Parts that include multiple build ups and cores. 
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Table 2-5 summarises the cost breakdown of the five components identified. Results show 

that for all components studied the key driver at the component production tier is the 

composite materials used in their manufacture. This implies that key cost drivers are 

located deeper within the manufacturing supply chain and that the greatest potential for 

lean cost savings is in fact located within one of these lower manufacturing tiers. This poses 

the problem that the standard costing model frameworks are not tailored to identify the 

costs within a non-discrete production process where specific manufacturing data is 

unknown. 

Table 2-5 Industrial Trade Study - overview of cost breakdown for parts attribute matrix components 

Ranked Position Driver Weighting 

1st Materials 52% -80% 

2nd Manufacturing 18% -43% 

3rd Treatments 2%-4% 

From published literature, it is clear that carbon fibre is the future of aerospace design with 

production of glass fibre steadily falling and carbon fibre rising [47]. This therefore is a good 

indicator to look deeper into this high value fibre. From the exemplar exercise in section 2.4 

it can be seen that the precursor material controls a large proportion of the carbon fibre 

production costs. In many of the composite material production processes, continuous or 

large batch production is performed . Many of the models identified in section 2.1, struggle 

to represent these continuous production processes, instead focusing on discrete 

component costs. Within this research, there is therefore a requirement for a review of 

continuous production costing approaches. 
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2.5 Continuous Production Costing 

Trade study 2.4 coupled with statements made by Reeve [32] and Brierley [33] has 

identified a need for better understanding of costs associated within composite material 

production processes. The methods outlined in section 2.1.1 are limited when distinction 

cannot be made between discrete units in the production process. Within the following 

section, cost estimation methodologies associated with continuous and semi-continuous 

production processes will be examined. 

Cost modelling of continuous processes have been developed mainly around two distinct 

aspects of production costs, initial capital costs and operational costs. The initial capital 

costs of continuous production facilities which produce composite materials dominate 

literature however this is also common practice within industry for assessing initial 

production feasibility . Operational costs of the facility are assessed using accounting 

methods to establish appropriate pricing strategies for the materials being produced. In this 

section an overview of current costing techniques for both aspects of a facility's costs are 

investigated, identifying benefits, drawbacks and applications of available methods. 
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2.5.1 Initial Capital Cost Estimation Techniques 

2.5.1.1 Capacity Factored Estimation 

Within this method of non-deterministic estimation, evaluation of early process design is 

investigated. It relies on expert knowledge and the ability to appropriately scale actual 

costs of previous similar production facilities with known capacities. This scaling factor is 

derived from the non-linear relationship that exists between production capacity and initial 

capital costs presented in Equation 2-6. 

Equation 2-6 

[
CaPnew]e 

Cnew = Cbase X C 
aPbase 

Where the estimated cost of the new facility, C new is represented by a known facility cost, C 

base with an applied capacity ratio Cap new / Cap base, factored by a proration factor e (derived 

from cost /capacity log curves from known completed production facilities) 

This method is also known as the six-tenths rule, used to scale production facilities. In the 

absence of a known scaling factor a value of e=0.6 is used. Development of proration 

factors is demonstrated by Ellsworth [48] using hydroelectric pumped storage facilities as 

an example but this technique can be openly applied to overall production facilities [49] or 

individual production processes [SO]. Capacity factored estimation techniques have been 

used to develop cost estimations for a wide range of industrial facilities and proven 

successful for process plants and chemical industries. However, more recently, companies 

have been less likely to publish facility cost data and therefore currently available figures 

should be used with caution [102]. If the cost estimation is carried out at an early 

conceptual stage of design, an accuracy of between +50% and -30% can be expected [51] 
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2.5.1.2 Equipment Scaled Estimates 

An equipment scaled method is a non-deterministic application to account for the 

undefined nature of the process description. An equipment scaled estimate provides 

suitable accuracy for production feasibility studies. The method is founded on assumptions 

that the process equipment is suitably defined to allow equipment scaling factors to be 

applied. The method uses relationships between the cost of production equipment and 

supporting process structure and utilities. In this method each piece of equipment is 

identified and the associated cost is estimated. The key is to guarantee a complete 

equipment list, is the use of process flow diagrams. This method is best suited for processes 

where specific process conditions are well defined. Expert knowledge is required for the 

adjustment of equipment data to specific processes. 

The method uses cost scaling factors to estimate the inflation of equipment prices with 

time . These indices are used to normalise capital equipment price data to the correct time 

of estimation. Additional equipment that has not been used in the baseline plant must be 

added manually using best guess estimates. This method provides a rapid means of 

estimating initial capital costs for production. However, estimation accuracy is limited by 

the level of definition in process equipment and subjective judgement of scaling factors 

used. 

Equation 2-7 

[
CaPnew]n 

Cnew = Cbase X C 
aPbase 

Equation 2-7 presents the calculation of new equipment costs, C new where C base is the 

known equipment costs with Cap new / Cap base representing size or capability ratio of 

desired and known equipment respectively. n is the scaling exponent. Accurate scaling 

factor data is available for various production equipment [52][53]. 
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As with many continuous production processes the output capacity cannot be guaranteed 

however the equipment is scaled for 100% operating capacity. Within this project, a 

facility's total production output will be estimated. Scaling all equipment to meet this total 

production output assuming equipment is at 100% operating capacity, will allow selection 

of the most applicable equipment costs. 

Equipment scaled cost estimates have been used successfully to show how capital cost 

effectiveness is used to evaluate an emission requirement based on Best Available 

Technology (BAT) [54]. This estimation method can provide an estimation accuracy of 

between -25%/+30% [55] if process specifications are well enough defined. This accuracy 

depends upon the level of process definition and applicable scaling factors being available. 

2.5.1.3 Parametric Cost Estimation 

As defined in section 2.1.1.2, parametric cost estimation techniques are useful when little 

technical data is known about the process. It is suitable for providing a basis on which more 

detailed cost estimation techniques can be applied . In continuous production processes, 

mathematical algorithms are generated using cost drivers defined by cost data collected 

from previous studies and applying regressed best fit curves to selected design parameters 

(key cost drivers). However, within this project such data is not available hence, an 

identified aim to provide a better understanding of these material production cost drivers. 
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2.5.1.4 Detailed Cost Estimation 

Detailed cost estimation methods provide the greatest level of confidence in accuracy (+/-

5%) (102), however are very labour intensive. They quantitatively analyse every aspect of 

the process and use the most realistic unit price data. Accuracy of this estimation method 

relies heavily on production process definition being complete. A large proportion of 

engineering support and estimation time are required to gather data. 

This method is typically only applied at the final stages of project development and 

generally used to support cost control during initial material production. For this reason 

data used generally consists of supplier quotations and current labour times from project 

schedule information. The large involvement from engineering in quantifying process 

components ensures all quantities are accounted for. Any variation in equipment 

specifications at this stage can result in large differences in pricing and therefore lead to 

inaccuracies within the estimate . At this stage correction in labour hours must be adjusted 

for workforce productivity. 

Wilburn [56) identifies the required level of detail from information in the study of 

continuous pharmaceutical production processes. It is shown that the effort required is not 

reflected in the non-deterministic results. A detailed estimation method is desirable 

however, the level of engineering support and labour intensity in creating the estimate 

outweigh the benefits in estimate accuracy [57). A detailed cost estimation method is not 

applicable for generic material production processes considered in this study and therefore 

will not be used. 
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2.5.2 Operating Cost Estimating Techniques - Accounting Practices 

2.5.2.1 Target Costing 

Target costing is a multi-disciplinary approach that attempts to assess costs at the earliest 

design stages. Target costing works in reverse firstly establishing "targets" for market 

selling price, volume of production and profit from which an acceptable production cost is 

derived. Cost analysis is carried out to determine an actual cost using alternative methods 

and develop plans for cost reduction required to achieve targeted cost. This method is used 

at early stages of design typically, to produce a feasibility decision for introducing a 

product. This method commits small costs towards cost estimation labour and financial 

decisions to dictate production requirements. On reflection of target costing 

methodologies, using accounting practices to determine production costs, the author feels 

this is not an advisable engineering approach in process cost driver identification. 

2.5.2.2 Variable/Direct/Marginal Costing 

Variable costing approaches use production costs that vary with facility output as costs 

incurred by a product (direct materials, direct labour and the variable portion of 

manufacturing overhead) . Fixed overhead costs are treated as a revenue costs for a set 

period, which at period end must be fully repaid . Consequently, the cost of one unit of 

material in inventory or cost of goods sold under this method does not contain any fixed 

overhead cost. This fixed overhead is deducted from revenue each period therefore 

introducing the possibility of negative operating profit. For this reason, variable costing is 

rarely used in manufacturing facilities. With relation to this project, variable costing does 

not permit realistic amortisation of capital spend . 
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2.5.2.3 Full/Absorption Costing 

Absorption costing treats all the production costs as a part of the product cost, regardless 

whether they are variable or fixed. The cost of one unit of material consists of a 

contribution from the direct materials, the direct labour time and all overhead costs. 

Absorption costing allocates a portion of the fixed total manufacturing overhead cost to 

each unit of product produced. The ability to allocate a selected quantity of overhead costs 

to individual units of material allows definition of amortisation periods. This therefore will 

be considered as a possible costing approach within this project. 

2.5.3 Operating Cost Estimating Techniques - Process Models 

2.5.3.1 Production Costing Model 

Production costing methods are designed to apply simplifying assumptions to more 

complex production processes, ignoring certain limiting constraints. These models typically 

use average production demands on equipment to estimate total production demand cost. 

They are typically used to calculate the minimum cost required to meet a given output 

demand. 
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Deterministic production cost models make certain assumptions that the facility production 

is constant and no contingency plans are in place. Probabilistic production cost models are 

used to estimate costs in long to medium periods, typically assessing simulations where 

production rates are not constant over time. This method is generally applied to power 

generation costs where the required loads cannot be precisely determined but are known 

to vary. Perez-Ruiz presents a probabilistic costing model [58] extended from the general 

method put forward by Bloom et al. [59]. In this investigation, multi-period probabilities 

demonstrate accurate results with reduced computational requirements. As previously 

defined in section 2.5.1.2 equipment will be scaled to 100% of capacity therefore, 

production rates will remain fixed. 

2.5.3.2 Process Costing 

Process costing methods are used to analyse production processes where the continuously 

produced product is homogenous and produced over long cycles, typically an individual unit 

cannot be identified at any point in the process; due to their insignificance in quantity and 

value. In this method, costs are contributed from departments that perform work on the 

final material. In process costing the contributions of labour, material and overhead are 

taken into consideration. It is assumed that a cost incurred by a department is identical to 

all previous and future units of the product [60] . This results in an average cost of each 

department being applied to a unit of product. 

The use of process cost models has been demonstrated to produce accurate estimations of 

costs for construction [61], using an approach previously proposed by Aoieong et al. [62] 

this work provides a detailed breakdown of process cost estimating procedures. Process 

costing is used for continuous production processes while incorporating overhead costs 

within the product price. This therefore is ideally suited to the production processes 

considered within this project. 
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2.5.3.3 Operation Costing 

Operation costing lies between the previously discussed process costing methodology and a 

costing method used for discrete components. Operation costing is used in situations 

where products have some common as well as individual characteristics. Individual costs 

are charged to a batch where common costs are accounted for in a global framework. This 

method is concerned more with operational costs rather than the total production costs. 

For this reason, operation costing will not be considered for use within this project. 

2.5.4 Continuous Production Costing Summary 

Many of the studied initial capital costing methods do not provide the level of detail nor 

accuracy required for identification of key cost drivers without sufficient historical data. 

Those wh ich do, are highly labour intensive and designed for final project justification. 

However, aspects of the scaling factor methodology may be carried forward for use when 

information required is not openly available . Parametric models propose a useful technique 

for sensitivity and risk analysis however the effort required for initial framework 

development would not be feasible within the defined project scope for an entire 

manufacturing supply cha in. Furthermore, the production processes considered are based 

on proprietary manufacturing process specifics and therefore generation of the data 

required for a generic model would not be possible . 
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Within an engineering study of production costs, it is advisable to refrain from using target 

accounting practices to generate production costs as these are defined by accounting 

targets and not actual incurred costs. The summation of expenses within an overhead rate 

and limited quantification of individual processing costs are not applicable for key driver 

identification. Production costing techniques using process models provides the greatest 

resemblance to the identified project aims. The simplification of complex processes with 

pre-existing deterministic and stochastic production cost models is appealing however, it is 

believed that process cost models are better tailored to represent continuous production 

processes. 

A summary of the continuous production costing techniques outlined above can be found 

in Table 2-6. From the review it has been identified that a process costing approach is best 

suited to the analysis of composite supply chain processing, understanding production costs 

associated with continuous production processes. It provides an easily implementable 

framework in which material production cost and pricing strategies can be implemented . 

However a further process by which production cost drivers are identified is required. The 

following section will provide a review of the considered methods. 

49 



Methodology 

Capacity facto red costing 

Equipment scaled costing 
'" ...-
'" 0 
u 

tii 
Parametric costing ...-

0.. 
It! 

U 

Detailed costing 

Target costing 

Variable/direct/marginal 
costing 

VI ..... 
VI 

Fullj absorption costing 0 
u 
00 
c: 
:;:; 
It! .... 
<lI Production costing a. 
0 

Process costing 

Operation costing 

Table 2-6 Overview of continuous production costing techniques 

Advantages 

Easily Implemented 
Applied early design stages 

Process or project specific 
More defined process 
Published scaling factors 
Estimated rapidly 

Easily Implemented 
Does not require technical knowledge to use 
Quantification of associated risks 
Provides detailed estimate 
High degree of accuracy 
Uses process specific data 
Multi-disciplinary approach 
Applied in early design stages 
Ensure facility is profitable 
Reflective of changing demands 
Identifies variable costs 
Shows profit after expenses 
Commonly used to display costs in income statements 
Shows less fluctuation with production scales 
Recognises individual overhead costs 
Simplify complex systems 
Deterministic and stochastic models already available 
Best suited for continuous production systems 
Easily implemented 
captures production variation 
Hybrid continuous/discrete costing process 

Disadvantages 

Low level of accuracy 
Requires known cost of similar process 

Requires expert knowledge in equipment 

Does not factor additional construction operations 
low accuracy 
Difficult to develop 
Factors may lack direct cause and effect relationships 

Labour intensive generation 
Requires expert knowledge 
Difficult to implement at early stages 
Accountants define production target 
requires knowledge in multiple departments 

Overhead expenses considered as single unit 
Shows full payment for overhead in one accounting period 

Not useful for managerial directions 
profits for separate cost volumes not recognised 

Does not identify changes in production scales 
Simplifying assumptions can hide key driver 

costs do not represent work in progress at end of accounting period 

Focuses on individual operations 
Overlooks facility running costs 

50 



2.6 Process Flow Modelling 

2.6.1 Detailed Process flow Modelling 

Poggiali [63] published a master's thesis outlining a cost model for prepreg and hand layup 

production. Following the framework guidelines, a sensitivity analysis for the model 

responses to variations in inputs was performed to identify the key drivers. Poggiali 

identifies the problems associated with lib lack box" style automated costing models, where 

intricacies in the calculation are hidden from the user and therefore tries to develop a 

transparent interactive model. Poggiali also states that models based on regression data 

models are not as useful where new technologies are being implemented. Future work has 

been recognised in linking fibre production, prepreg production and part fabrication to 

allow for a full driver breakdown for composite production. 

The following year MIT published a thesis by Goss [64]. This thesis presents an extensive 

cost model for the production of reinforcement fibres by many production processes. In 

this thesis Goss uses a process costing approach to evaluate the cost incurrence's at each 

stage using the same methodology initially set out by Poggiali. This cost is clearly broken 

down into its constituent components in the framework of the model allowing clear 

visualisation of all cost drivers and identification of significant cost incursion. 

Goss also identifies the need for connection to further production models to allow for a 

better understanding of the impact of changing variables on the global manufacturing 

supply chain . Following the same approach as Goss and seeking further back along the fibre 

production process would enable a total breakdown of the drivers for the key component 

of composite materials. Goss however assumes that the overcapacity of carbon fibre 

suppliers worldwide will consequently lower the price of fibres due to increased 

competition . As demonstrated in section 1.2 this is incorrect within aerospace. 
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2.6.2 Mass and Energy Balance 

The basic principle of mass and energy balance is that, if a process is operating steadily, the 

mass leaving the process is equal to the mass entering the process. Similarly, the energy 

used in production plus waste energy is equal to the energy being consumed. These 

balances are dependent on the assumption of steady operation; therefore, there is no 

accumulation of mass and energy within the production process [65] . 

In the " National Certificate Examination for Energy Managers and Energy Auditors" 

guidebook [67] an overview of the energy mass method is described. The literature 

highl ights the importance of understanding this balance in order to eliminate energy 

inefficiencies within a production process. Mass an energy (or mass and heat) balances are 

typ ically used to assess production or equipment efficiencies. Using this method it is 

possible to complete a Sankey Diagram an example of which is shown in Figure 2-12 [66] . 

These diagrams depict the total mass and energy inputs and outputs for the process. Using 

information known about the process outputs the unknown inputs can be calculated . 

Gas turbine power 

Figure 2-12 Sample Sankey diagram - regasification plant 
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Kauffman et al [68] have created an energy assessment protocol for glass furnaces. This 

report details the steps taken to perform a mass energy balance for a glass furnace. 

Although this report provides an excellent breakdown of the procedure; costs associated 

with energy efficiencies are not addressed . 

2.6.3 Energy Models 

Rao et al [69] uses stoichiometry along with an energy and exergy balance analysis to 

describe the gasification process of fuels in counter current fixed-bed gasification, shown in 

Figure 2-13 . The paper concludes that this method can be used to model various fuels in 

the gasification process. This provides a demonstration of the limitations of specific cost 

models, where materials analysed can vary but only describes a specific production process. 
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Figure 2·13 Pyrolysis Using Fixed-bed Gasification 

Gutowski et al. [70] uses an energy transfer approach to categorise processes. Gutowski 

uses energy and its related property, exergy to describe how a process transforms raw 

material into a useful product with added value. This transfer is presented in Figure 2-14 

where the difference in arrow size is the result of added value. Gutowski describes how 

technology acts as a driver for any processes adding value to raw materials. This is key to 

understanding a supply chain cost structure where material prices are not dictated by 
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production costs but rather by the perceived product value to the customer. Within this 

project capturing this added value is key to simulation interactions between manufacturing 

levels and thus understanding material mark-up is an important modelling requirement. 

This mark-up should align material production costs with material prices therefore allowing 

verification of simulations without direct access to the production process detail. 

!hctrld.ty 

Coal 

Figure 2-14 Cost Creation from Energy Transfer 

Prior to Gutowski' s work, Rosen [71] had developed an EXCEM {exergy -cost - energy -

mass) analysis, wh ich furthe r includes exergy and capital costs. Rosen's work considers the 

cost creation involved to convert an input to a usable output as shown in Figure 2-15. 

Rosen sees the EXCEM model being used to improve efficiencies in processes, which have 

large energy losses. 
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2.6.4 Activity Based Analysis for Production Scheduling 

This method uses a simplified version of the commonly used activity based costing models 

however, it does not directly relate to specific components. Instead, for a continuous 

production process the activity-based analysis interprets the number of labour hours 

required to sustain the continuous process for a set production cycle considering shift 

patterns [74]. This labour is only concerned with labour directly related to production in 

order for it to remain operational. Within this project, labour rates can then be found from 

governmental labour and statistic services for the particular region being studied and 

factored by operator skill ratings as described in section 2.3.1.1. 

2.7 Continuous Production Cost Models Summary 

Process flow models can provide detailed breakdowns of processes being studied, however 

in the demonstrated models a requirement for more complex supply chain interactions is 

identified. The disadvantages of these models include the initial labour intensive effort to 

accurately represent the specific process with a set of production variables. Moreover 

modelling a composite supply chain will generate challenges in the data availability and 

accuracy of published material. 

Mass and energy balance techniques overcome this issue providing an analytical evaluation 

of production drivers rather than referencing industry data . Processes within a composite 

supply chain can typically be classified as large batch or semi-continuous. Mass and energy 

balance techniques provide a standard methodology to analyse these continuous material 

production processes. 
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Energy based models reinforce the fact that within a commercial supply chain material 

prices are not solely a function of production costs. This production cost adds value to the 

material requiring an additional cost and exergy (or energy to reach maximum production 

energy) to achieve this. In the studies presented here, energy based models draw heavily 

on previous process characterisations. This therefore does not provide the analytical 

framework required . 

2.8 Selected Methodology 

The identified process costing methodology coupled with mass and energy balance 

modelling will allow the identification and quantification of a comprehensive set of 

production process cost drivers. This provides an analytical methodology for modelling 

production costs within continuous production processes, where process specifics are not 

fully defined. 

The mass and energy balance technique is a common chemical engineering practice used in 

continuous production facilities to assess efficiencies within production. Herein, the mass 

and energy balance exercise will be carried out as a preliminary step to the costing exercise, 

identifying materials, energy and required infrastructure in a composite material 

production process. Generating a total cost for material production is then completed by 

incorporating labour costs using an activity based analysis method for process scheduling. 

Th is is very much an iterative process requiring verification from material producers, 

existing literature and industrial case studies; however, the aim is to build a generic 

methodology that can be applied to all continuous production processes. 
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In order to complete a true mass and energy balance, full cooperation with the facility is 

required for data measurement and recording purposes. However, due to the sensitivity 

and proprietary nature of the processes considered, only generic information can be used 

to create a high-level simulation with minimal input from material producers. In doing so, 

uncertainty measures must be installed to account for its generic application. Assumptions 

and modifications will be required to assess all manufacturing processes with equal fidelity, 

considering large batch, semi-continuous and discrete production methods as a single 

continuous process. From this, the aim then is to identify and understand cost drivers 

within a composite material supply chain. From this breakdown, drivers can be realised and 

their influence on the final composite component measured. 

2.9 Chapter Summary 

Within this chapter, a set of defined component cost analysis methods have been 

investigated and reviewed, each demonstrating unique advantages and limitations. 

Through an industrial trade study, using a traditional costing methodology, the dominance 

of engineered materials on the aerospace composite component cost is identified. However 

in using this method, limitations of standard component estimating methods within 

continuous material production processes are identified. Summation of overhead costs into 

an appl icable wrap rate is an evident limitation of many of the studied costing techniques 

when driver identification is requ ired . This in itself limits their application to single, well

defined production processes. Stripping out individual costs from a wrap rate is required to 

fully understand production costs rather than discrete component cost. 
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Throughout the literature study it has been evident that many of the existing costing tools 

and techniques are aimed at specific component types or independent production 

processes. Activity based models have commonly been addressed for discrete components 

and assemblies at a high level, merging many of the overhead and background costs 

associated with general facility operations. Continuous production processes as identified 

in Section 2.5 require a different approach to costing. Labour activities become less 

significant at larger throughputs and as the process become more automated. 

The aim of this project is to assess the entire manufacturing supply chain. This therefore 

will require a hybrid modelling technique. This technique should capture both the low-level 

continuous production of the process and the often neglected high-level company 

operational costs . An analytical framework, capable of tracking the cost additions 

throughout the material manufacturing supply chain is required to identify the low level 

costs. Process costing methods were investigated however for many of these techniques, 

large amounts of accurate data is required to generate appropriately accurate estimates. 

Within the scope of this thesis, this previous cost data is not available and therefore a mass 

and energy balance technique coupled with an activity based analysis method for process 

scheduling has been adopted . 
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3 Methodology 

Within this chapter, the development of an analytical framework using a hybrid mass and 

energy balance methodology is outlined. Its application to the cost estimation of 

interconnected continuous and discrete production processes will be described. 

3.1 Method Description 

In section 2.8 a mass and energy balance technique was evaluated and found to be suitable 

for adaptation to analyse the manufacturing supply chain cost drivers associated with 

advanced composite materials. Before the analysis is undertaken, the production processes 

being studied must be fully understood. Visits to manufacturing facilities were carried out, 

correlating industrial practices with literature findings. The process flow map for data 

gathering and preparation is shown in Figure 3-1. A key stage in this sequence is developing 

a process flow diagram for the production process being considered. 

Process flow diagrams are created for visualisation of mass and energy elements entering 

and leaving the production process along with their related quantities. Temperature 

changes that occur are included throughout the process, aiding calculation of specific 

energy requirements. The mass and energy balance method is coupled with an activity 

based analysis method for process scheduling, defining labour production costs. 

Figure 3·1 Process flow map for data preparation 
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In section 2.4.1.1 it was identified that production process costing methods lack a standard 

structure. Within the project, a constant structure is presented that captures the detail of 

material production costs while maintaining visibility of the mass and energy balance 

elements. All material production processes are divided in a similar format for driver 

identification and comparison purposes. The costs for each production process will be 

categorised using a physics based classification: mass, energy, labour, infrastructure. 

Breakdown 

Infrastructure Costs 

Material Costs 

Energy Costs 

Labour Costs 

Table 3-1 Physics based classification description 

Description 

Non-Recurring infrastructure: 

The cost of amortising production equipment, initial capital and 

installation. 

Recurring infrastructure: 

Costs associated with production overheads including tax, insurance, 

maintenance etc. 

The cost for the raw materials required for manufacture of the product. 

The cost of electricity and natural gas used within the raw material 

conversion process. 

The direct labour constituent required to manufacture the component 

(hours) NOT factored by facility overhead wrap rate but do include 

indirect labour and employee related expenses. 

It is important to maintain standard units across all processes, maintaining constant mass 

and energy for the entire supply chain. It is also true that a continuous process operates at 

a varying production rate . Within this project it is assumed that production equipment is 

operating at 100% capacity. It is also assumed that within the continuous production 

processes, output capacity remains constant. This is calculated from the maximum 

equipment capacity factored by a defined process yield . The maximum equipment capacity 

necessary, considers production process stoppages for maintenance, cleaning, etc. The 

detail involved in each individual breakdown category will now be presented . 
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3.2 Infrastructure 

The infrastructure costs are divided between two categories non-recurring infrastructure 

and recurring infrastructure costs. The non-recurring infrastructure is associated with the 

base price for the equipment plus auxiliary equipment, installation and maintenance costs. 

The recurring infrastructure presents costs required to maintain the operation of the 

facility . Correctly simulating the amortisation of these large non-recurring costs allows the 

true burden of production equipment to be distributed to individual units of production. 

3.2.1 Non-Recurring Infrastructure 

Equipment costs will consist of equipment base price (C base), auxiliary equipment (f auxiliary), 

installation (f Installation) and maintenance factors (f maintenance) . This total is amortised over the 

expected operational period of the equipment. In continuous production processing, 

individual units cannot be identified. For this reason the equipment's cost contribution to 

its total throughput, m lifetime is studied. Process yields and production volume are used to 

determine the size and number of machines required, with equipment operating at full 

capacity considering required downtime. Non-recurring infrastructure costs (C infrastructureNR) 

are therefore calculated using Equation 3-1. 

Equation 3-1 

C _ [IN Cbase i X ({auxiliary + {installation + {maintenance)] 
InfrastructureNR - m 

i=l lifetime 
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The factors used for f auxiliary, f installation and f maintenance are typically process, geography and 

material specific [124] . However, rationalised constants can be assumed for high-level 

estimating purposes. Within this research, f auxiliary will vary between 10% and 50%, for f 

installation 30% to 60% and for f maintenance 10% to 40 %. Individual pieces of equipment will vary 

in capacity, rate, efficiency and the total cost, not only between producers but also 

between production tiers. This variation will be captured using a non-deterministic 

approach described in section 3.6.2. 

3.2.2 Recurring Infrastructure 

Recurring infrastructure costs outlined in section 2.3.3 identify the production overhead 

costs typically hidden with in a production wrap rate . The three recurring infrastructure 

costs appl ied to each unit of production will now be presented. 

3.2.2.1 Capital Costs 

Capital costs C Copltol describe the in itial investment required to establish a site for material 

product ion. Th is is typically calculated using a set factor (f capit al ) of non-recurring 

infrastructure costs, C InfTlstructureNR as defined in Equation 3-1. This recurring capital cost 

includes ground rent and interest repayments, calculation is shown in Equation 3-2 with 

typical values for f cap't,1 ranging between 12% and 40%. 

Equation 3-2 

Ccapital = {capital X C,nfrastructureNR 
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3.2.2.2 Taxation Costs 

Tax payment is a legal production cost requirement. Within this study, tax C tax is considered 

as property tax (all equipment and installation) plus a tax on revenues. In this study tax (ftax) 

will be modelled as varying about 5% of total recurring (C recurring) and non-recurring 

infrastructure costs (C InfrastructureNR) shown in Equation 3-3. 

Equation 3-3 

3.2.2.3 Insurance Costs 

Insurance is also a legal obligation for all production businesses. Insurance premiums are 

dependent on process risk and value of assets, within this study insurance factor (f;nsurance) 

will vary between 1% and 20%. Therefore, within this project, insurance charges C insurance 

are a set factor f mMonce of total recurring (C recurnng) and non-recurring capital costs (C initial). 

Equation 3-4 

Cinsurance = f lnsurance (i C'nfmsrru, ru,'NR + i Cmurr,n.) 
1=1 1= 1 
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The total infrastructure costs are therefore the summation of these four terms. Equation 

3-5 therefore presents the total infrastructure cost, (infrastructure. 

Equation 3-5 

Clnfrastructure = [f C base i ([auxiliary + [installation + [maintenance )] 

i=l mlifetime 

X [1 + [capital + (RecurringCtinsurance + [tax)] 

A process flow map for the calculation of infrastructure costs is presented in Figure 3-2. It 

can be seen that the recurring infrastructure costs are influenced by the recurring 

production costs. 
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figure 3·2 Process flow map for calculating infrastructure costs 
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3.3 Material 

The principle of mass states that lithe mass of a closed system will remain constant over 

time" . Therefore, in knowing a required output of a material production process, analysis is 

performed in reverse, calculating required raw materials, considering process yields and 

equipment efficiencies. From this, costs can be generated for input materials to the system. 

For higher level production processes, these input materials are highly engineered. This 

therefore enforces the requirement for a full supply chain analysis tracing material costs 

back to commodity materials. 

Within the mass and energy balance technique, all mass inputs into the production process 

are taken into consideration . This includes treatment chemicals and packaging. Also, within 

the mass and energy balance technique, all mass outputs are considered. This includes 

waste products exiting the process through all other means that do not form part of the 

requ ired final material. 

The cost of materials are quantified in liS/kg" as a standard unit throughout all production 

tiers . These standardised costs are gathered from a variety of sources. Many of the 

commodity raw material costs are taken from commodity stock market prices. Table 3-2 

demonstrates the difference in material classifications and their related sources. 

Driver 

Commodity 
Materials 

Specialised 
Materials 

Table 3·2 Differentiation between process materials 

Description 

Raw materials traded on commodity stock 
markets 

Materials which are required for Condition 
of Supply or specialist bought in materials 

not governed by stock market prices 

Source 

Data taken from market data and 
standardised over previous 5 years 

considering maximum and minimum 
values 

Average price for highest grade material 
over previous 5 years 
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Figure 3-3 presents a process flow map for the mass balance procedure. The mass balance 

is used to quantify the raw input materials before assigning costs. Beginning the procedure 

from the final piece of equipment enables analysis to start with a known production output 

quantity, calculating process yields from each piece of equipment, to find the raw input 

materials. 
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Figure 3-3 Process flow map for Mass balance 

3.4 Energy 

Assign cost to raw 
material 

The law of conservation of energy states "energy cannot be created or destroyed, only 

transformed from one state to another" . For example, energy costs are generated through 

using electricity to drive a motor (electrical to kinetic) or gas to heat a furnace (chemical 

potential to thermo-kinetic) . All the energy transformations within the production process 

must be accounted for, including waste energy that is not used directly for the process. This 

is calculated using equipment efficiencies and process yields. A process flow map for the 

energy balance within the production process is shown in Figure 3-4. The energy demand of 

each piece of equipment is considered . The summation of all energy demands are 

calculated before assigning costs to each source. 
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Figure 3-4 Process flow map for Energy balance 

3.4.1 Energy Costs 

Assign cost to 
energy sources 

Energy costs have an inherent uncertainty and vary with time. To account for this, a non

deterministic approach discussed in section 3.6.2 is used. The rate at which energy 

(gas/electricity) is charged is estimated by simulating the fluctuations in energy prices over 

the previous 5 years 

3.4.2 Energy Consumption Verification 

Access to energy consumption data for selected pieces of equipment is available at the top 

t ier in the manufacturing supply chain . This will be used as a basis for the verification of the 

energy consumption in the tiers where production energy consumption is not measurable. 

Permanent meters typically exist throughout a production facility, monitoring energy 

consumption for defined areas or key equipment. However, for each individual piece of 

eqUipment, temporary meters are required to gain an accurate energy consumption. 
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It was found through validation of the energy consumption relating to higher tier 

processing equipment, that the power rating of a machine is the maximum capable power 

draw. However, the rate at which the machine operates is generally much lower than this 

and therefore must be facto red within the simulation. An equipment efficiency factor is 

used to represent actual energy consumption with relation to maximum power draw stated 

on individual equipment data sheets. 

This study has shown that the energy demand for equipment is not constant over the 

duration of a cycle and this is also true for continuous production processing. The results of 

this validation study are presented in Figure 3-5 and Figure 3-6 for one autoclave cure cycle 

and a four-week cycle for a cold storage facility. To normalise the cycles and incorporate 

the mass energy balance framework presented in section 2.6.2, an average energy over the 

cycle will be used to represent a constant process consumption. This will allow the 

application of the mass and energy balance technique to all production processes. The 

same continuous philosophy is applied to all tiers, modelling energy consumption in terms 

of 'kWh/kg' for a set production rate . 
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figure 3·5 Representation of autoclave energy consumption over standard cycle 
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Figure 3·6 Representation of cold storage facility energy consumption over time 

To maintain the consistent generic framework throughout the supply chain a non

deterministic approach (presented in section 3.6.2) is applied. The same limiting procedure 

is applied to both the power consumption of the equipment and energy price. This allows 

the framework to capture the use of different equipment in the manufacture of the same 

material and acts as an impact indicator of individual pieces of equipment 
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3.5 Labour 

Mass and energy balance models do not directly account for labour within a production 

process. An alternative method is required to capture this detail within the analytical 

framework. For this, an Activity Based Analysis for production scheduling method 

presented in section 2.6.4 will be used to calculate the average required labour hours per 

unit weight of material. This technique is used when labour hours cannot be related to 

specific units of material, therefore integrating with data generated by the continuous 

production framework, described in section 2.5. This method will be used to record the 

number of labour hours associated with direct material production over a set cycle as 

demonstrated in Figure 3-7. Difficulty arises when applying a labour rate to these hours 

without double accounting for non-recurring costs captured in the mass and energy balance 

framework. 

.. OperatOfs per ) 
operation 

.. Shifts per day ~ 

M aintenance, 
Oeaning time 

Labour hours 1 
required 

Figure 3·7 Process map for calculating labour cost 

Overhead costs which are not related to material, equipment, energy or direct labour (IT, 

Management salary, Engineering etc.) will not be included in the mass energy balance nor 

Activity Based Analysis. The labour rate is therefore factored (R labour ) before being applied 

to the average labour hours. In section 2.3.1.2 a general manufacturing facility overhead 

was divided into its basic constituent parts. Beginning with base labour rate, Rwage, for 

employees working within composite material production, an appropriate scaling factor can 

be applied to include the cost of direct salaries (C dIreCt), indirect salaries (C indirect) and 

employee related expenses (CER exptnses )' A relationship between direct and indirect labour 
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hours has been established in section 2.3.1.2 . This relationship will be used in conjunction 

with a proportion of employee related expenses to factor the base wage rate. Using 

Equation 3-6 the labour rate is found using a function of required operator skill (f skill). 

Equation 3-6 

R 
- R f . [(If=l Cdirect i) + (If=l Cindirect i) + (If=l CER expenses)] 

labour - wage X sklll X (~n C ) 
L..i=l controlablei 

3.6 Uncertainty 

As previously mentioned the production processes being modelled are subject to variation 

between manufacturer and indeed material tiers. There is also an added uncertainty in 

analysing these processes as they are often surrounded by high levels of intellectual 

property protection within the processing detail, which protects the company's product 

differentiation. These uncertainties represent some of the non-deterministic considerations 

within the analysis and must be accounted for, providing a quantifiable level of confidence 

in the resultant simulation prediction . 

Two methods are described here to quantitatively measure this inherent uncertainty within 

a generic estimation method. The first is a sensitivity measure used to assess the impact on 

material production cost from an individual cost driver, if changed . The second is a Monte 

Carlo simulation, a well -documented and practiced method of simulating uncertainty within 

modelling. The combination of these will demonstrate robustness within the analytical 

framework . 
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3.6.1 Variable Sensitivity 

As with all market commodities, cost drivers are subject to variation with time. The best 

effort has been made to ensure the data used within the simulations is accurate however, 

to perform a new simulation best practice would involve updating all driver data. 

Deterministic sensitivity measures have been built within the framework to account for 

variation in cost drivers. The sensitivity of a driver will describe the cost impact on the final 

material price . This is dependent on two factors: 

• Mean quantity 

• Percentage variation 

3.6.1.1 Sensitivity Ratio (SR) 

To capture the influence of these two effects, two measures of sensitivity ratio will be used 

to identify the most influential drivers for further analysis. The sensitivity ratio is a simple 

measure of relationships between individual input variance and model output result, 

identifying major and minor influences. This will be performed over two measures: 

• Local Sensitivity- measures the effect of mean quantity. 

• Range Sensitivity- measures the effect of possible variance. 

For the sensitivity ratio a deterministic simulation analysis will be performed defining a 

base simulation to reference variation impacts. Material production costs are considered 

most sensitive to cost drivers that yield the highest absolute value for both local and range 

sensitivity ratio . These measures typically exhibit similar results (correct to several decimal 

places) however, very sensitive drivers will experience differences in the two measures. 

72 



Local Sensitivity Ratio (LSR) 

Local sensitivity ratio will represent un-weighted cost driver impact, ignoring influences 

from boundary tolerances. A fixed percentage change (2%) is applied to the cost driver 

performing a simulation and monitoring the impact on the material production cost. 

Range Sensitivity Ratio (RSR) 

A range sensitivity ratio provides a weighted sensitivity ratio incorporating the risk and 

uncertainty associated with the boundary range into the sensitivity analysis. For range 

sensitivity ratio, each cost driver is varied across an average plausible minimum and 

maximum value. 

Variables can then be ranked in order of significance to determine the greatest impact on 

final cost with respect to simulation output. The calculation for both sensitivity ratios is 

given in Equation 3-7 where X, represents the baseline input variable, X' is input variable 

after changing X, Y is the baseline value of the output using X, Y' is the value of the output 

using X'. An SR equal to 1 would indicate that for a one unit increase in the input variable of 

interest, the model output increases by one unit. An SR equal to 0 indicates that changes in 

the input variable do not affect the model output. 
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Equation 3-7 

SRlocal / Range = 

Where 

l1X = X' - X 
{

X' = X X (1 + 0.02) 

X' = X + [(XUbOUnd ; XLbOUnd)] 

LlY = Y' - Y 

Where: 

X Ubound is the upper tolerance limit on driver 
X Lbound is the lower tolerance limit on driver 

forlocalSR 

for range SR 
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3.6.2 Monte Carlo Simulations 

A non-deterministic simulation is required to cater for the uncertain nature within the cost 

drivers. A popular form of probabilistic analysis is Monte Carlo simulation (MCS) due to its 

robust nature and easy implementation . 

Monte Carlo simulation defines a technique of randomly sampling variables from a defined 

distribution between given bounds within a system enabling monitoring of output 

performance . Based on the law of strong large numbers, as the number of simulations, N 

approaches 00, therefore the estimated result, An approaches a true result, A. The premise 

of Monte Carlo technique as defined in Equation 3-8 [72] where Xi is a random variable 

from within the defined distribution. Typically, individual simulations are overlooked and 

the process is represented by an output distribution. This distribution is displayed as 

frequency and cumulative frequency distribution charts allowing measurement of 

confidence and quantification of uncertainty. 

Equation 3-8 

N 

~ 1 ~ 
A ~ An = N L texa 

i= l 

Monte Carlo Simulation is used as it has the ability to define distribution types for individual 

cost drivers and returns the most robust results when a large number of simulations are 

performed. Monte Carlo Simulation has been proven to handle complex systems with large 

numbers of variables and allows the output to be subjected to further statistical methods 

owing to a large population of results. 
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As many of the input parameters are commodity traded materials, stock market prices 

exist. However, these trade prices vary over time. To ensure consistency in the input data 

current, maximum and minimum values over a 5 year period will be used. This will provide 

the boundaries for the Monte Carlo Simulation input data and allow the model to account 

for fluctuations in trade prices and market trends. 

3.6.2.1 Variable Distributions 

The data acquisition period will be frozen at a point in time to ensure all data is collected 

from a defined period therefore, comparing equivalent market conditions. The distribution 

of the individual cost drivers over their given range will vary however, there are some 

common distributions used to represent production conditions: 

• Uniform 

• Normal (Gaussian) 

• Triangular 

• Quadratic 

• Cosine 

Each of these distributions is suited to different aspects of cost estimating variables [73]. 

Normal distributions are best suited to variations in equipment base costs where triangular 

or cosine distributions are better suited to commodity market conditions where costs vary 

gradually from a most probable mean. Within this project, a triangular distribution 

(presented in Equation 3-9) is used to represent how cost fluctuations vary with time. 

Triangular distributions are used, as they are capable of simulating distribution varying 

asymmetrically from a modal value 
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Equation 3-9 

Xmin ~ X ~ C 

F(x) = 

Where 

Xm1n is minimum boundary of variable 

Xmax is maximum boundary of variable 

c is the modal value of variable 

3.6.2.2 Confidence Intervals 

The confidence interval (Cl) is a measure of the reliability of an estimate. It represents a 

range in which the true parameter is likely to lie with a defined significance level. A very 

wide interval may indicate that more data should be collected before conclusions are 

drawn. The confidence interval will be calculated measuring the variance of mean showing 

the range within which the true mean is likely to lie with a set confidence level. Within this 

project 95% confidence levels are used. 

Confidence intervals are defined using population mean, X, a measurable statistic, in this 

case standard deviation, 0 and margin of error, z. Confidence intervals are therefore given 

by Equation 3-10 assuming a normal distribution of output results. With such a large 

number of variables and multiple variable distributions, non-normal output results may be 

obtained . However, for large population samples exhibiting alternative distributions, the 

confidence interval described in Equation 3-10 is approximately correct by Central Limit 

Theorem (CLT) . 
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Where 

(CX) z*= -
2 critical 

3.7 Tier Interactions 

Equation 3-10 

- - (]" 
CI=x+z*-..;n 

CX= 1 - confidence level 

Within the aerospace industry, it is uncommon to achieve a fully integrated manufacturing 

supply chain for composite materials. This therefore requires interaction points at which a 

product has reached the extent of its added value at a single producer and must be 

logistically transfer to the next producer within the chain. The framework must be capable 

of simulating the additional costs associated with these production tier interactions, 

thereby linking simulations to real world situations. If the material is being transferred 

outside a vertically integrated manufacturer, stages between tiers will include mark-up 

values. This will vary between material producers and between production tiers. Unlike 

conventional metallic materials used in aerospace manufacture, there are several 

additional tiers of added value before a material reaches the final component. These 

interactions between tiers are opportunities to accumulate non-value added costs. 

Typically, material producers are separated by large distances and the material requires 

logistical controls to be in place for on time delivery. To account for this, a cost must be 

added to the price of raw material. The logistics cost can be treated as a hidden cost in the 

material mark-up as it will exist between all tiers within the supply chain . Accounting for 

these costs individually would require a large exercise. Analysis of the most cost effective 

supply chain management techniques, global sourcing initiatives and delicate political 

factors would require consideration. Rather, a simple estimation of the overhead costs 

required for material transportation and storage will be used. This cost will be applied at all 

tier interactions within the supply chain and defined as a set mark-up. 
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3.8 Supply Chain Fidelity 

The analytical framework models several tiers of material production throughout the 

supply chain. It is important to maintain a consistent fidelity of information throughout all 

tiers. Greater fidelity information is available at the component production tier. However, it 

is important to ensure framework generalisation as to allow its application to a wide variety 

of design components and materials. The additional information at this top tier can be 

validated and therefore used to assess the fidelity of estimated values that are being used 

within sub tiers. 

At lower tiers in the supply chain, material entering production processes is in its rawest 

form and therefore, costs are taken from commodity-traded market price. These prices do 

not include any mark-up or logistical costs. An applicable mark-up identified on section 3.10 

is applied to these materials entering the model framework as commodities. Supply chain 

information has been gathered from a variety of sources including academic literature, 

industry specifications and in discussions with costing and process experts. 

3.9 Pricing Strategies 

How a product is priced is influenced by marketing decisions dependant on market analysis 

and customer demand. Table 3-3 presents a set of commonly used production material 

pricing strategies. It is shown that pricing decisions are based on a number of factors, but 

ultimately reside in management direction. Understanding these possible options is the 

next step in determining product price having obtained predicted production costs. This 

therefore highlights the need for a corrective measure, translating manufacturing costs to 

market prices. 
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Pricing model 

Cost based model 

Value model 

Portfolio pricing 

Tiered or volume pricing 

Competitive positioning 

Feature pricing 

Razor blade model 

Table 3-3 Review of common product pricing strategies 

Description 

Traditional product pricing model, price is set at multiple times 
the production cost. 

Product has large value or cost savings to customer 

Multiple products and services, each with a different cost and 
utility 

Price products by user group ranges, or volume usage ranges 

Competitive price no matter what the cost or volume 

Base product sold at cost price, and price increments added for 
additional features 

Base unit is often sold below cost, with the anticipation of on
going revenue from expensive supplies 

3.10 Production Mark-Up Factor 

Estimation of manufacturing costs provides visualisation of realistic internal expenditure. 

However, analysis of sub tier supply chain materials poses further complications as 

manufacturing costs provide only a proportion of total material price, as shown in Figure 

3-8 [75) . This schematic is not representative of proportional cost division however, it 

visually demonstrates pricing complexity. The "G & A" term in this breakdown represents 

an American cost estimating term for "general and administrative" costs usually included 

within overhead calculations of European producers. In cost estimation, the degree of 

mark-up being applied to material production costs is difficult to estimate for several 

reasons. A standard mark-up is generally not applied to all products being produced and 

therefore much of composite marketing is about product differentiation or perceived 

material value as defined by Porter [76). Materials that are more desirable can demand a 

higher mark-up on their base production cost through value added properties rather than 

processing. This mark-up is then dictated by competitive products, current supply/demand 

rates and product differentiation. 
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Figure 3-8 Relationships between manufacturing cost elements and product market price 

Within advanced composite materials, this differentiation is generally in the form of 

mechanical properties or an increase in desired manufacturability characteristics. Many 

producers are reluctant to disclose product or services mark-up percentage and in certain 

situations, mark-ups can vary between customers as well as products as shown in Table 3-3. 

This mark-up is therefore a result of the product's associated value, which is defined by 

Porter as a "series of activities which culminate to form a value chain". A generic value 

chain is presented in (Figure 3-9) [76). Within this description of value, manufacturing 

operations make up only a proportion of the total cost. This proportion will also vary 

between manufacturers where greater dedication towards technology development or 

marketing and sales is witnessed . To quantify this within a generic estimating model is 

complex; different specifications will be more/less desirable to different customers. 

However, aerospace products typically demand higher premiums. Further to these value 

activities, a margin or profit is also added . This margin represents an element of supply 

chain analysis, which IS difficult to estimate. The aim within this section is to generate an 

educated approximation of the supply chain mark-up at each production process, based on 

market trends, supply and demand histories, economic pricing models and company 

balance sheets. 
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Figure 3-9 Generic value chain 

The mark-up factor is treated as a variable cost driver within the analytical framework, with 

literature suggesting that this value is proportional to current market demands. From 

published literature, this value has been found to vary drastically between 5% - 50% [77] for 

prime assemblers, influenced by market and product novelty. However, by now these 

figures may be dated. 

Three methods will be used to examine the production mark-up value. The following 

section will outline the theory of these three methods and individual advantages and 

disadvantages. The three methods studied are: 

• Company Profit Margins 

• Manufacturing Cost and Contractual Pricing Comparison 

• Revenue Maximising Pricing Model 
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This study will be concentrated within a single tier in the material supply chain (carbon fibre 

production). Focus will be on the carbon fibre production as these producers typically have 

a narrow product range that will allow a more representative mark-up factor to be applied. 

In doing so, a rationalised mark-up factor will be generated, with applicability to the 

remainder of the manufacturing supply chain. 

3.10.1 Company Profit Margins 

Company balance sheets/consolidated summaries present a financial statement that is 

representative of a company's financial standing at a given pOint in time. Contained within 

this document is a declaration of the value of goods sold and internal cost for this 

production . The gross profit margin (GPM) is a measure of declared profit, made on cost of 

sales. The GPM, n gross" describes profit before any administration, selling costs, etc. are 

subtracted and therefore will be higher than net profit margins. The GPM provides a 

reflection of the profit margins associated with manufacturing operations as described in 

Equation 3-11 , where R is revenue generated and C productIon is the costs associated with 

manufacture for goods sold . 

Equation 3-11 

_ [R - CprOduct ion ] X 100 
7rgross% - R 

This high-level approach aids the understanding of a material producer's financial situation. 

It does not distinguish between products and provides a blanket mark-up factor for the 

manufacturer as a whole . As discussed previously, this is generally not correct as aerospace 

materials are marketed at higher prices and margins will vary depending on material 

properties. The gross profit margin however is a limited measure as accounting practices 

can be used to distribute free cash flow over an organisational spend, reducing published 

GPM values. 
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Identifying a single manufacturer and interrogating their company balance sheet would not 

provide a representative estimation for specific material being investigated. Instead, 

analysis of the top six global carbon fibre producers will be carried out to gain a better 

representation of the material. The manufactures will also be analysed over a 5-year period 

to account for market fluctuations, in particular over a year of high oil prices (2008) and a 

period of global recession (2009). 

Table 3-4 presents gross profit margins for the top six fibre producers across as-year 

period . It is encouraging to see that the majority of the companies have a similar pre

administration mark-up, providing a degree of confidence in this data. 

Table 3-4 Gross profit margin analysis of top 6 carbon fibre manufacturers 

Gross Profit Margin Ratio 

Company 1 2 3 4 5 6 

2005 22% 25% 24% 21% 

2006 20% 24% 26% 21% 21% 24% 

.... 2007 21% 24% 26% 20% 20% 29% 
IV 
QI 
>- 2008 20% 22% 23% 14% 18% 28% 

2009 19% 22% 15% -22% 18% 22% 

2010 25% 24% 20% -5% 20% 10% 

As can be seen from Table 3-4, over the six carbon fibre producers the average gross profit 

margin ratio IS 22% although some show margins as high as 29%. There are a number of 

data points highlighted for producer 3. In 2007, producer 3 became completely integrated 

within its parent company. Therefore, after this period, published consolidated summaries 

contain financial data form all manufacturing activities within the group (not all carbon 

fibre producers) . These balance sheets, which incorporate more diverse manufacturing 

sectors, are not representative of carbon fibre production therefore skewing the true 

mean. 
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3.10.2 Revenue Maximising Pricing Model 

In this method, an adaption of management price optimisation strategy is used to gain an 

understanding of the market's reaction to a products pricing strategy. In order to do this an 

estimation of the demand function for a product must be produced; however, a demand 

function is company specific and generally not shared below very high management levels. 

The demand function therefore will be estimated for materials, for which reduced levels of 

information is available. In most cases, differentiation between product lines and between 

companies is not possible . This method is the most generic method being used to assess 

the production process mark-up, however it is felt that using pricing data rather than 

accounting data sheets provide a more representative material mark-up value. Analysis will 

be performed at the carbon fibre production tier. 

The limitations of this method are that information available from framework simulations 

and demand function are estimated. A further assumption is made that the remainder of 

the manufacturing supply chain is producing and selling their products at an equal mark-up. 

Logistic costs are being factored between tiers representing a fully fragmented supply 

chain. 

3.10.2.1 Demand Function 

A demand curve is used in economics to study the relationship between the price of 

commodity and quantity consumers are willing, and able to purchase at that given price. 

From this, it is then possible to estimate a maximum price the market can sustain; 

comparing thiS to simulated production costs therefore generating a theoretical maximum 

mark-up 
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Equation 3-12 [78] represents an estimated demand function, a dynamic oligopoly is 

assumed with a small number of manufacturers producing similar homogeneous product 

over a continuous time, t. A and a represent constants which define curve shape for 

production price at a given time, p(t). 

Equation 3-12 

D(p) = A + ((p(t))'" ,<X> 0 

To estimate the demand function for carbon fibre, information surrounding the global 

carbon fibre demand is used. This information can be related to market share for a typical 

fibre producer to gain individual demand. This demand is then related to the market price 

of the fibre at a specific demand timeframe . In economics, this association is described as 

the price elasticity of demand and shows the relationship between quantity demanded of a 

good/service to a change in its price. The typical carbon fibre demand function is presented 

in Figure 3-10. As a single fibre is being studied, it is required to obtain information 

surrounding market share, maximum production quantity and pricing history. 
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Figure 3-10 Estimated demand function -Carbon fibre 
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usually, a demand curve function is negative, defined by material demand being lower at 

higher prices. However, in this example a positive demand function is observed. If an item is 

perceived to be a status symbol, or if its quality is perceived to be related to its price, it is 

conceivable that its demand might increase as its price goes up. Such an item would have a 

demand curve with a positive slope over at least part of the price range. This positive curve 

could also be contributed to a supply shortage where customers (with increasing aircraft 

production, tied to specific fibre specifications) are willing to pay a premium to ensure a 

supply of the material. 

Applying simulated production costs to the estimated demand function, a revenue 

maximising model can be obtained . Using this estimated demand function, comparisons 

can then be made between a fixed production cost, c, and the maximum difference to 

estimated price at the given demand, a maximum theoritical profit can be calculated using 

Equation 3-13. In this equation, profit, Tt is defined by a the demand function O(p) outlined 

in Equation 3-12 and the maximum difference between production costs,c and product 

price, p. 

Equation 3-13 

max rr = max(p - c) X D(P) 
p p 

From Figure 3-11 it can be seen that the maxmum difference occurs at the parabola turning 

point and therefore a mark up of 88% production cost is suggested. This 88% represents the 

maximum markup of a fully fragmented carbon fibre manufacturing supply chain. 
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Figure 3-11 Results of revenue maximising pricing model- Carbon Fibre 

3.10.3 Comparison of Cost Estimation and Contract Pricing 

• Carbon Fiber Demand 
Function D(p) 

_. Estimated material cost 

As stated at the beginning of this section, product prices will vary with product properties 

and between customers. In this method, a comparison will be made between simulated 

production costs and typical carbon fibre pricing. The simulation will be tailored to attempt 

to account for physical differences between studied fibres. In this scenario, the calculated 

mark-up represents an average mark-up for the complete supply chain . 

Specified material properties are simulated using tailored production characteristics to 

provide more realistic production costs . Analysis is performed within a carbon fibre 

production facility, comparing the manufacturing differences between different fibre types. 

The mechanical properties of the fibre are not modelled but rather the production volumes 

dictated by fibre tow and tex count as described in Table 3-5. 
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Tow count 

Tex number 

Table 3-5 Fibre Tow and Tex descriptions 

Number of filaments contained in untwisted bundle 

Linear density of fibre 1 tex =1gramjkm 

These two fibre specifications dictate the volumetric throughput for a carbon fibre 

production facility, therefore influencing equipment throughput. A selection of common 

fibre types are chosen to compare the difference between simulated production costs and 

typical market price . The three fibres studied are shown in Table 3-6. 

Table 3-6 Sample carbon fibre material specifications 

Fibre Type Tow count Tows Tex Weight Tex 

1 High tensile fibre Low 6000 Low 400 

2 High tensile fibre Medium 12000 Medium 800 

3 Intermediate modulus fibre High 24000 Medium 830 

Simulations with a varying mark-up percentage are compared with typical market fibre 

pricing. Equal mark-up is applied to each production tier across the supply chain . Results 

from these simulations using two fibre weights (400 tex and 800 tex) can be seen in Figure 

3-12. Points where simulated data (curves) intersect with actual material price (horizontal 

lines) indicate mark-up values. These intersection points are presented in Table 3-7. 

Highlighted values represent the most realistic mark-up for the given fibre type. 
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Figure 3-12 Comparison of estimated carbon fiber prices for varying mark-up 

Table 3-7 Summary of estimated carbon fiber cost mark-up for sample carbon fibres 

Fibre Filaments per Fibre linear weight of fibre Minimum Maximum 
(Tows) (Tex) Estimated Profit Estimated Profit 

1 6000 400 60% 85% 

2 12000 800 24% 51% 

3 24000 830 68% 93% 

Within Figure 3-12, distinct interactions can be seen between material production mark-up 

and fibre characteristics. Fibre 3, which contains twice as many filaments as fibre 2 yet 

sacrifices only a small linear weight penalty, commands the greatest mark-up on production 

costs. This represents the value of the strength to weight ratio achieved by this fibre as 

desired by the final customer. 

3.10.4 Production Mark-Up Factor Summary 

Sections 3.10.1 - 3.10.3 outline three methods used to estimate mark-up percentages. It is 

shown that estimations to determine product mark-up differ greatly. A conservative 

estimation of mark-up is produced using gross profit margin in section 3.10.1 (22%). An 

extreme mark-up value is produced using direct comparisons with real material prices in 

section 3.10.3 (93%). It is concluded that through using the revenue maximising pricing 
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method a mid-range estimate can be determined for material mark-up percentage. The 

resultant mark-up (88%) will be used in further analysis of product price estimation. 

However, all methods studied herein provide an average mark-up which represents all 

material production tiers within the supply chain . In reality this is not the case and more 

accurate individual producer mark-up is required. Each individual producer at each tier 

within the supply chain will have a unique set of value activities, driven by physical and 

technological differences, influencing this mark-up percentage. However, for a generically 

applicable framework a mark-up of 88% will be used with the caveat that this provides a 

realistic average over the total supply chain. The influence of this mark-up is wide spread, 

in it will be applied at each supply chain tier interface. This assumption that a single mark

up factor accurately represents all manufacturing processes studied is incorrect however 

treating this assumption as variable allows this accuracy to be quantified. 

3.11 Model Architecture 

Within this section, a description of the chosen software architecture will be presented. The 

section will present ideas from the previous sections that will be incorporated within the 

software architecture . The full process flow map for the analytical methodology can be 

seen in Figure 3-13. The key stage in this process is collection and "cleaning" of all relevant 

data . This data provides the basis of all further calculations. 

The software should be flexible, allowing progressive development, changing basic concept 

and measurement of uncertainty. Therefore, Microsoft Excel (MSE) was selected as the 

most suitable software tool to develop the user interface and simulation framework. The 

model was created within a Microsoft Excel spreadsheet for ease of use and transferability. 

The non-deterministic simulations have been coded within a VBA environment drawing 

data from within the spreadsheet, performing simulations in a virtual environment before 

reinstalling results back into the spreadsheet for post simulation analysis. 
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3.11.1 Monte Carlo VBA architecture 

To account for the non-deterministic nature of the analysis a probabilistic simulation will be 

performed to cater for variation within cost drivers. This analysis will be in the form of a 

brute force Monte Carlo Simulation performed within the VBA environment. A Microsoft 

Excel (MSE) spreadsheet environment enforces a cell limit. For this reason, Monte Carlo 

simulations will be executed outside MSE. This will reduce simulation time as well as 

allowing more than 60,000 simulations to be performed. 

Results generated for each material and iteration is carried through to the next tier of the 

supply chain to ensure the continuity of each iteration within the simulation. This ensures 

that a single instance of a cost drivers impact can be traced through the entire supply chain 

simulation . 

3.11.2 User Interface 

The first step of a mass and energy balance is to create a process flow diagram. This 

diagram acts as a basis to gather and document further information required, populating 

the spreadsheet. This spreadsheet displays the sequences of steps within the studied 

process with associated yield at each stage. Further calculation is required for equipment 

costs facto red for life expectancy, raw materials used with associated cost and quantity. 

The spreadsheet also includes a section to add specific machinery with energy consumption 

rates. A section for labour rate applies a factored labour rate, which include overhead costs 

that are not accounted for elsewhere in the model. 
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A simple user interface is designed in conjunction with the mass and energy balance steps 

set out in Figure 3-13. The user interface is divided into five sections: 

• 
• 

Non-recurring Infrastructure } 

Recurring Infrastructure 

• Material 

• Energy 

• Labour 

Considered as Infrastructure 

These five steps are located on each tab within the workbook. Each tab refers to an 

individual production tier in the material production supply chain. 

3.12 Chapter Summary 

Within this chapter, the process by which the mass and energy balance technique, 

discussed in section 3.1, will be augmented for application to multiple material production 

processes is discussed. Each production process is analysed for cost contributions from 

material, energy, labour and infrastructure enforcing a standard cost breakdown structure 

for all processes studied . Monte Carlo Simulations and sensitivity ratio analysis have been 

identified as appropriate statistical tools, with which measurement and interpretation of 

uncertainty and sensitivity within the analytical framework can be assessed. Within Section 

3.7, composite supply chain complexity is highlighted, noting complex tier interactions and 

a requirement for production cost correction. Verification of simulation results will be 

performed using comparison with contract material prices. To compare simulated 

production costs with realistic market prices, further management and pricing 

considerations must be made. Using section 3.10.1 to section 3.10.3, a quantifiable 88% 

mark-up coefficient has been defined to factor production costs, aligning them with current 

material prices. Finally, model architecture is discussed identifying Microsoft Excel software 

platform and VBA scripting environment as a most capable solution. 
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4 Material and Process Review 

Chapter 4 aims to provide the reoder with an understanding of composite material, its 

supply chain, and associated production processes. For each material considered, this 

chapter briefly describes the material characteristics, its production processes and 

associated cost drivers. The chapter goes on to deliver a structured cost breakdown for each 

material. These cost breakdowns are then verified with realistic prices. A deterministic 

sensitivity analysis is then used to identify key cost drivers. 

4.1 Analysis Scope 

With many studies considering a birth to death life cycle analysis for economic and 

environmental impacts, it is important to distinguish this piece of research without moving 

beyond the viable scope of the project imposed by time and resource limitations. Within 

many of these life cycle studies raw material acquisition, manufacture, use and disposal 

costs are considered [80]-[82]. However, within composite material production, there are 

several stages of additional value adding processes between the commodity raw materials 

and final product delivery that many of these studies fail to consider. This research 

provides an analytical framework by which the material processing supply chain can be 

assessed to Identify a structured cost breakdown. 
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Five composite materials have been selected for study. Each of these materials fall within 

the supply chain for a pre-impregnated fabric, identified in Section 2.4.1.1 as the largest 

contributor to composite component cost. The composite materials studied herein are: 

• Glass Fibre 

• Carbon Fibre 

• Woven Fabric 

• Resin Film 

• Preimpregnated Fabric 

Glass fibre pre-impregnated fabric was not found to be of great influence in Section 2.4.1.1 

however, the material shares many of the same processing stages as carbon fibre, and 

therefore will be considered for comparison. 

4.2 Fibres 

In this study two composite fibre types will be studied, glass and carbon. These two fibres 

are widely used in the aerospace industry and are produced using two distinct 

manufacturing methods. There are several reasons for using fibres within composite 

structure in respect to a single isotropic material; firstly, the fibres can be orientated to best 

suit the loading on the structure therefore reducing redundant weight. Secondly, as fibre 

diameter decreases, tensile strength increases [84] . This occurs due to fewer imperfections 

occurring at reduced fibre diameter therefore, lowering the risk of crack initiation . 

96 



4.2.1 Glass Fibre 

Glass fibres are produced by extruding molten glass through precision bushings then rapidly 

drawing these filaments through a series of rollers as shown in Figure 4-1 [85]. Once cooled, 

a sizing agent is applied, protecting the surface of the fibre during further process handling. 

WlNDERS 

Figure 4-1 Glass fibre furnace and production process 

Glass fibres do not offer the same strength properties as carbon fibres however, are 

commonly used in aerospace components where Fire, Smoke, Toxicity (FST) and corrosion 

resistance is required . Glass fibres are generally much cheaper than their carbon fibre 

counterpart is . 
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Each specific glass has a different chemical composition designed for its particular end use. 

In this study, a generic formulation for aerospace 5-2 glass is considered. The batch 

ingredients and their quantities are listed in Table 4-1 

Table 4-1 S-2 glass raw material composition 

Compound Chemical formula Composition 
(S-2 glass) 

Silica SiO ~65% 

Aluminium Oxide AI20 3 ~25% 

Magnesium Oxide MgO ~10% 

Sodium Oxide Na02 >0.1% 

Zircon Sand Zr203 >1% 

Iron Oxide Fe203 >0.1% 

4.2.1.1 Infrastructure 

The production equipment associated with glass fibre production is presented in Figure 4-2. 

The primary equipment within the glass production process is a melting furnace. This piece 

of equipment plays a vital role in the production of glass fibre and determines the type, 

volume and quality of glass produced . It is a substantial initial purchase and it operates for 

the life of the facility, with any downtime resulting in lost production. From literature, the 

cost of the furnace is matched by the cost of the bushings used to produce the glass fibre 

filaments . These bushings are made from palladium and are maintained regularly as they 

are eroded by the molten glass. 
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A complex digital material transport system is used to relocate raw materials from the 

storage silos to the furnace . The transport system can carry and weigh the raw materials 

simultaneously. The mixed raw materials are fed through a continuous screw into the 

furnace. Many of the raw materials are greatly affected by moisture therefore a 

compressed air system is used for relocation. In order to achieve the correct blend of raw 

materials a pneumatic blender is used to mix the fine powder ingredients following the 

weighing process. For this, and other operations, a large-scale industrial air compressor is 

required. 

Oxygen is added to the furnace in addition to natural gas, increasing flame temperature, 

burn efficiency and reducing toxic by-products. To produce oxygen on a large scale, onsite 

oxygen production equipment is required. This production equipment is common practice 

in large production facilities and alleviates the need for bottled or gas tankers delivery. 

To obtain the correct molecular orientation and fibre diameter, each of the spinning 

bushings require a high speed winder to apply the correct tension to the filament, 

maintaining elongation, minimising defects and improving structural properties. The speed 

at which the filaments are drawn determines the final fibre diameter. 

Typically, large-scale glass fibre production requires several additional pieces of equipment. 

These include the drying ovens for activating the binder applied after the fibre spinning 

stage and a simple end-finding machine . Generally to reduce labour operations there are 

several CNC robots stationed throughout the facility loading and unloading glass fibre 

bobbins. 
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4.2.1.2 Materials 

The majority of materials used in the glass fibre manufacturing process are fed into the 

furnace in a fine powdered form . For aerospace grade glass fibres, these ingredients must 

be of the highest purity and quality. The material quantities per kg of fibre production are 

shown in Table 4-1 

Due to the large volumetric throughput of the glass fibre facility the raw material cost 

forms a substantial portion of the total facility cost. The ratios of the raw materials are key 

to gaining the correct material properties from the finished glass fibres. One of the major 

considerations in a reaction process is the mass lost due to gaseous by-products. From 

published literature and speaking with industry experts, this can be assumed approximately 

20-25% of the total mass of the input raw materials. Generally, this hot exhaust gas is not 

used for other production operations within the facility. 

All but two of the raw materials enter the glass fibre production process via the furnace. 

First is the sizing/binder that is sprayed on to the fibres as they exit the bushings. This 

binder allows the fibres to be handled easily at the later stages of manufacture and provide 

a better interface between the fibre and resin . The fibre binder solution is dictated by the 

compatibil ity with the final resin system, but a common epoxy compatible binder is phenol 

formaldehyde . However due to the hazardous nature of formaldehyde, producers are 

typically opting for si lane coupling agents. The usual concentration of these binder 

solutions is between 0.5 - 2% per weight. The second is the packaging required for 

transport of the f ibres to the next stage in the supply chain . This mainly consists of a 

polythene packaging material. 
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4.2.1.3 Energy 

There are two types of energy used in the manufacture of glass fibres. Firstly the large 

natural gas consumption of the furnace and secondly the electrical energy used by the 

majority of the remaining equipment. The furnace burns a mix of natural gas and pure 

oxygen. As discussed before the oxygen will be produced onsite, requiring electricity, this 

makes operation of the furnace a major energy consumer. 

Recent advances in research have prompted many glass fibre manufacturers to move from 

air-fuel to oxygen-fuel fired furnaces . The reason for this is twofold; firstly using pure 

oxygen eliminates the gaseous elements within air that are converted into harmful 

pollutants (NOX, SOX, etc.). Secondly, the oxygen-gas mix provides a hotter, cleaner flame. 

The temperature in the furnace is roughly 16500 C, and the control of this temperature is an 

important factor in the consistent flow of glass leaving the fore-hearth. 

The primary electricity consumers within the production process are: 

• Compressor - Large scale compressor servicing the entire facility 

• Spool collection motors - exist for each bushing collecting fibre exiting the furnace 

• Dielectric oven - high temperature dielectric oven with long operational periods 

4.2.1.4 Labour 

Continuous production of glass fibre requires 3 shifts, 365 days per year. The continuous 

process becomes particularly manual at the spinning and end finding stages. At these 

stages in the process, operator involvement is required to relocate the wetted glass fibre to 

the dielectric oven. Following drying they are collected by hand and taken to the end 

finding equipment for packaging. 
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4.2.1.5 Results and Verification 

Figure 4-3 presents a cost breakdown for the glass fibre production process. It can be seen 

that there is a large contribution from initial raw materials. This is due to large quantities 

rather than high unit expense . Due to the elevated temperatures required within the 

melting furnace and large direct labour force there is a clear contribution from the energy 

and labour constituents however, in this study all drivers are significantly outweighed by 

mark-ups calculated in Section 3.10. 

4.5 Glass Fibre 
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Figure 4·3 Glass fibre simulation overview and price verification 
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Figure 4-3 demonstrates the range in market prices for various glass fibre grades. The 

simulation estimate is extremely low in relation to the proposed study of 5-2 glass fibre. 

This large difference could result from intellectual property factors or research and 

development costs required to achieve superior mechanical properties presented in Table 

4-2. Such high development costs are not considered within the analytical framework. 

Table 4-2 Glass fibre cost estimation price verification 

Glass Type Tensile Strength Density Thermal Expansion 
(Mpa) (gfcm3) (~m/m°C) 

E-Glass 3445 2.58 5.4 

5-Glass 4580 2.49 5.6 

5-2 Glass 4890 2.46 2.9 
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4.3 Carbon Fibres 

Carbon fibre can be produced from two stock materials, resulting in Pitch based and poly

acrylonitrile (PAN) based fibres. Pitch based carbon fibres are produced by melt spinning 

organic compounds to form a relatively cheap precursor material. This process does not 

require tension to maintain the molecular orientation however; the carbon fibres produced 

using this method exhibit lower mechanical property than PAN based fibres. For this 

reason, PAN based carbon fibres are predominantly used in aerospace grade fibres. [87] 

In this section a description of the three separate stages required to produce aerospace 

grade PAN based carbon fibre is described. The initial chemical compound required is 

acrylon itrile . The acrylonitrile is then supplied to a PAN fibre producer where it is 

polymerised and spun into fibres. The white PAN fibres are then supplied to a carbon fibre 

producer where they are converted to black carbon fibres to be supplied to the end user. 

4.3.1 Acrylonitrile 

Acrylonitrile is currently produced on large scales across the globe using the Sohio 

(Standard Oil of Ohio) process in which a catalytic ammoxidation of propylene is used. In 

the Sohio production process shown in Figure 4-4, raw materials are fed into a fluidized-bed 

reactor containing a catalyst. The Sohio process is very efficient with yields in the range of 

80-90% depending on the catalyst used [89]. The Sohio process however produces several 

extremely poisonous by-products formed during the ammoxidation reaction, which are 

separated through a distillation process. 

105 



4.3.1.1 Infrastructure 

The Sohio process uses a single step fluidized-bed reactor to convert efficiently the raw 

material to acrylonitrile . However, auxiliary equipment is required for further distillation 

and refinement of the acrylonitrile (AN) . These include distillers, absorption and recovery 

towers and a final stripping tower to remove high boiling point impurities. 

A heat exchanger is employed to convert excess heat from the high temperature reaction 

occurring within the reactor, into electrical energy. This conversion is performed in a heat 

exchanger, driving an electricity-generating turbine. The interaction of the production 

equ ipment is shown in Figure 4-4. 

4.3.1.2 Material 

There are three main raw materials used in the Sohio process, propylene, ammonia and 

oxygen in a ratio of 1:1.2:10. Water is also added to the reactor to increase the selectivity of 

acrylonitrile and decrease the temperature within the reactor. The reaction is highly 

exotherm ic and the excess heat is generally converted to electricity to be used in 

separation and purification operations. A metal oxide catalyst is used in the reactor to 

enhance the process reducing the dwell time to only a few seconds. 

The main by-products created by the process are hydrogen cyanide and acetonitrile, which 

are extremely hazardous and used as industrial solvents. However, in this study it is 

assumed that these by-products do not contribute to the pricing structure of acrylonitrile. 
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4.3.1.3 Energy 

The reactor operates in a temperature range of between 400-500°C. It is assumed that the 

reactor is heated initially by natural gas. It is also possible for the reactor to be electrically 

heated however, within the thesis the focus will be on gas-fuelled reactors. 

The exothermic reaction in the reactor must be controlled using cold water to ensure the 

optimum reaction temperature is maintained. This results in high temperature steam being 

produced, which is converted using a heat exchanger to form high-pressure steam. It can be 

assumed however that the quantity of steam produced in the acrylonitrile process [86] is 

approximately equal to the steam required in the polymerisation of Pan and therefore no 

net steam production is assumed. 

4.3.1.4 Labour 

It is estimated that the Sohio process for acrylonitrile is similar to that of other continuous 

Sohio monomer production and that the process operates continuously over a yearly 

period . Based on the volume of material produced, analysis assumes a 3 shift operation 

with an average of 18 operators per sh ift. 
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4.3.1.5 Results and Verification 

The Sohio process provides an efficient single stage production process for acrylonitrile. 

With in the production costs, there is a large initial contribution towards the infrastructure 

capital. This coupled with highly toxic by-products, which inflate the production insurance 

costs, results in the infrastructure dominating production costs. With large global volumes 

of production, total material costs are low. This can be rationalised by acrylonitrile's use 

within non-aerospace specific applications such as commercial plastic monomers, e.g. ABS 

and SAN. There is also a larger than expected cost contribution from the labour required for 

plant operations, attributed to non-stop production . Energy consumptions are low per 

weight of material produced . A summary of the model results can be found in Figure 4-5. 
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From non-dimensionalised market price data, it can be seen in Figure 4-6 that with a single 

supply chain mark-up factor the model over-predicts the current market price, however not 

beyond the range of expected market variation. When imposing a lower mark-up factor, 

the predicted price correlates with current market prices. It is understandable to use a 

lower mark-up value for this material, as acrylonitrile is a widely used product, 

manufactured on very large scales. However, within this study a single average mark-up 

factor is applied across all production level interactions highlighting a limitation of this 

assumption . 
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4.3.2 Poly-acrylonitrile (PAN) Fibre 

PAN based fibres are produced from the previously discussed acrylonitrile, a monomer 

which when mixed with a solvent and catalyst forms poly-acrylonitrile. The process for 

creating aerospace carbon fibre grade PAN fibre is not commonly publicised, with a large 

amount of intellectual property surrounding the process. For this reason there are many 

more assumptions made about this process than the other modelled material production 

processes considered within this research . 

Poly-acrylonitrile fibres cannot be spun from melt as acrylonitrile polymers decompose on 

heating without melting. Hence their solutions are spun either by wet spinning, where the 

solutions are pressed into a precipitation bath containing non-solvents of PAN, or by dry 

spinning, where coagulation occurs in a stream of hot gas by solvent evaporation. There are 

several methods available to spin polymer fibres; however, wet spinning is the standard for 

PAN fibres [88] . The wet spinning process solidifies polymers through a coagulating (wet) 

substance and then dries the resulting fibre . The fibre is stretched and pulled during its 

creation, increasing tensile strength in the resultant fibre. 

4.3.2.1 Infrastructure 

The polymerization is performed continuously within a stirred reactor combining the 

monomer, solvent, catalyst and acrylonitrile. There are three ovens in the production 

process, the first dries the polymer solution as it exits the reactor, the second after the fibre 

is washed, and then finally after the finishing oil is applied . It is assumed these low 

temperature ovens are not particularly specialised . 
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Similar to the glass fibre manufacturing process the PAN fibre is extruded through a 

bushing/spinneret. Unlike glass fibre, the temperature is low at this stage and the spinneret 

is not manufactured from a precious metal, in this case stainless steel. 

The majority of the remaining equipment is required for stretching and aligning the fibres. 

This is done through a series of tensioning rollers passing the fibre through a spray wash 

and boiling water bath. The control of the tension and stretching ratios is key to achieving 

the correct fibre properties. It is also documented that spinning in clean-room conditions 

produces better PAN fibres [90] and this is factored within the auxiliary equipment. The 

PAN fibre production process and its associated equipment are presented in Figure 4-7. 
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4.3.2.2 Material 

The feedstock for PAN fibre production is a monomer, solvent, catalyst and acrylonitrile. 

These are specific to different end uses of the fibre and little is known of the formulations 

used for aerospace applications. For the purposes of this exercise, published literature 

documenting production materials will be used in the analysis [43][92][93][94] 

Typically, peroxidies, persulfates or azo compounds are used as catalysts within the stirred 

reactor. Within this study, titanium oxide will be considered as the reaction initiator. 

Suitable solvents include dimethylformamide, dimethylsulfoxide, and concentrated 

aqueous solutions of zinc chloride and sodium thiocyanate can be used. Within this study, 

dimethylformamide is used. Commonly, Methyl acrylate (MA), methyl methacrylate (MMA) 

and vinyl acetate (VA) are added to provide "neutral" comonomers. A second comonomer 

is often added to initiate ladder-polymer formations during subsequent stabilization of the 

PAN fibres. This generally consists of acidic comonomer, such as acrylic acid and itaconic 

acid at concentration levels of about 1 mol% [95] 

Acrylonitrile is typically polymerized in aqueous dispersions (wet spun). Also quite common 

is "solution polymerization," when the formed polymer remains dissolved in the solvent. 

Organic solvents (dimethylformamide, dimethylsulfoxide) or concentrated aqueous 

solutions of some inorganic salts are used for this process. The concentration of this dope is 

in the region of 15- 20%. Typically, a silicone finishing oil is used to protect the fibres in 

further process handling. Several gaseous, chemical by-products are produced during PAN 

fibre production including hydrogen cyanide. 
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4.3.2.3 Energy 

Energy is required within this production process at a series of points. In the polymerisation 

process, energy is required to evaporate the solvent from the suspended polymer; this is 

done through a series of electrically heated lamps over a travelling belt. These lamps are 

required to operate at around 60°C to sufficiently dry the polymer. 

The following spinning stage requires electrical energy for both the cooling of the carrier 

solvent to -7°C and the pump forcing the polymer solution through the spinneret and 

recovering the solvent. 

The fibre is dried following a spray wash at a temperature of 40°C and it is assumed an 

electrical oven is used . Drying the finishing oil requires temperatures of 135°C and carried 

out over electrically heated drums. There is also constant underlying energy consumption in 

operating the tension rollers. 

As this process is chemically orientated, natural gas is not frequently used. This alleviates 

unwanted reactions however, it is assumed natural gas is used to heat the water within the 

boiling water stretch stage where the temperature must be maintained to accurately 

control the fibre diameter at the most intense stretching stage . 

4.3.2.4 Labour 

Labour operations are assumed similar to other chemical production facilities as limited 

literature and experience is available . 
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4.3.2.5 Results and verification 

A simulation cost breakdown for poly-acrylonitrile fibre is presented in Figure 4-8. These 

results demonstrate an overwhelming dominance from process material cost. As specific 

catalysts are not known, an expensive high purity titanium oxide powder is used to 

represent a worst-case scenario. This material cost is only matched by product mark-up 

with energy, labour and infrastructure providing only a small proportion of the total cost. 

Each of these three individually equate to less than 4%. Natural gas usage within facility 

accounts for the majority of energy costs with low electricity consumptions rates influenced 

by PAN's low melting point. 
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It is difficult to verify simulation predictions for the poly-acrylonitrile fibre process as 

market prices vary greatly based on material grade. PAN fibre is used heavily within the 

textile industry however, these fibres are not suitable for aerospace components. A further 

complication occurs, as the production network is generally a closed loop, with PAN fibre 

and carbon fibre producers being heavily integrated. Figure 4-8 displays the deterministic 

simulation results along with PAN f ibre prices presented within literature [39] . Model 

estimations lie within the quoted values. From published literature, it is generally believed 

that the high cost of the PAN fibre precursor is due to use of solvents in the dissolution of 

the polymer during the wet and dry spinning processes [90] . From the simulation results, 

these statements are accurate. 
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4.3.3 Carbon Fibre 

Once a precursor has been formed it then follows a washing, oxidation (or stabilisation), 

carbonisation and, if required a graphitisation stage, all depicted in Figure 4-9. In each of 

these stages, the fibre is passed through furnaces of varying temperatures, under tension 

to convert the PAN fibres into high strength carbon fibres. Each of the six operations adds 

further value to the fibre, and will now be discussed briefly. 

Washing 

The PAN fibres are washed through a steam clean to remove foreign objects and finishing 

oil from the fibres prior to processing. This is also the first stage at which stretching of the 

fibres occurs. 

Oxidation (Stabilisation) 

The fibres entering the oxidisation stage are white in colour. Stabilization of the carbon 

fibres takes place as the PAN fibres move through atmosphere exposed ovens which 

operate between 200-4oooC. The PAN fibres require stabilisation prior to carbonisation. 

This initiate cross linking within the polymer and prevents polymer chain breakage during 

the following processing. The PAN fibres are heated under tension to prevent relaxation of 

the polymer chains. 
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Carbonisation 

Carbonisation is the process of converting organic material into carbon. The fibres are now 

black in colour and are carbonised in an inert atmosphere, typically nitrogen. The 

carbonisation furnace is much smaller than the oxidation ovens as they require a 

temperature between 1500°C and 1600°C. The carbonisation process used to create carbon 

fibre is pyrolysis, which uses heat as a catalyst to increase the vibrational energy and breaks 

atomic bonds within the molecules. When used to form carbon fibre, pyrolysis breaks the 

bonds between carbon atoms and nitrogen atoms as well as the bonds between carbon 

atoms and oxygen atoms with in the polymer [96] . 

Graphitisation 

If required, the carbon fibres can be heated to temperatures of greater than 2,000 ·C in a 

graphitisation furnace to achieve a higher modulus within the final fibre. Increasing the 

heat treatment temperature decreases tensile strength of the fibre . However, it is 

responsible for the growth of ordered structure, increasing crystalline orientation in the 

fibre direction and reducing interlayer spacing and void content. Argon is typically used in 

this step as nitrogen can react with carbon at such high temperatures. 

Surface treatment 

In the surface treatment stage, the carbonised/graphitised fibre passes over a positively 

charged roller and into an aqueous electrolytic cell. Various electrolytes are used to 

conduct current and to create surface groups. The fibre is washed and dried before 

entering the size applicator. Electrolytic oxidation removes weak surface layers, etches the 

fibres and allows better adhesion with the selected size. Electrochemical oxidation is used 

due to its inexpensive nature and simple integration within a continuous process. 
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Sizing 

The fibres are applied with a sizing to allow them to be handled more effectively and to 

provide a good bond with the resin later in the material supply chain. Carbon fibre sizing 

must be applied to the fibre tow to prevent the individual filaments from contact damage 

between themselves or with eyelets / guides during weaving or prepreging stages. Sizing 

systems are chosen based on their compatibility with the end resin system. 

4.3.3.1 Infrastructure 

The initial capital equipment requirement for a carbon fibre production line is vast and 

shown in Figure 4-9. As described previously, the production process exists in several stages 

however, it can be divided into 8 key pieces of equipment: 

• PAN fibre creel station 

• Washing bath 

• Oxidisation ovens 

• Carbonisation furnaces 

• Surface treatment 

• Sizing tank 

• Drying ovens 

• Spooling room 
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The creel station is a room dedicated to the raw PAN fibre, which arrives, coiled in boxes 

from the PAN production facility . The PAN fibres are located through guides that represent 

each individual tow to be processed . These guides are linked to tension regulators and 

typically monitored by jam warning systems. As the process operates continuously over 

long production cycles, any malfunctions must immediately addressed, as failure will result 

in downstream production loss. 

Washing of the pan fibres occurs in high temperature steam baths. This is a relatively 

inexpensive piece of equipment in comparison to the high temperature ovens and furnaces. 

Within the oxidisation ovens, fibres are heated under tension. Oxidisation ovens are 

generally modular in a cube formation to utilise space. The oxidisation ovens are large but 

operate at relatively low temperatures compared with the furnaces required later in the 

fibre production . The oxidisation process is exothermic and sensitive temperature control 

measures are required to prevent a runaway exothermic reaction. Uniform temperature is 

maintained within each oven module through highly controlled airflow systems, and heated 

using a combination of electrical and gas heaters. 

The carbonisation furnaces are conSiderably smaller than the oxidisation ovens for three 

reasons. Fibre dwell time within the carbonisation furnace is typically much shorter than 

within the oxidation ovens. The furnace is atmospherically sealed, resulting in a smaller 

volume for more efficient usage of inert gas. Similarly, due to the high temperature 

requirement, a smaller volume promotes efficient heating. 
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Fibre surface treatment is required for better sizing adhesion properties. An electrolytic 

oxidation bath consisting of a positively charger roller (anode) and negatively charged 

solution bath (cathode) are used to etch the fibre surface . Following this, a size is applied by 

spraying the fibres typically with a silane solution . This is a highly efficient process with 

minimal waste. A low temperature, electrically heated oven is used to evaporate size 

solvent form the fibre surface . At this stage in the process, no further fibre tension is 

applied and therefore oven throughput is at its most rapid . 

To collect the processed fibre, a large room dedicated to the uptake of finished material 

onto spools is required . This room contains many rack style pieces of equipment, 

monitoring tension and indicating when carbon fibre bobbins are complete for removal. 
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Figure 4-9 Carbon fibre production process 
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4.3.3.2 Material 

The primary material in the carbon fibre production is PAN fibre . Additional materials are 

required for the processing of these fibres but do not generally make up part of the final 

material. The only exception to this is the sizing solution applied to the fibres in the final 

stages. A silane coupling agent is applied in relatively low volumes, generally 1% fibre 

weight. The pyrolysis of PAN fibre causes a reduction in material mass through bond 

breakages and emission of expelled gases. The mass of material entering the production 

process is therefore much greater than mass of produced material. 

4.3.3.3 Energy 

Oxidation ovens typically operate between 200-4000 C and require a combination of electric 

and natural gas heaters . Carbonisation furnaces predominantly use electric heating 

elements within a sealed inert atmosphere to convert the organic material to carbon 

without combustion . The carbonisation furnace is typically electrically heated to between 

15000C and 16000 C depending on fibre grade being created . The extremely high 

temperatures required have a high electricity demand . The optional graphitisation stage 

requires temperatures in excess of 2000°C. This step is optional depending on required 

fibre properties. This again is an electrically operated furnace however uses argon gas 

which can withstand higher temperatures without molecular breakdown causing defects in 

the carbon structure . 
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4.3.3.4 Labour 

The initial setup of the fibres within the production process is crucial to the production of a 

high quality, consistent fibre. As production is semi-continuous (~28 day cycle), machine 

set up labour is estimated over the observed production period and is included within the 

continuous labour element. Within production downtime, the facility is thoroughly cleaned 

and any maintenance performed. Direct operator labour is estimated as the labour 

required for continuous line operation during production periods. 

4.3.3.5 Results and verification 

Figure 4-10 presents the cost breakdown for the carbon fibre production process. It can be 

seen that material costs are dominant, with the greatest contribution arising due to PAN 

fibre . Several other processing materials are required however, the finished material 

contains low volumes of these, and therefore only accounts for a minor proportion of the 

material cost. Within the manufacture of carbon fibres, substantial costs occur due to 

energy demands of the production equipment. Energy costs form a notable proportion of 

material price, with production using high temperature electric furnaces. Labour costs 

account for over 10% of product price with large contributions from line cleaning and 

maintenance regimes. 
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Figure 4-10 Carbon fibre simulation overview and price verification 

Carbon fibre is typically purchased on a contractual basis and material prices will vary 

greatly depending on tow, tex and quantity procured . Figure 4-10 presents simulation 

prediction comparisons with typical commercial fibre prices for specific fibre 

characteristics . It is assumed that the modelled facility is operating at set capacity 

therefore, a medium tow count is assumed. From the results in Figure 4-10 it can be seen 

that simulation predictions correlate well with this hypothesis. Within carbon fibre 

production, a greater tow count results in a higher process yield, thereby lowering total 

processing costs per unit weight produced . High tow fibres are generally for limited 

applications and associated with specialist producers. Carbon fibre production simulations 

fall within the expected range of fibre prices. However, with a greater detail of final fibre 

type being available, the generiC framework could be tailored to provide price estimations 

for a specific fibre . 
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4.4 Fibre Weaving 

The weaving of fibres is a common practice within the composites industry to improve the 

biaxial strength of the final composite material. The weaving of advanced fibres uses 

standard textile machinery. Preform architectures woven on conventional machinery 

usually contain good mechanical properties in only two main orthogonal directions [97]. 

However, the development of non-crimped fabrics can incorporate more than 2 orthogonal 

directions to better suit end user requirements. 

Bi-axial Plain Weave 

This is the simplest form of weaving and similar to common textile weaving. The warp fibre 

is fed into the loom from creels stored at the rear and the weft fibre inserted via a shuttle. 

The fibres are woven at 90° to one another as demonstrated in Figure 4-11[98] . The speed 

at which the fabric is woven is material dependant for example; glass fibre can be woven at 

higher speed than carbon fibre . 

Each warp fibre passes alternately under and over each weft fibre. The fabric is 

symmetrical, with good stabil ity and reasonable porosity. However, this is the most difficult 

of weave configurations to drape, and the high level of fibre crimp imparts relatively low 

mechanical properties compared with other weaving styles. With high tex fibres, this weave 

style produces excessive crimp and therefore tends not to be used for very heavy fabrics. 

Satin Weaves 

Satin weaves are performed in a similar fashion to biaxial plain weaves with the fibres 

woven at 90° to one another. However, in this weaving pattern the machinery picks the 

warp fibres in such a way as to allow the harness pattern to be obtained (typically 4, 5 and 

8). A 4 harness weaving pattern is shown in Figure 4-12 [98] . The harness referred to, is the 
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total number of fibres crossed and passed under, before the fibre repeats the pattern. This 

weaving pattern allows better drapability properties. 

Figure 4-11 Example plain weave architecture 

Non-Crimp Fabrics (NCF) 

Figure 4-12 Example satin weave architecture 
(4HS) 

NCF's are created in a different manner from traditional weaves. Fabrics are made using a 

stitching process, which effectively combines mUltiple layers of unidirectional material into 

one fabric, an example of which can be seen in Figure 4-13. This process can produce multi

axial fibres of different orientations. As the warp and weft are not woven, a moving shuttle 

is not required to integrate the fibres; instead, a stitch (usually polyester fibre) is used to 

provide structure to the fabric. NCF's can offer mechanical performance increases of up to 

20% in some properties over woven fabrics, due to the following factors: 

• Parallel non-crimp fibres bear the strain immediately upon being loaded. 

• Stress points found at the intersection of warp and weft fibres in woven fabrics are 

eliminated. 

• A higher density of fibre can be packed into a laminate compared with a woven 

fibre . In this respect the fabric behaves more like layers of unidirectional fibre. 
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Simultaneous stitch manufacture is carried out on specialist machines based on the knitting 

process. Each machine varies in the precision with which the fibres are laid down, 

particularly with reference to maintaining consistent fibre orientation. These machine types 

have a frame which simultaneously draws in fibres for each axis/layer, until the required 

layers have been assembled, and then stitches them together, as shown in Figure 4-13[98]. 

Figure 4-13 Example NCF architecture (0, +/-45, 90) 

4.4.1 Infrastructure 

As mentioned in Section 4.4 the weaving of advanced materials is performed on standard 

textile weaving rapier looms. This reduces initial capital costs as no proprietary or specialist 

equipment is required . The "weaving" of non-crimped fabrics is slightly different in that the 

warp is not woven as such but laid on the weft before stitching; however, this is done on 

modified textile weaving machines. 

The fibre is fed to the weaving machine from a creel station, located at the rear of the 

equipment. This is generally a simple rack style apparatus with tension control devices to 

ensure the fibre enters the weaving equipment in the correct manner. In certain 

applications, a protective powder binder is added to the woven fibres through a gyrating 

sieve . This enables a fine even coating of the binder across the fabric. 
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Finally there is an off loom take up device to control the tension of the fabric, located at the 

output of the rapier loom. This includes cutting blades to trim the excess loops from the 

ends of the fabric and to cut the woven fabric to the desired width. It is possible to produce 

multiple widths from the same roll ensuring the cumulative total is less than the machine's 

maximum width capability. 

The process is very simple and can operate with the three common pieces of equipment 

presented in Figure 4-14. The initial costs for this equipment are high but there are no 

temperature changes within this process and therefore, limited wear occurs in 

components . 

4.4.1 Material 

Within fibre weaving production, a change of material form is executed requiring a 

minimum of additional materials. A binder is added where required. The specific binder 

agent added to the woven fibre is dictated by the resin system to be used at the 

prepregging stage . Finally, a cardboard roll and polythene packaging are used for 

transportation to the next processing stage in the supply chain. 

4.4.2 Energy 

There is no temperature change required in this process and therefore the energy demands 

are low. The operational energy requirements arise due to the rapier loom. This includes 

tension control at both sides provided by CNC machinery. 
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4.4.3 Labour 

The weaving machines can run largely unmanned however, a monitoring approach is 

required to ensure the outgoing roll is changed when complete and of an acceptable 

quality. A labour constituent also exists before the weaving commences. The initial setup of 

the fibres on the machine is crucial to the production of a high quality fabric. Within the 

semi-continuous operation, machine setup labour is estimated over the observed 

production cycle. This labour cost is determined and summated with the monitoring 

operator labour. 

4.4.4 Results and verification 

Results for the woven glass fibre cost breakdown can be seen in Figure 4-15. Largely due to 

initial machine setup, labour costs represents -3% of woven material price. This coupled 

with the high initial cost of weaving equipment form two notable drivers, yet both are 

insignificant when compared to the material mark-up percentages. Energy costs associated 

with fibre weaving are minimal as no temperature changes are required and much of the 

process is mechanical rather than electrical. The greatest driver contribution arrises from 

the fibre material itself (despite glass being the less expensive of the 2 fibres studied) . 

Within aerospace, woven glass fabric is generally used to provide corrosion resistance 

within carbon fibre components or, reinforcement w ithin non-structural details. For this 

reason, it is much less expensive than its carbon fibre equivalent. Simulation results are 

compared with a woven E glass and the much stronger Sand S-2 glass fabrics. Typically, S-2 

glass fetches a higher market price than S glass however, in this instance this is not the 

case . The material price data is taken from two separate sources (S-2 -contract price, S -

literature price [83)) demonstrating the effect of long term contract pricing on material 

pricing. 

132 



Comparing this with results for woven carbon fibre costs, also seen in Figure 4-15, there are 

many similarities. Energy costs again produce the lowest contribution to product price and 

fibre material the greatest. However due to slower weaving speeds, process yield is 

reduced and therefore a greater cost per unit weight is observed. The same is true for 

labour and energy costs however, due to the greater fibre costs this increase is not 

reflected in percentage contributions. 

Woven carbon fibre price estimations show greater correlation with market data than 

woven glass fibre . It can be seen from Figure 4-15 that dependant on fibre specification and 

weaving architecture there can be up to a 50% price difference. It is demonstrated that 

simulated prices lie in the mid-range of woven carbon fibre prices, aligning best with high 

tensile strength carbon fibre woven to a 5-harness specification . 
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4.5 Resins 

A resin or "matrix" is employed in composite components for various reasons, the most 

important of these is to bond the fibres and support them within the structure. Without 

this support, the fibres would be inefficient by themselves. A resin allows loads exerted on 

the structure to be transferred to the fibre, provided a good bond is maintained, and 

provide all interlaminate shear strength between layups of fibre (assuming a 2D weave). As 

highlighted previously many of the fibres used in fibre reinforced plastics are highly 

susceptible to environmental factors . This weakness is overcome by the resin, providing a 

protective barrier between the fibres and operating environment. The main driver 

governing resin choice is the operating temperature that the component will experience 

within its service life . This is due to the reduced mechanical properties of the resins at 

elevated temperatures . 

Within aerospace, there is an overwhelming use of thermosetting plastics in composite 

structures. This is generally due to the lower raw material and processing costs that can be 

up to 30% greater in thermoplastic plastics with comparable technologies [99]. This 

research project will therefore focus on aerospace grade epoxy resin production . 

Epoxy resins are the most common and most versatile resin system used in aerospace 

composite materials . Epoxy resins provide a good adhesion to a wide range of materials 

and are highly moisture resistant. Epoxies are typically made up of two components, an 

epoxide and a hardener. The hardener reacts with the epoxide to provide strong cross links 

giving the epoxy its strength. The activation of the epoxide and hardener is performed by 

mixing measured quantities. Curing epoxy resin can take several days to complete. This can 

be accelerated under heat and pressure, which produces consistent, fully cured properties. 
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Epoxy resin will cure gradually at room temperature, the storage of the matrix is important 

to ensure a prolonged period of maximum mechanical properties. Generally, epoxies are 

stored at -18°e especially within transit, which can extend the "shelf life" by up to 12 

months. 

4.6 Resin Film 

Resin is produced in the form of a film for use in prepreg production through a 

consolidation process. The film coating process produces epoxy resin film through a reverse 

rolling procedure. Mixed raw materials are extruded to a coating head that transfers the 

resin to a carrier. Due to the minimal thickness of the resin, cure begins almost immediately 

and no heating element is required . The resin film is then backed by a protective film 

before being wound onto a final collection roller. The complete process is shown in Figure 

4-16. 

4.6.1 Infrastructure 

The main equipment required for resin film production is a resin coating machine. This 

machinery contains an internal feedback loop that monitors the thickness of epoxy resin on 

the backing paper. Electrically heated screw feeders are used to mix and feed the raw 

materials into the processing equipment. A thermal oxidiser is used to handle the expelled 

gases. Typically, to maintain a continuous feed, a carrier roll is implemented to provide 

additional time between roll changes so that the process does not need to be stopped to 

reload material. 

There are several pieces of auxiliary equipment required for the continuous production of 

resin film . The control process for resin thickness is facilitated by a epu linked to several 

sensors along the material process line, monitoring thickness, demonstrated in Figure 4-16. 
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4.6.2 Material 

The epoxide typically used in aerospace is Bisphenol A with a diethylenetriamine (DETA) or 

Epichlorohydrin hardener. Therefore, the input materials for this process are considered as 

Bisphenol A and Epichlorohydrin. The mixing ratios of these materials vary between 1:1 and 

5:1, dependent upon the required final resin properties. However, the difference in price 

between these two raw materials is small per unit weight so a 1:1 ratio can be assumed. 

Generally, for aerospace applications stock epoxy resin does not meet the required 

mechanical properties and fillers/additives are required. In this case generic additives are 

used as a basis for comparison however a more comprehensive list of specialist additives 

can be found in Appendix - C, which are considered. 

Two disposable materials are required for this process. A carrier release paper is used to 

transport the resin from the rollers to the sensors before being wound onto the bobbin. A 

polythene film is applied to the top surface in the final stages of the process for ease of 

handling at later stages, and to prevent the film adhering to itself. 

4.6.3 Energy 

As with many continuous production machines the major energy consumption occurs in the 

initial stages of the process run . This initial high demand occurs when bringing the 

equipment up to steady state operating speeds and temperatures from stationary 

conditIons . 

In this process, the main energy draw occurs where there is a change in temperature 

required . The heater used to reduce the viscosity of the resin before it is applied to the 

roller has the highest consumption. The CPU required to control the correct thickness of the 
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resin is much larger than a standard desktop computer, thus consumes a large amount of 

electricity within the process. The several motors and screw feeders within the production 

process operate continuously however their electrical energy consumption is much lower 

than the equipment required for temperature change. 

4.6.4 Labour 

There is a low level of skill involved in the operation of this equipment however, the initial 

setup is critical to optimise the throughput of the process. The setup time is factored on a 

set cycle basis and shows the recurrence of this setup as the carrier and polythene film 

require replacement. Although the machine remains largely unsupervised for the duration 

of the process, it must be overseen by an operator at regular periods to ensure steady 

operation and removal of completed material. 

4.6.5 Results and verification 

From the breakdown of production costs for epoxy resin film, Table 4-3, it is shown that 

material elements provide the largest portion of incurred cost. Within the manufacture of 

epoxy resin film, all materials entering the process become part of the final material. 

Primary material costs are associated with Bisphenol A and Epichlorohydrin however, a 

continuous demand on polythene film and backing paper also add notable contributions. 

Electrical energy costs are low due to moderate temperature requirements of production 

equipment, ensuring the resin is not prematurely cured . Labour and infrastructure costs 

occur in almost equal proportions but neither is substantial. Setup labour accounts for a 

small percentage of the total labour costs due to the material spooling, creating a backup 

feed system . 
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Table 4-3 Epoxy resin film cost estimation overview 

Process Driver Contribution 

Resin Film Material 45.43% 

Labour 3.35% 

Energy 0.95% 

Infrastructure 3.46% 

Mark-up 46.81% 

·Based on production capacity of 364 tonnes per year 

Typically, resin films are produced by prepreg manufacturers. These material producers use 

purchased fibre and combine it with resin film produced on-site. Therefore, this material is 

rarely produced for resale . For this reason, estimation verification is not possible for epoxy 

resin film production with in this project. 
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4.7 Pre-Impregnated fabric 

A resin pre-impregnated fabric is a combination of fibre reinforcement and resin matrix, 

ready to be used in a range of composite layup technologies. In the prepreg production 

process, woven fabric or unidirectional fibres are combined with a resin matrix and cured to 

a "stage B" state before being refrigerated prior to transportation. There are two common 

ways in which the prepregging operations can take place, solution coating and film transfer 

consolidation . In this study, film transfer consolidation is considered as it is the preferred 

method of choice within industry, avoiding problems associated with solvent storage, 

disposal, air emissions and potential fire hazards [101] . 

Film transfer consolidation 

In the resin film transfer production process, resin which has been produced in a resin film 

form is used . The reinforcement fabric is fed between two layers of the resin film then 

heated to allow the resin and fibre to be consolidated between rollers under pressure. The 

carrier film used to hold the resin is removed before a release paper is applied. While this 

process has traditionally been used to manufacture unidirectional prepreg tape, it is now 

also being used for woven fabrics [100] . 

4.7.1 Infrastructure 

The impregnating process uses one machine to feed in the fibre fabric and resin film 

between two heated consolidation rollers. For UD prepregs, the fibres are stored on a creel 

station similar to that used for the weaving process. For woven materials, the roll is fed to 

the equipment from a single source . The impregnating machine uses heated compression 

rollers to consolidate the fibre and resin . A subsequent cold zone is then used to prevent 

the pre-impregnated material from prematurely curing. The prepregging process is 

presented in Figu re 4-17. 
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As the resin is at a stage B cure it must be kept refrigerated below -18De before and after 

the impregnating process. This requires the installation of industrial cold rooms with 

advanced environment management systems installed. 

4.7.1 Material 

Four materials are used within the film transfer production process, two engineered 

materials (woven fibre and resin film) and two disposable materials (carrier paper and 

polythene film) . The woven fibres are fed through the equipment consuming all input 

material with a high process yield . The removed carrier paper still holds an amount of resin 

however, in aerospace applications this film cannot be reused; in commercial applications 

this film can be reused up to 3 times before disposal. 

4.7.2 Energy 

The main energy consumer within this process is the refrigeration required. The power 

consumption of the cold room is dependent on its efficiency and the percentage of time 

spent cooling the unit. Generally, efficiencies are high when maintaining required 

temperatures. The prepregging machine uses electrically heated rollers to elevate the 

temperature of the resin film increasing the resin viscosity, allowing it to flow into the 

fabric. Following this temperature increase, a cold zone is used to prevent further resin 

curing. This combination of controlled temperature increase and decrease requires a large 

electrical consumption . 
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4.7.3 Labour 

The labour element of the prepregging operation is similar to that of the resin film 

equipment. The initial setup of the machinery is performed by skilled operators and 

requires a significant portion of time however, the machine operation and quality 

observation can be done by unskilled labour. The prepregging operation requires continual 

monitoring to manually inspect the material for flaws. 

4.7.4 Results and verification 

Comparisons of cost breakdowns for glass and carbon fibre prepregs are shown in Figure 

4-18. It can be demonstrated that due to lower required operational speeds, production 

throughput is reduced for carbon fibre materials leading to lower process yields. This in 

turn increases facility infrastructure and energy costs per volume of material produced. A 

significant difference can be seen between the cost of fiberous materials in section 4.4.4 

however due to 62% fibre volume fraction (Vf) being assumed, matrix prices reduce overall 

material costs . Initial line setup times are low for fabric materials. Energy demands are low 

for processing of both materials, due to realatively small scale equipment with 

temperature zones tightly confined . The larger refridgerator energy demands are low as 

demonstrated In section 2.3.3.2 with efficiently sealed devices. 
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Figure 4·18 Woven fibre simulation overview and price verification 
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A comparison of estimated prepreg prices with market data is complex for a number of 

reasons . Firstly, highly engineered material, such as preimprenated material, is rarely 

quoted as realistic market prices within literature. To obtain pricing information for 

aerospace grade and volumes, long-term contractual pricing is required. Sharing of material 

pricing is restricted within industry and therefore this data is rare . Secondly, due to the 

large number of possible reinforcement and matrix combinations, a vast range of material 

prices is available. Best efforts will be made herein to guide estimation accuracy in 

comparing comparable products. 
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Results are presented in Figure 4-18 are simulated deterministic estimations against 

material prices. It can be seen that the model estimation lies significantly lower than 

quoted ranges for glass fibre prepreg. This can be partially explained by the previously 

underestimated glass fibre price, which has been compounded through several production 

levels. From the cost breakdown, also presented in Figure 4-18, the dominance of material 

within the cost is evident and in particular the reinforcement. This further compounds the 

initial under estimation of glass fibre price. 

Relationships between carbon fibre prepreg simulation and material data provide a more 

reassuring confidence in the simulation results. It however can be seen that simulation 

predictions lie in the lower range of quoted values. Typically, within aerospace, 6K woven 

fibre architectures occupy this lower range with greater tow counts reducing fibre price. 

Higher priced prepregs contain fabrics with lower tow counts . UD prepregs provide the low 

to mid-range of this engineered material pricing as shown in Figure 4-18, but are highly 

dependent on fibre properties. As mentioned in section 4.3.3 the analytical framework best 

describes medium tow fibre production and subsequent products. 

4.8 Results Summary 

It has been shown in sections 4.2.1.5, 4.4.4 and 4.7.4 that simulation predictions continually 

underestimate the price of glass fibre materials. This is attributed to the low cost of 

production coupled with increased mechanical properties through research and 

development costs . Within the simulation framework, differentiation of this mark-up cost 

between materials is not considered . It was also demonstrated in section 2.4.1.1 that within 

aerospace structural components glass fibre prepreg contribute a small proportion of the 

tota l cost. For these two reasons, glass fibre materials will not be analysed further. 
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Figure 4-19 presents a summary of simulation predictions compared with typical market 

prices for the carbon fibre prepreg supply chain. However as the methodology defines a 

generic approach without specifying individual material characteristics, comparisons with 

specific materials cannot be made. An evaluation can however be conducted using ranges 

in market prices representative of typical material types. Figure 4-19 presents such a 

comparison for both commodity materials and higher-level engineered materials. Much of 

this information can be deduced from model verification within chapter 4 however 

combining these verification studies allow visualisation of simulation trends. 

It can be seen that simulation predictions lie accurately within market pricing for the 

commodity materials. The price range for PAN fibre used represents aerospace grade fibre 

with textile grades reaching roughly half of quoted values. 

The correlation of simulation predictions for engineered materials is generally in the lower 

range of the comparison values, nevertheless the consistency in this trend is reassuring. 

Carbon fibre prepreg exhibits a large degree of variation in market pricing however, this can 

be attributed to greater combinations of fibre type, weaving patterns and matrix systems 

available . A representation of a simplified breakdown based on weaving pattern and fibre 

tow count is demonstrated in Figure 4-19, showing simulation results falling directly within 

the 6K 5HS range . Unidirectional prepregs are not shown in this comparison, as the 

simulated production process does not represent this non-woven material. From 

verification studies in section 4.7.4, it can be determined that on average UD prepreg 

materials are 25% cheaper than woven fabrics for equivalent fibre grades. 

The difference in simulated prediction between commodity and engineered materials 

highlights disconnects between material speciality and the pricing structure not 

represented by the model. This disconnect therefore represents the effect of the material 

value if all model estimations are assumed equally accurate. It can further be concluded 

that the previously derived single mark-up factor cannot be conSistently applied to all 
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manufacturing tiers. It is believed that within the supply chain, higher tier material 

production commands a greater mark-up percentage . 
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Figure 4-19 Representation of model estimation accuracy- Framework predictions against market pricing 

4.9 Driver identification and Ranking 

Cost drivers are defined as individual production costs within each of the cost breakdown 

categories . For example, ammonia is a cost driver within the material category for 

acrylonitrile . A total of 151 production cost drivers are identified by the mass and energy 

balance process for a woven carbon fibre prepreg production supply chain. As defined in 

section 1.5 the aim of this thesis is to improve the understanding of the identified cost 

drivers associated with the composite material supply chain . Within an engineering thesis, 

it is appropriate to focus on production cost drivers rather than mark-up influences 

associated with these engineered materials. 
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4.9.1 Material production cost drivers 

It is possible to quantify and rank individual material production cost drivers, allowing 

visualisation of consumed materials, labour, energy used and infrastructure costs of each 

material production process. These drivers may not occur at the considered material 

production tier but may be a result of sub-tier production processes. Table 4-4 summarises 

the cost breakdown of production cost drivers for each analysed material. Drivers at each 

of the material production processes will now be discussed to identify the key drivers and 

engineering relationships. 

Table 4-4 Material production cost breakdown summary 

Percentage of production cost 

Driver Film PAN fibre Carbon fibre Dry Prepreg 
category epoxy resin carbon fabric carbon fabric 

Materials 77 .7% 41.0% 10.2% 11.4% 20.1% 
Labour 10.8% 17.2% 34.9% 34.3% 29.3% 
Energy 2.1% 12.3% 38.7% 33.3% 27.1% 
Infrastructure 9.5% 29.5% 16.2% 21.0% 23.5% 

4.9.1.1 Film epoxy resin 

Materials dominate the production cost of epoxy resin film. This is driven by the high 

volume and cost of Bisphenol A and Epichlorohydrin, which together constitutes 85% of the 

material cost. Labour and infrastructure costs are of equal magnitude; with the largest 

single contribution being film production set-up time, which represents 10% of the total 

production cost. Due to the low energy requirements of this material, electricity costs 

represent only a small portion of the production cost. 
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4.9.1.2 PAN fibre 

In the manufacture of PAN fibres the production cost is highly influenced by the cost of raw 

materials, and in particular the catalyst, co-monomer and solvents used for the 

polymerisation of acrylonitrile. These chemicals represent 57% of the materials cost. The 

infrastructure cost is distributed throughout all production tiers, with the largest cost 

associated with insurance for the production of acrylonitrile and its toxic by-products 

(11%) . The labour and energy costs are less significant and are directly associated with the 

PAN fibre production process. 

4.9.1.3 Carbon fibre 

The overriding cost in carbon fibre yarn production is energy, as the majority of the fibre 

production stages, wh ich convert the PAN fibre into carbon fibre, are significant energy 

consumers. The high temperature carbonisation phase accrues the greatest percentage of 

the energy cost (28%) . Labour represents the second largest cost, with the majority of this 

cost associated with the carbon fibre production process and its stringent requirements for 

regular production line shutdown, cleaning and restart. The infrastructure costs are again 

built-up of a significant number of smaller sources distributed across all production tiers. 

The material's cost is dominated by the solvents and catalyst materials used in the 

production of the PAN fibre . 
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4.9.1.4 Dry Carbon fabric 

Labour is the largest woven carbon fibre production cost, and again this is mainly attributed 

to labour requirements for carbon fibre line cleaning and restart. Energy makes up a third 

of the production cost, again driven by fibre production. The infrastructure cost is 

traceable to a number of smaller sources distributed throughout the production tiers, with 

the greatest in magnitude attributed to the initial equipment capital for the weaving 

process (23% of the infrastructure cost). At this material tier, raw materials make up a 

relatively small proportion of the production cost and many of these are sacrificial 

packaging items. 

4.9.1.5 Carbon fibre p rep reg fabric 

Labour represents approximately one third of the production cost of carbon fibre prepreg 

fabric. Of this, approximately 70% is associated with the carbon fibre production process 

and its stringent requirements for regular production line shutdown, cleaning and restart . 

Energy also represents approximately one third of the production cost, with the carbon 

fibre yarn carbonisation furnaces representing approximately 70% of the total production 

energy cost . The production infrastructure and materials costs are of similar magnitudes, 

and are traceable to a large number of smaller sources, which are distributed throughout 

the production tiers. 
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4.9.2 Cost driver overview 

At higher manufacturing tiers (fibre, fabric and prepreg production), energy and labour 

represent the greatest costs . At the preceding manufacturing tiers (resin and PAN fibre 

production) raw materials const itute the greatest cost. As the material becomes more 

refined, greater levels of skilled labour are required in the preparation and conservation of 

production equipment and material production . Infrastructure costs are generally less 

influential and relatively evenly distributed over the production processes, owing to the 

continuous nature of the production facilities . The quantification of the above material 

cost drivers gives greater foresight for cost distribution within the engineered materials. 

Figure 4-20 presents the addit ional production costs seen by processing at each tier within 

the supply chain, assuming the processed material is issued free of charge between the 

production tiers . A standard cost breakdown structure across the complete supply chain, 

allows the identif icat ion of production cost sensitivity to potentially changeable costs such 

as energy. A complete breakdown of the carbon fibre prepreg cost drivers is presented in 

Append ix - A. 
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Figure 4-20 Material production cost driver breakdown 
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4.10 Results analysis 

To demonstrate simulation robustness, statistical analysis tools are used to interrogate the 

results, allowing further understanding of relationships within the material production 

supply chain . Tools have been selected to interact with the analytical framework to assess 

which cost drivers have the greatest influence on simulation predictions when changed, 

thereby identifying key cost drivers. 

4.10.1 Key Cost Driver Identification 

With a generic application of the analytical framework, an element of ambiguity inherently 

exists within all variables. The variations, which occur within each cost driver, contribute 

towards overall confidence in the final simulation result . The sensitivity of these drivers 

therefore defines the difference in the deterministic result and non-deterministic 

estimation mean. For this reason, simulation sensitivity to all production cost drivers is 

studied using a sensitivity ratio (SR) measure, presented in section 3.6.1, to identify key cost 

drivers. Key cost drivers will produce higher sensitivity ratios. For this study, two degrees of 

sensitivity will be examined considering influence from driver dominance and variation 

limits (local and range sensitivity) . 

An SR equal to 100% would indicate that for a one unit increase in the cost driver of 

interest, the simulation result increases by one unit. An SR equal to 0% indicates that 

changes in the cost driver do not affect the simulation result. It is assumed that production 

rates and equipment amortisation periods of all production processes are considered fixed . 

Some cost drivers exhibit sensitivity to one particular sensitivity measure. Range sensitivity 

ratio provides a weighted sensitivity measure in which driver boundaries are considered. A 

local sensitivity measure neglects the boundaries that can lead to driver values being used, 

which are outside the plausible maximum and minimum ranges. 
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Figure 4-21 presents results for both local and range SR for carbon fibre prepreg material. It 

is seen that carbon fibre production demonstrates the greatest sensitivity in simulation 

result . There are also a large number of drivers within the acrylonitrile production process, 

which exhibit notable influence. 
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Figure 4·21 Sensitivity analysis results -Carbon fibre prepreg 

From this investigation, it can be seen that key cost drivers lie within many production 

processes within the manufacturing supply chain . It is also evident that in prepreg 

production there is a reduction in the quantity of influential drivers thus promoting further 

reqUIrement for supply chain analysis. Table 4-5 presents the 10 most influential drivers of 

this engineered material. 

Table 4-5 presents the sensitivity results for carbon fibre prepreg production . The most 

sensitive driver (18.57%) is seen to be the cost of electricity used in carbon fibre 

production . This can be attributed to a large demand of the high temperature equipment 
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(oxidation ovens, carbonisation furnaces). The cost of labour at this tier lies second with a 

similar local and range sensitivity result, 17.21%. As expected, there is a relatively high level 

of sensitivity exhibited by variation in furnace energy (High and low temperature) 

consumption within carbon fibre production . It is interesting to note the absence of any 

weaving and prepreging drivers within this top 10, however there is inclusion of drivers 

from the lowest production tier, Acrylonitrile . Raw materials (Propylene and Ammonia), 

used in Acrylonitrile production provide the feedstock at the very lowest tier in the supply 

chain . Variation in these drivers therefore affects every tier in the supply chain, with the 

material being further processed at every production tier, to ultimately form part of the 

final engineered material. Within the PAN production process, the uncertainty in specific 

catalysts used, produces a sensitivity ratio of 6.08%. Table 4-5 therefore presents a 

representation of the key cost drivers within the carbon fibre prepreg manufacturing supply 

chain . Appendix - B contains the top 10 key cost driver tables for the remaining production 

tiers however, it can be demonstrated that persistently occurring influential cost drivers are 

all found within this top tier production table . 

Table 4-5 Carbon fibre prepreg top ten most sensitive cost drivers 

Tier Driver local Range 

sensitivity Sensitivity 

Carbon Fibre Electricity price 18.57% 18.57% 

Carbon Fibre Wage Rate 17.21% 17.21% 

Carbon Fibre energy Carbonisation furnace (high temp) 9.80% 9.80% 

Carbon Fibre energy Carbonisation furnace (Iow temp) 6.53% 6.53% 

Carbon Fibre Oxidisation oven 1.97% 6.60% 

Acrylonitrile Insurance 6.08% 6.08% 

Pan Fibre Catalyst 5.98% 5.98% 

Acrylonitrile Propylene 5.52% 5.52% 

Acrylonitrile Ammonia 4.91% 4.91% 

Acrylonitrile Fluidised-bed reactor 4.13% 4.13% 
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4.10.2 Overview 

Progression through the supply chain tiers allows persistently occurring key cost drivers to 

be identified. At the higher engineered material tiers, there is a consistent appearance of 

energy consumptions associated with operating the High Temperature (HT) and Low 

Temperature (LT) furnaces within the carbon fibre tow production tier. Both elements are 

partially related to the variation in electricity cost (for the carbon fibre tier) which also 

appears ranked highly within the top 10. A presence of wage rates including with initial 

carbon fibre line setup is ranked second. The presence of this combination of key drivers 

within the prepreg material demonstrates the engineered material's susceptibility to the 

carbon fibre tow production costs. 

At low tier production, key drivers include the raw materials entering the chain at the 

lowest tier (Ammonia, Propylene, Bisphenol A and Epichlorohydrin) as well as the specialist 

processing materials required for PAN fibre production (catalyst and comonomer) . This is 

understandable given the changeable nature of these material's prices. It is also worthy to 

note the high level of sensitivity from insurance associated with acrylonitrile production 

which features as a key cost driver in all three engineered materials. This key cost driver is 

credited to highly toxic by-products associated with production. 

Assessing sensitivity within the supply chain and descending from top tier producers, 

demonstrates evolvement of key cost drivers from energy and labour to raw materials 

entering in the earliest stages. There are some exceptions to these trends for example, the 

insurance costs associated with acrylonitrile production . Drivers occurring in the top 10 

most influential for three or more of the production tier can all be found within this table. 

For this reason these 10 key drivers will be carried forward for further investigation. 
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As concluded from the driver ranking analysis, all continuous production processes exhibit 

association to a range of cost drivers. Within the continuous production supply chain, 3 

persistently occurring categories are identified : 

• Commodity dependant (acrylonitrile, propylene, Bisphenol-A, Epichlorohydrin). 

• Energy dependant (Carbon fibre electricity price, low and high temp furnaces). 

• Labour dependant (carbon fibre wage rate) . 

Infrastructure costs consistently form a low contributio:1 to material price. This can be 

attributed to the large material throughput therefore, contribution to individual units of 

product become insignificant. 

4.11 Chapter Summary 

Th is chapter has presented material production processes for six materials identified within 

the project scope . These materials fall within the manufacturing supply chains for woven 

glass and carbon fibre prepreg materials. With in this chapter, application of the mass and 

energy balance methodology has been demonstrated at each of the material production 

processes. Models created for each material production process present cost breakdowns 

in a standard cost structure; material, energy, labour, infrastructure and mark-up. For each 

tier of the manufacturing supply chain, key cost drivers have been identified therefore, 

val idating the methodology application to deterministic analysis of production costs. 

Through application of the analytical framework, a non-engineering related factor 

(production mark-up) proved most dominant in all production processes. 

Trends with in the material supply chain have been identified . It has been shown that at 

lower production t iers, a high dependance on material costs exist. Energy, labour and 

infrastructure costs are subdued by high production volumes. Progression through 

production tiers displays an increase in energy costs, where extreme temperatures are 

required to improve material properties. Larger ammounts of skilled labour are then 

required to handle these expensive engineered materials. 
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Within this chapter, a summary of simulation results have been presented and verified 

against typical material market prices. With the exception of glass fibre based materials all 

simulation results correlate well with market pricing. This demonstrates the limitations of 

the developed models, with a single markup factor applied to all supply chain tiers not 

accurately representing the non-production related cost of specific materials. The 

deterministic results presented here do not account for variations within production 

facilities nor between producers. The framework methodology will now be carried forward 

for further analysis using statistical analysis tools outlined in section 3.6, to assess the 

influence of key cost driver variation over time. 
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5 Composite Material Discussion 

This chapter capitalises on the results obtained in chapter 4, to perform a non-deterministic 

analysis of supply chain relationships. A Monte Carlo Simulation is used to determine the 

impact of key cast drivers on production costs. This chapter presents a novel demonstration 

of the analytical model, investigating variables changing with time. 

5.1 Key Driver Uncertainty 

In section 4.10.1 the importance of three cost categories is enforced by the results of the 

sensitivity analysis. It highlights a high material sensitivity towards raw materials in low 

production tiers. Within higher tier production, energy cost required for extreme 

temperature changes and the cost of a skilled labour force are deemed most influential. For 

this reason, the variation of all cost drivers associated with these three cost categories are 

considered variable . 

5.1.1 Raw Material Dependant 

One of the benefits associated with using a mass and energy balance approach to study 

material production is that it allows monitoring of raw materials at their earliest occurrence 

within the supply chain . There are five distinct raw materials entering the carbon fibre 

prepreg supply chain . Four of these materials are traded on exchange markets and can be 

monitored However, one is generally produced onsite (oxygen), and its cost is driven by 

equipment and energy costs. 

• Ammonia [Acrylonitrile) 

• Propylene [Acrylonitrile) 

• Oxygen (cost related to electricity consumption) [Acrylonitrile] 

• Bisphenol- A [epoxy resin film) 

• Epichlorohydrin [epoxy resin film) 
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Higher tier production processes can be analysed to quantify the impact of low tier raw 

material cost variation . 

5.1.2 Energy Dependant 

Fluctuations in energy prices are common; these fluctuations are measured on energy 

markets therefore, up to date information is currently available. Electricity price indices 

reflect a stable driver, increasing gradually over time. However, the price of natural gas is 

highly changeable . Beyond the 5 year time frame being considered within this project, the 

price of natural gas varies +91%/-29% from a base year over a 10 year period. It is therefore 

important to simulate this extreme variation to identify material production cost impact. 

5.1.3 Labour Dependant 

Direct labour rate is variable over time and is monitored by government statistics. This cost 

is generally stable with a positive trend correlating with inflation. Labour rates are more 

influential at higher tiers in the supply chain, where skilled employees are required to 

handle expensive engineered materials or where intricate initial setup routines are 

performed. US labour rates are gathered from the Bureau of Labour and Statistics (BLS). US 

labour rates are used over European averages as index variables are more openly explained 

with transparency of information. Labour rates within European countries are susceptible 

to manipulation for political gain. 
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5.1.4 Analysis 

A typical variation of cost drivers is used to simulate the effect of variation in raw material, 

energy and labour drivers on engineered material price. This variation is defined as the 

maximum and minimum values in input data over a 5 year period. A Monte Carlo 

Simulation is used to capture the model's response to driver variance over a set number of 

simulations. Within this project, 10,000 simulations will be completed in order to represent 

the result distribution. Monte Carlo simulations generate a non-deterministic estimate of 

the cost breakdown throughout the supply chain production tierss for a defined distribution 

about a population mean. 

Figure 5-1 presents individual key driver frequency distributions for carbon fibre prepreg 

material price . It can be seen that results for labour variation within the simulation, skew 

results to the right of the distribution range . This demonstrates the underlying distribution 

of this key cost driver. Labour rate is likely to increase on a yearly basis therefore the most 

probable value will be in the upper range of defined distribution . 
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The variation in model cost drivers will produce a range of output results. This spread of 

results represents all simulations performed with the distribution defining the frequency of 

particular values. It is therefore possible to apply tolerance intervals to the resultant 

spread . This will provide a range of output results with a defined confidence. A liB-basis" 

tolerance interval is used within this project. B-basis tolerance represents the most likely 

90% coverage of the results range with a 95% confidence. 

Figure 5-2 presents the range of simulation results for carbon fibre prepreg production. The 

B-basis tolerance for carbon fibre prepreg is 1+/-1.2%. These results are non

dimensionalised to the population mean. Cumulative frequency curves display the 

percentage risk of underestimating the true value. Using carbon prepreg as an example, in 

moving from a 50% risk of under estimation of material cost, to a 20% risk of under 

estimating, only accounts for a 0.7% increase in material price. 
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The same simulation statistics are presented in Figure 5-3 and Figure 5-4 for woven carbon 

fibre and carbon fibre yarn respectively. It is demonstrated that with a reduction in the 

number of production tiers modelled the B-basis tolerance intervals increases as shown in 

Table 5-1. As the studied tier approaches the carbon fibre tier (containing the most 

influential drivers), the uncertainty within the estimation increases. This can be attributed 

to these drivers having a higher sensitivity ratio at the containing production tier and 

therefore have a greater influence on uncertainty. 

Table 5-1 B-basis tolerance intervals for carbon fibre material simulations 

Production level B-basis tolerance interval 
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Carbon fibre yarn 
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Figure 5-4 Estimation Uncertainty - Carbon fibre 

Table 5-2 presents the distribution in simulation results imposed by the variability within 

the key cost drivers. It can be deduced that progression through the supply chain yields 

similar degrees of result spread for each of the drivers. When the combined uncertainty is 

analysed the results distribution has a standard deviation of 1% of population mean 

throughout the highly engineered material supply chain . 

Table 5-2 Model estimation uncertainity results 

Base rate Raw material Energy Labour Combined 

Prepreg 100 Mean 100.2 100.5 99.3 99.9 

0 0 .7% 0.5% 0.5% 0.9% 

Weaving 73.1 Mean 73.2% 73.4% 72.5% 67.5 

0 0.7% 0.6% 0.4% 1.0% 

carbon Fibre 31.2 Mean 31.3% 31.4% 31.0% 31.2 

0 0 .7% 0.6% 0.5% 1.0% 
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Quantification of estimation uncertainty is achieved through a non-deterministic analysis. 

Furthermore, tolerance intervals can be placed on the results spread to provide a most 

likely simulation outcome with a high degree of confidence. This therefore validates the 

models application to the simulation of varying cost drivers. It can therefore be concluded 

from this investigation that despite the generic application of the analytical framework, 

well defined processes exhibit high levels of certainty. This ability to quantify uncertainty 

associated with simulation results provides greater interaction understanding and a basis 

for better informed decision making. However, the non-deterministic results presented 

here use driver variation over time to generate non-deterministic results for a fixed point in 

time . The analytical methodology provides the capability of assessing impact of driver 

variation beyond the current time frame. 

5.2 Market Escalation Investigation 

The ability to predict the influence of market variation on material production costs is of 

increasing interest to manufacturers in uncertain economic climates. Until now, the driver 

input data has been gathered from a five-year period using current, maximum and 

minimum values as a representation of market variation . This provides a representation 

and verification of material production costs at a given point in time (shown in section 5.1). 

Within this study, a validation of the analytical model with varying time is presented. The 

validated model will then be used as a basis to project simulations for future market 

conditions. 

The initial investigation will obtain historical data for model validation. The second stage 

will go on to acquire data of reasonable fidelity to provide projected simulations. The 

benefit of this study will simulate production costs in future manufacturing market 

conditions, providing guidance for key strategic decisions. 
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Production costs are represented by a set of production drivers coupled with a mark-up to 

define realistic material prices. These manufacturing cost drivers are defined in Section 2.3. 

Due to the large number of drivers associated with the composite manufacturing supply 

chain, it is required to optimise the data acquisition stage in this investigation. Within the 

global manufacturing supply chain, drivers are grouped within one of two categories as 

shown in Table 5-3. 

Table 5-3 Categorisation of manufacturing supply chain variables 

Driver category 

Common production costs 

Facility specific costs 

5.2.1 Common Production Costs 

Description 

Costs which exist within the majority of 
manufacturing facilities 

Costs specific to individual manufacturing tiers 
(generally specific equipment or materials) 

Cost drivers which are common to all production tierss in the supply chain will be adjusted 

to represent market conditions over a 10 year period prior to model design. Variation in 

common production costs have been identified. These include: 

• Natural gas prices } Energy Costs 
• Electricity prices 

• Labour rates 

5.2.2 Facility Specific Costs 

Facility specific cost drivers are scaled using a set of realistic factors . To align material costs 

with the selected time period, rate of inflation will be used. 
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Production equipment costs are scaled using the 6/lOths rule based on capacity factored 

equipment estimation technique discussed in section 2.5.1.1. The application of this 

method with in continuous production facilities is well documented [102]. Equipment costs 

are therefore estimated using Equation 5-1, with Cnew representing the known equipment 

cost and Cbase, the equipment cost from the previous year. 

Equation 5-1 

Cnew 
Cbase = C 0.6 

( aPnew) 
CaPbase 

5.2.3 Historical Data Trend 

Historical data is generated for gas, electricity, labour, equipment and inflation scaling 

factors . The scaling factors used are presented in Figure 5-5, using 2010 as the simulation 

base year. It is identified that electricity price, labour rate, equipment scaling factor and 

inflation rate increase steadily over time. However, gas prices display a more changeable 

variation w ith time . Using the generated scaling factors, a deterministic simulation can be 

used to show variation in composite material production costs over a historical period . 
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Figure 5-5 Actual variation in historial data points over 10 year period 

5.2.4 Forecast Prediction Data 

2010 is used as the simulation base year, with scaling factors generated for the projected 

simulation timeframe. Within this study, a five-year forecast analysis is used. Scaling factors 

for gas, electricity, labour and inflation from published literature [103][104] and reliable 

sources {10S] is used. 6/10ths capacity scaling rules are used to predict equipment costs 

based on expected capacity shown in Figure 1-1. 

For this study extreme values will be used as the basis for best and worst case scenarios. 

These forecasts are used by the Monte Carlo simulation with a uniform probability 

distribution between best and worst case values to provide a distribution for yearly 

production cost impact. A uniform distribution is used to describe the cost drivers within 

this simulation, as further statistical data is unknown except maximum and minimum values 

(106). 
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5.2.5 Results 

The model is used to estimate material production costs on a yearly basis within a defined 

period . The historical simulation results are presented in Figure 5-6. A positive trend can be 

seen based on the simulation cost drivers. However, the influence from a sharp drop in 

inflation rate and gas prices in 2009 (onset of global recession) shows a significant impact 

on material price. 

Normalised contract pricing for a carbon fibre prepreg material is overlaid on simulation 

results . Simulation predictions in 2010 are assumed correct with contract price. It can be 

seen that simu lation of historical data correlates well with contract pricing. The 

Introduction of a three year pricing contract in 2005 leads to a sharp increase in the 

material contract price . Model predictions do not account for this but do agree again with 

contract price after the three year period. This demonstrates the influence of business 

decisions and not engineering costs on a material price. 
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F ure 5·6 Historical analysis - Carbon FIbre Prepreg - model estimations against historical contract pricing 
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The results presented in Figure 5-6 therefore provide a verification of the analytical 

framework methodology. Predicted scaling factors are used to forecast production costs of 

carbon fibre prepreg. Due to the non-deterministic nature of these simulations, 90% 

coverage (B-basis) is used to provide a probable range. The results for forecasted 

simulations are presented in Figure 5-7. It can be seen from this figure that 2012 produces 

the minimum increase in prepreg material price, the reason for which will be discussed in 

the following section . 

Model predictions using forecast data - Prepreg Material 
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Figure 5-7 Forecast analysis - Model estimations of best /worst case predicted data for carbon fibre prepreg 

Figure 5-8 and Figure 5-9 present frequency distribution and cumulative frequency charts 

for the model predictions at 2011 and 2015 points respectively. It is shown that 90% 

coverage increase from 1+/-0.3% to 1+/-1.42%. This occurs as a result of a greater 

difference in extreme values in predicted data as forecast period increases. 
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Figure 5·8 Uncertainty analysis results for carbon fibre prepreg ·2011 
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5.2.6 Discussion and Conclusions 

The methodology framework has been validated through deterministic simulation using 

historical data . Verification of these results has been achieved through comparison of 

simulation predictions with historical material contract pricing. The largest discrepancy 

(10%) arises from unpredictable influences in marketing decisions. This therefore provides a 

demonstration of the benefits from using an analytical framework to simulate material 

production costs without company direction related influences. 

The verified methodology is then used to present forecasted material prices over a five year 

period. In 2012, the tool identifies a reduction in yearly material price increase. In 2012 it is 

predicted that a series of coinciding economic factors occur, leading to the demonstrated 

"slow down" in price increase. A 16% decrease in global gas prices results in a small 0.2% 

increase in electricity prices. Furthermore, a 1.2% increase in inflation rate produces lower 

than average increase in labour rates. In factoring cost drivers by best and worst case 

predictions, a greater forecasting period increases uncertainty in simulation results leading 

to an increase in B-basis coverage values. 

These predictions demonstrate the analytical framework's ability to analyse the impact of 

future manufacturing conditions, allowing "what if' analysis to be performed. 

Understanding short period forecast data is beneficial for contract negotiation purposes, 

building escalation formulas and managing future spend budgets. 
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5.3 Chapter Summary 

Within this chapter, the three cost categories, identified in chapter 4 to contain key cost 

drivers, are used to quantify framework uncertainty. This uncertainty is imposed by 

inevitable driver variation over time . Through Monte Carlo Simulation, uncertainty is 

quantified highlighting the benefits of using an analytical framework. Through the use of a 

framework utilising physics inputs, the impact of cost driver variation on material 

production costs has been demonstrated. Analysis demonstrates that as the number of 

production tiers within the simulation is reduced, tolerance of the B-Basis coverage 

intervals is also reduced . This non-deterministic simulation validates the framework 

methodology for a single instance in time . 

Monte Carlo Simulations present a stochastic analysis to study non-deterministic simulation 

over a varying time frame . Deterministic simulations coupled with historical data are used 

to validate the framework methodology with varying time. These results have been verified 

using contract material pricing for an equivalent carbon fibre prepreg material. The 

analytical framework has demonstrated capability of simulating material production costs, 

projected over a short forecast period . Cost drivers are factored using best and worst case 

predictions found within published literature . Results from this investigation demonstrate a 

quantifiable increase in uncertainty with greater forecast periods. 
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6 Component Manufacture Review 

Within chapter 4, deterministic simulation predictions have been proven to lie within current 

material morket prices. Chapter 5 demonstrates, thraugh non-deterministic simulations that 

agreeable levels of simulation confidence are achieved. These predicted material prices will 

now be used in analysis of composite component production costs. The composite 

component praduction tier represents the final stage in the manufacturing supply chain. 

Components identified in Section 2.4.3 will be used as the basis for this study, 

demonstrating methodology application to continuous material and discrete component 

production. 

6.1 Composite Components 

Within aerospace composite component production, several prepreg component 

production techniques are available, from manual hand layup to automated tape layup. 

Thus in this study Hand Layup (HLU) and Automated Tape Layup (ATL) component 

production methods will be considered . 

Hand Layup 

Hand layup processing IS commonly used in the manufacture of advanced aerospace 

composite components due to its high finish quality, high fibre volume fraction and 

intricate detail capability. Hand layup is a manual, time consuming process but it does 

allow complex shapes and variation of ply orientation to be achieved . An average operator 

can lay down 3-5 kg/hr of pre-impregnated fibre but this is highly dependent on component 

siz.e and complexlty[107] . 
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Herein the hand layup processing involves manually laying up B-staged resin pre

impregnated fabrics into a female mould tool. The fabric has been cut to a near-net shape 

using a CNC ultrasonic cutter. Typically, mUltiple component plies are cut simultaneously, 

nesting outlines to utilise material yield. The plies are then sorted into component kits for 

layup operations. 

On a dedicated component tool, further manual trimming operations are required to 

reduce the prepreg ply to net shape. Debulking operations generally occur after the first 

ply has been layed down and after every 3 subsequent plies, to remove air gaps from 

between the ply layers. After the component is sealed under a release film, bleeder cloth, 

breather ply and finally a vacuum bag, it is cured in an autoclave at an elevated 

temperature and pressure . Following the resin curing operation the component is removed 

from the tool and taken to a trimming jig where excess material is removed from the part. 

Automated Tape layup 

Automated tape laying technology provides automated layup of prepreg tape, cutting it on 

the fly to produce plies of required shape and orientation . Automated tape laying uses 

numerically controlled equipment to reduce the labour dependence in component 

production whilst reducing material wastage and increasing repeatability. ATl equipment 

uses unidirectional pre-impregnated tape material, typically 3", 6" or 12" wide. The tape is 

placed, compacted and cut to length using a robotically controlled, single phase head 

incorporated within an overhead gantry system. This allows the component layup to be 

completed more efficiently with the removal of several debulking operations. If high 

laydown rates can be achieved, a large portion of operator labour can be removed from the 

process, requiring only a single operator to oversee the layup process. Removing the 

human speed restriction from the process results in deposition rates of up to 30 kg/hr. 

being achievable [107). There are additional non-recurring, programming and control 

operations to be carried out prior to the layup operations. 
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Similar to HLU processing the component is then ((bagged", cured and trimmed to produce 

the finished part . The single greatest cost difference between HLU and ATL is the tape 

laying head and its associated gantry. This initial capital expense must be offset by reduced 

recurring manufacturing cost, including material cost savings, which have been 

documented as high as 46% [109) 

Non-Destructive Testing 

Prior to component assembly, the composite details are subjected to a Non-Destructive 

Test (NOT) for layup quality and consistency. Depending on component size, this will either 

consist of jets of water against the component surface or submersion within a water bath. 

Ultrasonic scanners are then used to detect inconsistencies within the composite layup. 

Component Assembly 

The use of integrated components is one of many advantages in composite design. 

Reduction in part count benefits weight, cost, inspection time and reliability however, this 

is not always possible and some components must be manually assembled . As with metallic 

components, the assembly process is labour and time intensive. These two factors generally 

have high financial implications. Joining composite components is not a new process and 

several methods can be employed to achieve final component specifications. 

For thermosetting composite components, mechanical fastenings, adhesion or co

consolidation bonds are typically used and thus are presented in this work. Adhesion bonds 

maintain continuous connections between components, therefore are preferred over 

mechanical fastenings . Introducing holes and employing fasteners breaks the continuous 

fibres and initiates stress concentrations around open hole locations. 
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Painting 

Depending on required component finish, painting operations can be carried out. 

Component pa inting typically occurs after assembly has taken place. Aerospace grade 

paints are used to protect the component against environmental conditions expected 

with in the operational lifetime. 

A schematic of the simulated 'continuous' component production process is presented for 

hand layup in Figure 6-1, and automated tape layup in Figure 6-2. 
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6.1.1 Infrastructure 

The component production process requires several large specialised pieces of equipment. 

Most notably of which is the capital and energy intensive autoclave. The autoclave cost is 

directly related to its size, which in turn is dictated by the geometry of components being 

processed. The autoclave operates using nitrogen, and for large scale production this is 

produced on site through gas production equipment as described in 4.2.1.1. The autoclave 

is potentially one of the largest overhead costs at the component level, validating the 

current research and industrial movement to out-of-autoclave composite materials. 

Typically within aerospace, ply cutting equipment uses a vacuum assisted table and an 

ultrasonic cutting blade . This allows several layers of prepreg to be cut simultaneously and 

nested to reduce waste. Composite component production using the ATL process removes 

the requirement for this an ultrasonic cutter. However, an ATL machine is a substantial 

initial capital investment. All stage B-cured prepreg requires refrigeration storage 

capabilities on site to store both raw material and cut ply kits . 

Individual layup tools are required for the production of composite components via both 

production methods. The tool can be reused however, requires cleaning and maintenance 

between production cycles. The tools used to define final component geometry are 

manufactured from either a steel alloy or carbon fibre/epoxy material. This minimises 

differences in thermal expansion properties between tool and component, which may lead 

to post cure warping and residual stresses. 

The final piece of specialised equipment in component production is a Non Destructive 

Testing (NOT) machine . In commercial production, ultrasonic scanners either using water 

jets or submersion baths are used. For trimming and drilling operations, standard airline 
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tools are used in conjunction with individual component jigs. Painting operations use 

standard aerospace compressed air equipment. 

Continuously producing a single specific composite component is economically unfeasible. 

Individual components will vary in shape, size and material composition. Therefore, 

equipment costs are amortised based on the total mass of components a particular piece of 

equipment is likely to process within its operational lifetime. To maintain modelling fidelity 

with the lower production tiers, component production equipment will be represented 

using semi- continuous processing. 

Through investigation, the total range of components can be summarised in a set 

production cycle . For this reason, total production volume, m II/etlme is based on an average 

autoclave volume throughput for this set cycle, over the number of operational years. This 

will allow equipment costs per component to represent a proportion of paying back the 

total cost of the equipment based on individual component mass, m component as shown in 

Equation 6-1. m "/ttlmt is calculated using typical autoclave production cycle data . faddltional, 

flnSllllltion and fm.,nttnanct are associated equipment factors of equipment base price (C base) 

discussed in section 2.3.2.1. 

Equation 6-1 

C 
- I Cbasel X (1 + fadditio nal + finstall at ion + fma intenance) 

equipment - mcomponent 

t 
mlifetime 

-1 
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This technique can be applied to many of the infrastructure equipment costs at the 

component production tier. However, this method of estimating payback has a number of 

assumptions: 

• It assumes that the equipment will perform a set number of cycles over its lifetime 

(considering such factors as required scheduled maintenance, company working 

weeks and shift patterns etc.) . 

• The equipment throughput is cyclic within a typical production environment, with 

the same volume of individual part types being produced with a set production 

cycle . 

The generic nature of this idealisation means that there is no limiting size to a new 

component being modelled . For example, a component whose mcomponent is greater than the 

capacity of an individual autoclave cycle, is considered to consume greater than one cycles 

worth of the total capital cost. 

In this study, it is assumed that the ATl infrastructure is solely responsible for the 

production of a specific component. Infrastructure costs per component are therefore 

estimated based on annual production sets Syear and an expected ATl equipment payback 

period, Pe.~cted. Cb.sex! RI'ydown represents the factored equipment base price for layup 

speed . The ATl equipment utilisation is linked to total aircraft production rates and 

therefore imposes a further constraint on the cost model. The maximum number of aircraft 

produced is driven by the minimum material deposition rate (R laydown) and total available 

production time T production as shown in Equation 6-2. 

Equation 6·2 
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Cbase X fRlaYdown 

CequipmentATL = 2M 5 
component X year X Pexpected 

where: 
5 < T production X R laydown 

yearmax - M 
component 

6.1.2 Material 

Typically, most materials used within composite component production are already highly 

engineered and sold as specialist products, not as a commodity traded material. These 

materials have an associated price. The framework will use this price to simulate 

production costs however, these engineered materials are identified as candidates for 

future framework application . Within composite assemblies, metallic details (bracketry, 

hinges, etc.) are fastened to the composite structure. These metallic details are assumed to 

have an associated price and therefore treated similarly to the specialist products within 

the analytical framework. 

Several disposable materials are used in the production of advanced composite materials. 

These are materials, which are included to facilitate the component production process 

however, these do not form part of the final component. A release agent is applied to the 

tool surface prior to prepreg layup, allowing easy removal of the finished component from 

the tool following the cure cycle. A peel-ply, release film, bleeder fabric, breather cloth and 

vacuum bag are required for component bag-up before cure. These materials allow 

volatiles and excess resin to be removed from the component while curing. Multiple 

vacuum bags are used during the layup stage for debulking operations. 

6.1.3 Energy 

Within composite component production, autoclaves typically exhibit the largest energy 

consumption. This is associated with a reliance on an air compressor for vacuum, a nitrogen 
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production facility and internal heating elements. Autoclaves can be heated using natural 

gas but in this investigation, an electrically heated autoclave will be simulated. The cure 

cycle for epoxy resins is generally ~180°C under full vacuum for roughly 4-5 hours, with 

variation dependent upon component thickness. It is therefore general practice in the 

aerospace industry to cure at this temperature and pressure for 8-hour cycles ensuring all 

resin in components is fully cured. 

The large ATL equipment consumes electrical power during operation. It is assumed that 

the ATL power consumption is proportional to operating speed. This large consumption is 

offset by removing the requirement for an ultrasonic cutter, air compressor for vacuum and 

tool vacuum for debulking operations. 

Various other air compressors are required throughout the component production facility 

for trim, drill and painting operations however, these are small in scale and relatively low 

consumers of energy. The NOT equipment also uses electrical energy for the ultrasonic 

scanner and the associated processing hardware. This however is low in comparison to ATL 

and autoclave demands. 

Similar to amortisation of infrastructure costs, energy requirement estimations simulate 

production in semi-continuous terms. In the material production tiers, energy consumption 

is based on consumption over a production cycle . Therefore at the component production 

tier, energy demand is generated from a range of components being processed 

simultaneously. It is assumed that component production equipment is operating at an 

average power consumption over the set cycle 

Energy consumption as allocated to specific components as shown in Equation 6-3.With 

epe'-i/n,!.mm/voIumel in kwh representing average power consumption per kg of processed 

component; mcomponenll component mass and C electriCity/gas, energy price (from government 

statistics). 
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Equation 6-3 

N 

(energy = I eper- unit-mass/ volumej X fficomponent X (electricity/gas 
i=l 

It is assumed that the energy demand of the ATL machine varies proportionally with 

maximum material deposition rate . The ATL equipment energy demand is therefore given 

by Equation 6-4 in which eATL denotes a normalised energy per kg, and fRlaydOwn , is a scale 

factor linked to material deposition rate of the machine. 

Equation 6-4 

(energy ATL = [(iJ eATL ) X Mcomponent] X (electricity 
RLaydown 

6.1.4 Labour 

The minimum direct labour required is based on the average labour hours required to 

complete one production cycle . The labour cost per component is determined by the 

proportion of the components mass to the mass of the cycle. The labour cost per hour, C 

Labour includes indirect labour costs as described in section 3.5. For both HLU and A LT, a 

series of operations exist where labour is required. For HLU labour is required for ply 

cutting {T ply cut}, manual layup (Tply layup), and component trimming (Ttnm ), Equation 6-5. For 

ALT the manuallayup labour requirement (Tplylayup) is replaced by an ALT machine operator 

requirement (TALT op). USing equipment specific velocity profiles (Velocity, V mal( and 

acceleration, 0) assuming constant acceleration (Equation 6-6) [38] . TAlL op is calculated 

using Equation 6-8 [119J for known component layups. 
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Velocity 

dl 

Equation 6-5 

Equation 6-6 

d2 

Distance 

l 

~ 
dl 

Figure 6-3 ATL equipment velocity profile- Constant acceleration to steady state 

Ply cutting time is based on individual ply perimeters, PI, and typical cutting rates of 

industrial ultrasonic cutting machines, Revr . The total ply cutting time, in hours, is then 

estimated using Equation 6-6. Layup manufacturing time is influenced by the number of 

plies, the ir size and complexity. The layup can be estimated using a combination of 

empirical data [118) and industry manufacturing standards. The total manuallayup time, in 

hours, is estimated using Equation 6-8, Equation 6-9 and Equation 6-10. The layup 

coefficient, R I ¥uP' relates ply area to layup time. The layup coefficient in Equation 6-8 is 

based on regular rectangular plies and thus an effective ply area, AEff, is used to account for 

addit ional alignment time associated with complex ply shapes. The measured ply area is 
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factored by a ply shape complexity factor, CF, to calculate the effective ply area . The 

complexity factor is a ratio of the Shape Index of the ply (S./Ply ) to the Shape Index of a 

square of equivalent area (S./square). 

Finally, component trimming times are estimated using final component perimeter data 

and empirical data for large component trimming rates . 

Equation 6-7 

N 
~ p. 

Tplycut = L ~ 
i=l cut 

Equation 6-8 

N N 

I Tpiy iayup = I 0.16 A;~~up 
i=l i=l 

Equation 6-9 

CF.Aply 

Equation 6-10 

s. Iply 
CF = 

S. ISquare 
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6.1.5 Results and Verification 

Analysis of component production cost drivers has been performed using the outlined 

methodology. Table 6-1 summarises the simulation results for component production costs 

across the range of carbon fibre components . The associated Figure 6-4 presents the 

comparison between framework simulation results and the actual production costs used in 

section 2.4. All components are manufactured using hand layup methods, predominately 

from carbon fibre prepreg material. The simulations assume the composite material is 

procured from a fully fragmented supply chain, with material mark-up applied at each 

production tier. Mark-up is not considered at the component production tier as it is 

assumed that th is is the top tier in the supply chain and therefore the end user. 

1.2 

1.15 

I 1.1 

I 1.05 

1 
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Figure 6-4 Error in simulation result for carbon fibre components 

Table 6-1 Simulated component cost breakdown 

Percentage of production cost 

Component Flat panel Double Single Control Control 

curvature curvature Surface 1 Surface 2 

panel with panel with 

details details --- --
Material 53.86% 60.41% 75.37% 56.36% 52.36% 

.... ~ 
42.64% 36.20% 21.25% 39.89% 44.13% CI.I 0 Labour :> OIl 

-.:: ~ Energy 0.83% 0.77% 0.76% 0.99% 0.84% a IQ 
u 

Infrastructure 2.66% 2.62% 2.61% 2.75% 2.66% 
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Simulation results display positive correlation with actual component production costs. It 

can also be seen that comparison with Table 2-5 the cost breakdown for component 

production are comparable with material costs increasing as component size increases until 

increased assembly labour costs begin to provide a larger proportion of the total cost. 

Costs generated using a traditional costing method in Section 2.4 are used to verify the 

analytical model results. The correlation of these results validates the models application to 

a manufacturing supply chain containing both continuous and discontinuous production 

processes. As can be seen from Figure 6-5, percentage errors for all components are less 

than 15% with a majority falling within +/-10%. It should also be noted that all but one 

(Single curvature panel with specialist details), estimation underestimates the production 

costs. There are a number of explanations for this; firstly, generic composite material costs 

are used therefore not capturing actual material prices within components. As shown 

previously in Section 4.8, the model material cost estimations lie within lower regions of 

prepreg material price ranges . This effect is compounded when progressing through 

production tiers, with each low range material cost estimate being carried forward into the 

next manufacturing tier. Within the single curvature panel with specialist details, material 

estimations differ by only 2%. However, the analytical framework overestimates the labour 

costs by 27%. It is concluded that this overestimation of labour costs is a result of the large 

proportion of additional labour required to assemble a specialist fitting onto this 

component. 
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Figure 6-5 Percentage error in component cost estimations 
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With this being said, estimation error is low over the range of parts studied, with the 

exception of the Control surface 2. Control surface 1 considered in this study, contains a 

greater proportion of carbon fibre composite than Control surface 2. Control surface 2 

however, conta ins more than 1800 additional metallic details. This again will reflect low 

composite material price estimations being compounded with a greater proportion of 

composite material. 

These results present a deterministic analysis of component production costs. These 

deterministic results will be used to identify key cost driver within the total production 

supply chain using a sensitivity analysis. 
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6.2 Component Driver Identification and Ranking 

Owing to the analytical nature of the framework, greater understanding of component 

material and labour cost drivers is possible. These cost categories can be split into further 

subsections as presented in Figure 6-6 and Table 6-2. This sub-division allows the 

identification of component production cost drivers . 

• Composite Material • Additional Material 

• Addit ional Labour • Energy 

Flat panel 

Double curvature 
panel with details 

Single curvature 
panel with details 

Control surface 1 

Control Surface 2 

0% 25% 50% 

• Layup Labour 

• Infrastructure 

75% 100% 

Figure 6-6 Composite component cost distribution summary and comparison with tradit ional cost ing 
breakdown 

Table 6-2 Component production cost drivers 

Percentage of production costs 

Component weight (kg) 2.2 6.5 8.6 49.6 40.5 
Mat rial 55.9% 62.1% 76.3% 58.2% 54.7% 

Composite materials 31.6% 292% 28.8% 36.6% 31.7% 

Additional materials 24.3% 32.8% 47.5% 21.6% 22.6% 
III ... 

l abour 40.6% 34.5% 20.3% 37.2% 41.7% ClI 
~ 

Layup labour 26.6% 20.7% 7.0% 10.5% 12.4% ... 
0 

Additional labour 14.0% 13.8% 13.3% 26.7% 29.4% 

Energy 0 .8% 0.7% 0.7% 0.9% 0.8% 

Infrastructure 2.7% 2.7% 2.7% 3.7% 3.3% 

190 



Material 

Materials are consistently the largest cost, representing over half the total cost for all 

components analysed . When split into procured composite material and additional 

production materials, further trends are identifiable. It is apparent that for all components 

carbon fibre prepreg represents roughly one third of the total production costs. Within the 

additional material section there are inconsistencies due to component functions which 

require speciality bought-in parts for example, in the single curvature component with 

specialist details, a unique fitting accounts for 20% of the additional materials cost. Across 

all components studied, the high cost of honeycomb core is evident, accounting from 4% to 

20% of the total production cost. As the parts increase in weight and complexity, greater 

material cost is associated with assembly, ranging from 1.6% of total cost in the lightest 

component to 13.4% in the heaviest. 

Labour 

Labour is consistently the second greatest cost. Bisecting labour into labour associated 

with layup and additional labour distributed throughout the production process, it can be 

observed that for smaller components labour costs are dominated by the time associated 

with layup operations (~65%) . However, as the components grow in size and complexity, 

additional labour time associated with ply cutting, trimming operations and assembly also 

increases. In the heavier components, this can define up to 71% of the total labour cost. 

Energy 

The low contribution of energy costs within composite component manufacture can be 

attributed to the inconsistent energy consumption associated with discrete part 

production . The largest energy consumer within the process is the autoclave and its 

associated equipment (nitrogen production facility & vacuum compressor) accounting for 

roughly 35% of component production energy cost. The remaining cost is distributed evenly 

over smaller pieces of apparatus. 

191 



Infrastructure 

Infrastructure costs remain low over the range of components with little deviation from a 

uniform spread. Noteworthy items include the large initial autoclave and its associated 

installation cost. This on average represents only 9% of component infrastructure cost due 

to high utilisation and long-term deployment. General facility running costs, such as 

taxation and insurance, provide the majority of recurring infrastructure costs due to their 

method of calculation based on a factor of total facility operation expenses. 

6.2.1 Overview 

In identifying cost drivers of discrete composite component production, it is apparent that 

cost allocation changes with component size and complexity. However, as component size 

and complexity varies, composite materials consistently demand a large portion of cost. 

Transfer of work force effort occurs when moving from small material dependant 

components to larger labour driven assembled pieces. Process energy and infrastructure 

expenditures are less dominant within the component cost structure due to efficient and 

long-term utilisation of the manufacturing equipment. 

6.3 Driver Sensitivity 

A sensitivity analysis is performed to evaluate which production variables, if subject to 

change, would have the greatest impact on overall estimated cost. Each variable is 

subjected to a local and range sensitivity analysis, as defined in Section 3.6.1. It is assumed 

that production quantities and amortisation periods are fixed due to optimum operating 

conditions, all other drivers will be analysed . 
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For the carbon fibre components studied, Figure 6-7 presents the results of the sensitivity 

investigations. It can be seen that the majority of key drivers lie within the component 

production levels. However, some material production drivers at the carbon fibre and 

acrylonitrile production stages are evident. 
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Figure 6-7 Carbon Fibre component sensitivity study results 

In the following tables (Table 6-3 - Table 6-7), the top ten most influential drivers are 

presented for each carbon fibre component studied . These influential drivers will form the 

key cost drivers for composite component production. 
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Table 6-3 presents the key drivers for the flat carbon fibre panel. The majority of key drivers 

arise during component production however, carbon fibre yarn production labour and 

energy related drivers range between 1.8% and 5.3%. Section 4.10.1 demonstrates the 

influence of acrylonitrile insurance, which also occurs in component productions most 

influential drivers. It is important to quantify this prediction. A 1.7% sensitivity ratio implies 

that a 10% increase in acrylonitrile insurance cost would cause a 17 cents increase in the 

final component cost. 

Table 6-3 Top 10 most inflencial drivers for flat panel component 

level Driver SR Range SR local 

Part Base Wage Rate 43.58% 43.58% 

Part lightning Strike 8.32% 8.32% 

Part Honeycomb Core 7.06% 7.06% 

Carbon Fibre Electricity 5.33% 5.3% 

Carbon Fibre Wage Rate 4.94% 4.94% 

Part Bagging Materials 4.24% 4.24% 

Part Expanding Foam 3.57% 3.57% 

Carbon Fibre energy Carbonisation furnace (high temp) 2.81% 2.81% 

Carbon Fibre energy Carbonisation furnace (Iow tem p) 1.87% 1.87% 

Acrylonitrile Insurance 1.74% 1.74% 

This trend continues through all parts studied with labour rates being the most influential 

driver followed by procured materials at the component tier. The volume of metallic 

details, honeycomb cores or lightning strike materials determines their relative position 

within table. 
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Table 6-4 Top 10 most inflencial drivers for double curvature component with details 

Level Driver SR Range SR Local 

Part Base Wage Rate 36.99% 36.99% 

Part Honeycomb Core 13.2% 13.21% 

Part Lightning Strike 9.36% 9.36% 

Carbon Fibre Electricity 4.92% 4.92% 

Part MISC 4.68% 4.68% 

Carbon Fibre Wage Rate 4.56% 4.56% 

Part Metal Details 3.37% 3.37% 

Part Bagging Materials 2.61% 2.61% 

Carbon Fibre energy Carbonisation furnace (high tem p) 2.59% 2.60% 

Carbon Fibre energy Carbonisation furnace (Iow temp) 1.73% 1.73% 

Table 6-5 Top 10 most lnflencial drivers for double single component with details 

level Driver SR Range SR Local 

Part Base Wage Rate 21.72% 21.72% 

Part Honeycomb Core 21.43% 21.43% 

Part MISC 10.14% 10.14% 

Part Lightning Strike 7.41% 7.41% 

Part Metal Details 6.25% 6.25% 

Carbon Fibre Electricity 4.85% 4.85% 

Carbon Fibre Wage Rate 4.50% 4.50% 

Part Bagging Materials 3.90% 3.91% 

Carbon Fibre energy Carbonisation furnace (high temp) 2.56% 2.56% 

Carbon Fibre energy Carbonisation furnace (Iow temp) 1.71% 1.71% 
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Table 6-6 Top 10 most inflencial drivers for control surface 1 

Level Driver SR Range SR Local 

Part Base Wage Rate 40.77% 40.77% 

Part Metal Details 11.65% 11.65% 

Carbon Fibre Electricity 6.31% 6.31% 

Carbon Fibre Wage Rate 5.85% 5.85% 

Part Lightning Strike 4.31% 4.31% 

Part Honeycomb Core 4.30% 4.30% 

Carbon Fibre energy Carbonisation furnace (high temp) 3.33% 3.33% 

Carbon Fibre energy Carbonisation furnace (Iow temp) 2.22% 2.22% 

Part MISC 2.08% 2.08% 

Acrylonitrile Insurance 2.07% 2.07% 

Table 6-7 Top 10 most inflencial drivers for control surface 2 

Level Driver SR Range SR Local 

Part Base Wage Rate 45 .10% 45.10% 

Part MISC 14.53% 14.53% 

Carbon Fibre Electricity 5.40% 5.40% 

Carbon Fibre Wage Rate 5.00% 5.00% 

Part Honeycomb Core 4.50% 4.50% 

Part Metal Details 3.95% 3.95% 

Carbon Fibre energy Carbonisation furnace (high temp) 2.85% 2.85% 

Carbon Fibre energy Carbonisation furnace (Iow temp) 1.90% 1.90% 

Acrylonitrile Insurance 1.77% 1.77% 

Pan Fibre Catalyst 1.74% 1.74% 

In summary, these results demonstrate that composite component production is most 

sensitive to labour costs, validating industry trends in relocating low complexity work to 

global locations with lower labour rates . Also ranked highly in component production are a 

number of procured materials, which were identified beyond the scope of this project 

(Honeycomb Core, Lightn ing Strike Protection, and Metallic Details) . These materials 

contain individual supply chains with a series of interactions as defined in section 3.7. 
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6.4 Chapter Summary 

In this chapter, five carbon fibre components identified in section 2.4.3 have been 

subjected to analytical modelling. To maintain simulation fidelity, discrete composite 

component production has been described using continuous terms. Component production 

costs are presented in the standard modelling terminology; material, energy, labour and 

infrastructure . A summary of model predictions are compared against actual production 

costs, originally created using a traditional costing approach in section 2.4. This comparison 

demonstrates good correlation thereby, validating the analytical modelling method for 

combined continuous and non-continuous production supply chains. Within these 

investigations component production mark-up is not applied for reasons stated in section 

6.1.5. In the following chapter these deterministic component cost breakdowns are 

analysed yet further, addressing the influence of driver variation with time and production 

costs with a change in layup technology. 
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7 Discrete Component Discussion 

Within this chapter, validation of the methodology's robust application to continuous and 

non-continuous supply chain processes is presented. Non-deterministic, Monte Carlo 

Simulations are used to investigate variation in key production cost drivers with time. This is 

further extended to demonstrate a novel analytical investigation of component production 

processes using automated layup technology. 

7.1.1 Uncertainty and Robustness 

With in Chapter 6, key cost drivers for component production have been identified using a 

set of determ inistic framework simulations at a given instance in time . Monte Carlo 

Simulations w ill now be used to investigate the impact of key driver variation with time . 

The key cost drivers are found to be within the top ten most influential drivers in all 

components studied . These key drivers are shown in Table 7-1. 
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Table 7-1 Composite component key cost drivers 

Category Variable 

Labour Labour Rate 

Material Miscellaneous items (fasteners, sealants, etc.) 

Material Honeycomb Core 

Material Metallic Details 

Material Bagging Materials 

Material Lightning Strike Protection 
--------------------Energy Electricity rate 

Labour Labour Rate 

Energy Carbonisation Furnace (High Temp) 

Energy Carbonisation Furnace (Low Temp) 

PAN Material Catalyst ---------------- ------------------------------
Acrylonitrile Infrastructure Insurance 
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Table 7-2 presents the results of the uncertainty analysis, comparing the population mean 

with the deterministic results. Within this table, it can be seen that non-deterministic mean 

variation from the deterministic result is small «7%). This difference in population mean 

can be explained by the underlying distributions of the individual cost drivers. A triangular 

distribution is used to simulate variation about a most probable value. Non-deterministic 

results are therefore based, not only on the location of these most probable values within 

each driver distribution, but also the influence of each driver with the simulation. It can 

also be seen that standard deviation of the results remains similar over all components 

(1.1% - 1.5% of population mean) . Model robustness is demonstrated using confidence 

intervals, with all components exhibiting a confidence interval lower than 0.03% of 

population mean. 

Table 7-2 Component Uncertainty and Robustness results 

Component Deterministic Mean Variance in a (%mean) CI(%mean) 
result ($) ($) Mean 

Flat panel 1,203 1,178 2 07% 1.27% 0.025% 

Double curvature with 3,906 3,916 -0.26% 1.53% 0.030% 
details 

Single curvature with 5,234 5,187 0.89% 1.11% 0.022% 

details 
Control surface 1 23,160 22,589 2.46% 1.07% 0.021% 

Control Surface 2 22,123 21,642 2.17% 1.12% 0.022% 

Figure 7-1 presents the non-deterministic simulation results. The data in these box plots 

has been non-dimensionalised to the population mean. It can be seen that for each 

component the results spread lie within +/- 5% of the estimated mean. The exception to 

this is the "double curvature component with details" which has a results spread of -

4.38%/+5 .30%. It is shown that all simulation means are not equidistant between the 

maximum and minimum values, demonstrating the influence of driver distribution on 

results skewness. 
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Figure 7-1 Simulation uncertainty box plots for carbon fibre components 

1.1 

Validation of the model application using time dependant cost drivers has been completed 

through a non-deterministic analysis. However, there are mUltiple layup technologies 

available to airframe assemblers. Within these layup techniques, the cost drivers will be 

determined by the technology being used. The following sections will present the 

application of the model to investigate cost distribution with changing composite layup 

technologies. 
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7.2 Manufacturing Technology Advancement 

Continually evolving manufacturing suites are available to airframers. It is therefore 

important to provide a platform for trade-off comparisons between lean improvements in 

the current production process, and investment in tldvanced production technology. 

Increasing pressure from prime assemblers for year on year cost reductions has resulted in 

automated layup technology becoming a necessity in order to meet future "Estimation At 

Completion" (EAC) requirements (Equation 2-5). 

In this exercise the transition from labour intensive hand layup to automatic tape layup 

processing will be studied using the five fully defined carbon fibre components presented in 

Section 2.4.3. This is a common technology step but usually reserved for a selection of 

large, low complexity components. Within this study, the effect of component size and 

production scales will be analysed to determine minimum Return on Investment (ROI) 

periods for initial ATL capital expenditure . A further understanding of technology 

dependent costs is obtained by generating optimal component production parameters at 

which automated tape layup technology surpasses the traditional hand layup process. 

7.2.1 Methodology 

In this study ROI periods will be investigated, analysing the impact of component weight on 

ATL equipment amortisation periods required to match HLU production costs. This is 

completed for the five carbon fibre components, enabling relationships between lay down 

rate, component mass and ROI periods to be established . 
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7.2.1.1.1 Infrastructure 

Estimation of ATL equipment cost, based on end use parameters is performed by fitting a 

curve to currently available equipment pricing. Figure 7-2 presents maximum layup rate per 

base capital price for three discrete ATL machines from different equipment manufacturers. 

This will then be used to assist the framework in altering initial capital costs based on the 

required deposition rate. In this study a multi-axis contour single-phase ALT machine is 

considered, therefore a dedicated layup tool is still required. 
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Figure 1-2 Comparison of ATl base price and maximum laydown rates 

Several assumptions have been made in this study to enable a generic application of the 

analytical framework. It is assumed that ATL gantry speed is operating at maximum rates 

for the given deposition rate with limited component changeover time. Equipment 

manufacturers claim material deposition rates of up to 60 kg/hr. This rate however is 

influenced by shape complexity, material areal weight and course length. In reality, 

industrial applications can reach ~15 kg! hr for flat or mild curvature components, for this 

reason laydown rates between 1-20 kg/hr will be observed. 
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7.2.1.1.2 Material 

ATL processing uses Uni-Directional Tape (UD Tape) to build ply layers of structure. The 

fibres therefore do not require a weaving tier within the manufacturing supply chain. From 

model investigation, the removal of this single processing step results in a reduced material 

price . Through modelling the two separate supply chains for woven fibre prepreg and 

equivalent fibre UD tape, the model has been adapted to reflect realistic contract price 

differences. Due to the absence of a weaving stage in UD tape production, a 25% reduction 

in material price is identified . Comparisons have been taken from market material cost data 

and equivalent UD prepreg tape . 

For traditional hand layup processing, the majority of material wastage occurs during the 

ply cutting stage. For large tapered components, this yield can be as low as 40% however 

with use of nesting software and tailored cutting paths this can be increased to ~70%. For 

the ATL production process, depending on the tape width, this material yield can be 

increased by up to 16% [109] as the raw material is cut to length by the single-phase 

equipment. 

7.2.1.1.3 Energy 

Energy considerations for both production processes can be found in section 6.1.3. 

7.2.1.1.4 Labour 

Typically, ATL processing is implemented to reduce labour costs associated with component 

layup t imes. Introducing automated tape layup removes manual layup operations 

completely however, is replaced with labour required for machine supervision, T ATL op

Within this exercise, the studied components have already been fully committed to 
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engineering design decisions. For this reason, a mass based estimation is performed for 

calculation of T ATL Dp' This assumes the masses between HLU and ATL components are 

equal. For all components, a machine downtime and material reload time is simulated, 

Treload ' Total layup labour time for an ATL component is therefore defined as a function of 

component mass mcomponent and materiallaydown rate, Rlaydown shown in Equation 7-1. 

Equation 7-1 

T = (mcomponent) + T 
ATL op R reload 

laydown 

7.2.2 Results 

Figure 7-3 presents simulation results determining ROI periods when, for a given laydown 

rate, ATL production cost is equal to hand layup. These Pareto fronts are presented for each 

of the five components studied. It can be seen that generally as parts increase in mass, 

achievable ROI period reduces . At equivalent aircraft production rates, larger parts utilise 

equipment capacity more efficiently, with reduced changeover and downtime. However, 

the single curvature component (8 .5kg) demonstrates an anomaly in that it lies between 

the flat panel (2 .2kg) and double curvature panel (6.5kg). The reason for this is that a large 

proportion of the component cost (-10%) is attributed with a specialist detail that remains 

unaffected by prepreg deposition rates . Furthermore, the assembly of this specialist detail 

increases assembly labour costs, which are not directly influenced by the layup technology, 

used. For example, there is a 12% difference in layup labour time between the single and 

double curvature component however, a 169% increase in assembly time is observed. It 

can also be seen from Figure 7-3 that an optimum set of manufacturing conditions exist to 

achieve minimum ROI period for each of the components studied . 
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It is also interesting to note the curved shapes created by the Pareto fronts. As component 

mass increases, these curves become steeper after the optimum point. This relates to the 

technology utilisation of the process. Faster machines are generally more expensive 

however, the rate of equipment payback is not directly linked to the speed of the machine 

but rather a more compound relationship exists involving part size and complexity. 
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Figure 7-3 Component breakeven paeredo fronts in comparison with HLU costs 

It is observed that for the three lightest components the ROI periods are generally beyond 

commercially a viable length of time . This data set is true for a single aircraft production 

rate . Therefore a minimum component mass can be determined for commercially viable 

ROI periods for given aircraft production rates. Figure 7-4 presents this non-linear 

relationship with a high confidence trend line fitted for annual production rates of 30, 40 

and 50 aircraft. These curves represent the boundaries for determining a "go/no-go" 

decision for a given component mass, expected payback period and forecasted production 

rates based on current manufacturing capabilities. 
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Figure 7-4 Determination of optimum ROI for various Ale production rates 

7.2.3 Discussion and Conclusions 

From the results, optimum manufacturing conditions can be determined for a range of 

studied component masses. It is demonstrated that increasing component mass results in 

shorter ATL equipment payback periods due to greater equipment capacity utilisation. 

However, only large components (~ 40kg) provide commercially viable options for 

implementing automated layup technology at studied production rates. The increasing 

component mass however, does not correspond to a substantial increase in optimum layup 

speed . This relationship is governed by further complexity between capable layup speed 

and initial equipment expenditure. Initial increases in layup speeds reduce layup labour 

times however once capable HLU rates have been surpassed, increasing infrastructure costs 

reduce this layup labour saving. Further expansion provides criteria by which ATL 

investment decisions can be made. These curves represent achievable Return on 

Investment periods based on component mass for a given production scale. This study has 

validated the methodology application to production processes with varying technology 

capabilities. This study represents ATL production processing however, the method is 

suitably robust to simulate any individual item of production hardware. 
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The relationships used in this study between laydown rate and total layup time do not 

accurately represent a trade-off of interchangeable production processes. The components 

studied have been fully committed to design decisions and not optimised for automated 

layup processing. Typically, forecasted aircraft production rates will influence the chosen 

manufacturing route before this initial design commitment. Instead, further investigation is 

required assessing design consideration for production method, considering expected 

production volumes. 
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7.3 Trade Study 

Theoretical wing cover lay-up complexity 

Until now, the analytical framework has been used to analyse components already fully 

committed to engineering design decisions. This trade study demonstrates a novel 

approach to examine the impact of ply layup automation on component weight and cost. 

This trade study presents an integrated design and costing method for large stiffened 

panels for the purpose of investigating the influence and interaction of component design, 

lay-up technology and production rate on manufacturing cost. A series of idealised aircraft 

upper wing cover panels have been sized with realistic requirements considering manual 

and automated lay-up routes. The novel integrated method enables the quantification of 

component unit cost sensitivity to changes in component design complexity, annual aircraft 

production rate and employed equipment maximum deposition rate . In early design stages, 

this provides valuable decision guidance to engineering before large costs are 

unintentionally committed . 

7.3.1 Introduction 

The production of composite components has historically been labour-intensive. However, 

automation has been introduced to many of the individual processes to reduce process 

time and cost while improving product quality and consistency. For example, computer 

numerical controlled cutting equipment is the standard aerospace process for cutting ply 

raw material. The use of automation directly results in higher cutting rates compared with 

manual cutting. Indirectly the process is more precise than manual cutting and this 

combined with nesting optimisation software significantly increases material utilisation. 
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To date automation of the lay-up process typically lags behind the other phases of 

composite component manufacture however, there are many solutions available. Typically, 

the equipment required is associated with significant initial and recurring costs when 

compared with a manual lay-up process. However, the equipment can be operated with 

minimal labour, and as with ply cutting equipment it can yield greater precision and 

consistency than that typically achieved using the equivalent manual process. The lay-up 

process can be measured in terms of deposition rate, typically presented in kilograms per 

hour, and is not only dependent on the capability of the equipment but also on the 

dimensions and design of the component. For example, considering Automated Tape 

Laying (ATL), more capable machines have tape laying heads and gantry systems which 

allow the deposition of material at greater advancing speeds. Larger components naturally 

enable larger length deposition passes, giving distance to accelerate to and maintain the 

equipment's maximum deposition rates . Larger components will necessarily require larger 

gantry systems, but may allow the efficient use of greater tape widths, with both of these 

variables directly impacting the achievable deposition rates, and the initial and recurring 

costs of the equipment. 

Given the interconnected relationships between a components design and its production 

equipment, it would appear desirable and plausible to specify the production automation 

equipment to minimise the unit cost of a specific component design. However, within a 

production environment and particularly for large components, equipment must be 

purchased based on the maximum projected production rate. The economic impact of this 

simple requirement is unclear and thus the purpose of this trade study is to develop 

understanding of the influence of component design complexity, lay-up automation and 

production rate on the unit cost of large components. By understanding the sensitivity of 

component unit cost to changes in production rate, it is proposed that better decisions may 

be made when initially specifying production equipment requirements. Moreover, given 

the interconnected relationships between a components design and its manufacturing 

process, the impact of design attributes on component unit cost may also be better 

understood, potentially enabling better design decisions. 
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In order to examine the interconnected relationships between component design and 

production equipment this trade study examines the design of an upper wing cover of an 

idealised single aisle aircraft. For brevity, a single carbon-fibre epoxy material system is 

discussed along with two manufacturing routes, a baseline solution using manual ply lay-up 

and an automated ply lay-up solution using ATL technology. 

7.3.2 Methodology 

7.3.2.1 Wing Cover Design 

A Typical industrial sizing process for a large panel structure involves dividing the 

component into a number of small panel units, which are sized individually. This sizing 

procedure for composite skin/stringer components is described by Quinn et al. [110]. This 

zonal sizing methodology within composite structure can lead to incompatible stacking 

sequences between adjacent zones, initiating discontinuities and localised stress 

concentrations [111] . Several methods have been identified to alleviate this problem 

[112][113][114] . However, a very efficient approach, which removes the need for 

sophisticated optimisation tools, is the tabular method. In this method, the panel units are 

sized using a pre-defined library of stacking sequences, which is constructed with a set level 

of stacking sequence ply continuity. In this way when the individual panel unit designs are 

assembled the component design has the library's set level of stacking sequence ply 

continuity . It has been demonstrated that designs generated using this approach can 

produce designs of equivalent mass, yet significantly higher levels of ply continuity than 

designs generated using Genetic Algorithms and bi-Ievel optimization methods 

[112][113][114] . Given the practical efficiency of the tabular method for early design, the 

tabular method is applied herein to design the trade-study components. 
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7.3.2.2 Sizing Calculations 

Each individual panel unit comprises a length of longitudinal stiffener between lateral 

stiffeners plus the adjacent skin elements. The sizing of the stiffener and skin components 

must consider generic panel design constraints related to strength, stability and durability 

under multi-axial loading. The structure is thus idealised as a series of plate and column 

elements. The sizing procedure used to generate the trade study components is described 

in Quinn et al.[110] . 

7.3.2.3 Trade-Study Design 

The trade-study considers the design of an upper wing cover of an idealised single aisle 

mid-range aircraft. The cover consists of 118 individual skin-stringer units with a fixed rib 

pitch of 700 mm, and variable stringer pitch (between 165 mm and 300 mm). 

Manufacturing is assumed to involve curing the skin before co-curing preformed back-to

back L-Section stiffeners to create the integral structure. All stiffeners are T-section and all 

skin bays are of a single uniform thickness. The wing cover loading is idealised into 19 

unique panel-loading zones, Figure 7-5. Table 7-3 summarises the wing cover design loads. 

Skin compression buckl ing is not allowed to occur at less than 87% of the ultimate axial 

compression load (equivalent to 130% of limit load) . Skin shear buckling is not allowed to 

occur at less than 100% of the ultimate shear load. 
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Figure 7-5 Upper wing cover loading zones 

Table 7-3 Upper wing cover loads 

longitudinal 
Shear 

lateral lateral 

tension compression tension 
(Nxy) 

(N. T) 
N/mm 

(Nyd (NyT) 

N/ mm N/mm N/mm 

2850 350 0 0 
2250 250 0 0 
1700 200 0 0 
1300 200 0 0 
3400 500 0 0 
3000 350 0 0 
2750 350 0 0 
2300 275 0 0 
4050 450 0 0 
3725 350 0 0 
3200 200 0 0 
2800 300 0 0 
4250 200 0 0 
3850 250 0 0 
4150 350 0 0 
3400 200 0 0 

2775 400 0 0 
2250 250 0 0 

1250 200 0 0 
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The wing cover skin has a target stiffness and associated material percentage composition 

of 40/40/20 (0°, ±45° and 90° respectively), and the longitudinal stiffeners have a target 

stiffness and associated material percentage composition of 50/40/10. The skin and 

stiffener stacking sequences are constraint to ensure no 'bow-tie' interfaces. In addition 

the skin and stiffener laminate stacking sequences are constrained to be balanced and 

symmetric, having a minimum of 10% of the component thickness constructed from each 

ply orientation [113] [114], and having no more than three plies of identical orientation laid 

consecutively . 

With regards changes in thickness between panel units, these are to be accommodated 

with ramps in which plies are added or dropped from the individual panel unit stacking 

sequences, with the ramp design aiming to maintain a balanced and symmetric stacking 

sequence and eliminate high inter-Iaminar load transfer. In the chord-wise directions skin 

ramp rate is constrained to be 1 in 10 and in the span-wise directions, skin ramp rate is 

constrained to be 1 in 20. 

For the design study, in the absence of a full experimental test library representing 

laminate stiffness and strength properties as functions of laminate thickness and ply ratios, 

a calculated laminate library is to be used. Discrete thickness ply material properties [115], 

Classical Laminate Theory (CLT) [115][116jand the Tsai-Hill fully interactive failure criterion 

are used to generate pristine laminate allowables [116][117] as functions of laminate 

thIckness and ply ratios. A knockdown factor of 40% [118] is then used to convert the 

pristine aliowables to damaged and part aliowables, for example Compression After Impact 

(CAI) or Open Hole Tension (OHT). 
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7.3.3 Wing cover cost estimation 

For this study, the material, energy and labour costs will be estimated using the hybrid 

mass-energy balance method, industrial contract pricing and industrial labour data. 

Infrastructure costs will be estimated assuming the ATL equipment is dedicated to the wing 

cover production and amortised over the number of components produced for the life of 

the equipment, were as all generic equipment used in the wing cover production will be 

amortised as a fraction of utilisation and the number of years that the infrastructure is 

used . For the generic equipment, the amortisation will be based on measured production 

cycle data and real production environment equipment utilisation levels. Figure 6-1 and 

Figure 6-2 outline the component production route for manual and ATL ply lay-up 

respectively, and the Sections 7.2.1.1.1 through 7.2.1.1.4 outline the structure of the 

individual estimation calculations. 

7.3.4 Trade Study Results 

The results for this trade study will be presented in four distinct sections. Firstly, the four 

wing skin/stringer design configurations are presented from which the remaining study will 

be performed . Following this, the results of the tabular sizing methodology will be put 

forward, identifying the impact of design complexity on component weight for each 

manufacturing route . The resultant designs will be carried through to analyse the influence 

of production method on individual unit costs for both manual and automated production 

routes . Finally, the four wing cover designs will be considered to investigate the combined 

interactions of component design, lay-up technology and production rate on manufacturing 

cost. 
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7.3.4.1 Trade-Study Designs 

Four upper cover designs where sized, two appropriate for HLU and two appropriate for 

ATL layup. For each production process, a material design space appropriate for the layup 

process was defined. In the case of HLU the material design space included unidirectional 

(UD) tape at 0·, +45·, -45· and 90·, and ±45· and 0,90· biaxial non-crimped fabrics (NCF). In 

the case of ATL designs, the material design space was restricted to include only 

unidirectional tape orientated at 0·,45·, -45· or 90·. 

In order to examine the impact of design complexity, for each manufacturing route, two 

skin material guide laminates were used to create two designs with distinct levels of skin 

material design freedom . The first design used a guide laminate, which permitted variation 

of local skin material composition up to 10%, 40/40/20 ± 10%. The second design used a 

guide laminate, which permitted no variation of skin material composition, 40/40/20 ± 0%. 

By constraining the material composition and having to meet continuity, balance and 

symmetry requirements, the size of discrete component thickness steps is reduced. With 

greater restriction on material composition there are fewer laminates satisfying the various 

constraints and thus larger thickness increment are available for skin design. 

For all four designs, the material design space for the longitudinal stiffeners was identical. 

Table 7-4 summarises the material design spaces used to create the four trade-study 

designs. 

215 



Table 7-4 Material design spaces 

HLU-O.SO HLU-2.S0 ATL-O.SO ATL-1.2S 

Skin 

Materials Uniaxial UD plus Uniaxial UD plus Uniaxial UD Uniaxial UD 

Biaxial NCF Hybrid Biaxial NCF Hybrid 

Composition 40/40/20 ± 10% 40/40/20 ± 0% 40/40/20 ± 10% 40/40/20 ± 0% 

Guide laminate [[±45/090/ [[±45/090/0]9]sym [[+45/-45/ [[0/ -45 / 90 

0]9]sym 0/90/0]9]sym / +45/0]9]sym 

No. of laminates 39 8 39 17 

Laminate thickness 0.5mm 2.5mm 0.5mm 1.25mm 

increment 

Stiffener 

Materials Uniaxial UD plus Uniaxial UD plus Uniaxial UD plus Uniaxial UD plus 

145 Biaxial ±45 Biaxial 145 Biaxial ±45 Biaxial 

Composition 50/40/10 ± 10% 50/40/10 ± 10% 50/40/10 ± 10% 50/40/101 10% 

Guide laminate [(90[02/145/0]2]3] [[90[02/145/0]2]3] [(90[02/145/0]2]3] [[90[02/145/0] 2]3] 

sym sym sym sym 

No. of laminates 13 13 13 13 

laminate thickness 0.5mm 0.5mm O.5mm O.5mm 

increment 
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7.3.4.2 Trade-Study Sizing Results 

Table 7-5 presents the key sizing results for the four wing cover designs. The ATL-O.SO 

design provides the lightest solution despite largest number of skin ply layers. HLU- 2.50 

provides the heaviest design displaying the greatest skin mass however lowest stringer 

weight . 

Table 7-5 Trade study sizing results 

HLU-O.50 HLU-2.50 ATL-O.50 ATL-l .25 

Skin 

Mass (kg) 368.3 411.6 367.5 379.2 

No. of ply layers 50 50 78 77 

No. of ply drops 34 30 54 54 

Stiffener 

Mass (kg) 205.3 187.3 204.7 207.7 

No. of ply layers 792 725 792 803 

No. of ply drops 215 198 217 223 
--

Total 

Mass (kg) 573.6 598.9 572.2 586.9 
----
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7.3.4.3 Trade-Study Production Technology Cost Results 

Figure 7-6 presents the comparisons between baseline HLU component costs and 

production costs associated with varying ATL material deposition rates. Optimum 

production conditions for each considered design can be identified from Figure 7-6. These 

manufacturing conditions will be carried forward and used as "best case" ATL 

representations. For both ATL skins there is a rapid decrease in production costs at lower 

deposition rates (indicating the shape complexity effect on production cost) through an 

optimum rate before increasing towards the upper region of the studied 

range(representing impact of implementing higher technology equipment). This 

relationship occurs due to increased lay down speed reducing associated layup time, 

however as capable speeds increase beyond optimum, equipment capability costs become 

dominant. 
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Figure 7-6 Trade study manufacturing cost comparison results 

--- HLU - O.50 

--- HLU - 2.50 

- ATL - O.50 

- ATL-1.25 

Table 7-6 presents results for a fixed aircraft production rate (40 aircraft sets per year), 

assuming manufacture is performed over 3 shift patterns for 46 week production period. 
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40 AC/year 

Table 7-6 Trade study production rate profiles 

Minimum (kg/hr.) 

Optimum (kg/hr.) 

ATl-O.50 

6.33 

7.5 

18% 

ATl-1.25 

6.67 

7.7 

15% 

The key cost breakdowns of the studied designs are shown in Table 7-7 using optimum 

rates identified in Table 7-6 for average production scales of 40 aircraft per year (equivalent 

to HLU rates) . Immediately evident is the dominance of composite material on production 

costs with significant contribution from infrastructure cost for ALT processing. There is 

minimal change in labour cost contribution between all designs. However, of interest is the 

reduction in labour contribution towards total cost when greater ply continuity is enforced 

in both processing methods. It can be seen that differences in stringer costs are small and 

greatest savings are made through use of UD tape in ATL skin processing. From this, it can 

be seen that ATL-O.SO design produces the most cost effective manufacturing solution, with 

a reduction of 4%-6% against equivalent HLU produced wing covers. 

219 



Table 7-7 Trade study cost breakdown results 

HLU-O.SO HLU-2.S0 ATL-O.SO* 

Material** 79.07 82.47 60.83 

Skin 51.23 57.06 

Stringer 27.84 25.41 

Labour 8.15 7.81 8.16 

Skin 2.34 2.50 

Stringer 5.81 5.32 

Energy 1.06 1.10 1.22 

Skin 0.68 0.76 

Stringer 0.38 0.35 

Infrastructure 11.73 11.82 24.84 

Skin 6.18 6.36 

Stringer 5.55 5.46 

Total 100.00 103.21 95.05 

Skin 60.42 66.68 

Stringer 39.58 36.53 

• Equipment as umed to be operating at optimum manufacturing conditions 
•• l :D tnpc price a umcd 25% le s than NC'F fabric 

33.07 

27.76 

2.36 

5.80 

0.85 

0.38 

19.29 

5.54 

55.57 

39.48 

ATL-1.2S* 

62.65 

34.49 

28.17 

8.39 

2.51 

5.88 

1.25 

0.87 

0.38 

24.95 

19.39 

5.56 

97.25 

57.26 

39.99 

Detailed comparisons between the four skin manufacturing characteristics are also 

presented for investigation into the largest defined cost factor, material. Values are defined 

with HLU-O.SO metrics as base values. From Table 7-8 it can be seen that the greatest 

composite material cost reduction occurs due to increased material utilisation and reduced 

material price . There is minimal difference in stringer material costs due to identical 

manufacturing constraints and equal processing routes. 
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In comparing the two layup technologies separately, HLU-0.50 cover design is 

approximately 3% less expensive to produce than HLU-2.S0. This can be attributed to the 

4.2% reduction in total component weight through greater design flexibility. With 

geometric complexities remaining constant in skin design, a 6% increase in total labour time 

can be seen, owing to a greater number of plies being laid. The mass increase consequence 

from enforcing greater ply continuity generates the maximum difference in material costs 

between the two skin designs (11%), attributed to the high cost of carbon fibre prepreg 

fabric. However, in restraining skin design complexity a resultant 9% reduction in stringer 

weight occurs. 

Comparing the two ATL skin designs less variability between production characteristics can 

be seen. For example, 2% change is observed in layup time due to design complexity 

compared with 9% in the hand layed components. Contrary to common belief, total layup 

time increases slightly (at optimum rate/capability conditions) in moving for HLU to ATL 

manufacture. However, the savings made through increased material efficiencies, lower 

material costs and greater design flexibility (without substantial consequence) outweighs 

these initial drawbacks. Imposing greater restraints on ATL skin designs does not produce 

substantial changes in required stringer mass. 

The increase in skin material layup time can be attributed to process technique; 

individually laying down multiple unique strips of material conversely, NCF fabrics can be 

placed with multiple plies per fabric . ATL layup time can be reduced through greater layup 

speeds being achieved at equivalent equ ipment costs; however, this implies operation 

outside optimum conditions. 
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Composite Material 
Volume 

Skin 

Stringer 

Material Price" 

Skin 

Stnnger 

Table 7-8 Detailled material cost comparisons 

HLU-O.50 

1.00 

0.64 

0.36 

1.00 

1.00 

HLU-2 .50 

1.04 

0.72 

0.33 

1.00 

1.00 

ATL-O.50* 

0.90 

0.54 

0.36 

0.75 

1.00 

Total Composite 1.00 1.04 0.77 
Material Cost 

* Equipment assumed to be operating at optimum manufacturing conditions 
** CD tape price assumed 25% less than NCF fabric 

ATL-l .25* 

0.93 

0.57 

0.36 

0.75 

1.00 

0.79 

Table 7-9 presents a detailed analysis of layup labour costs. In analysing total component 

layup time an increase is seen when moving to automated production (at optimum rates) . It 

is observed that HLU -2.50 presents the lowest layup time solution for composite skin cover 

design, however as shown previously in Table 7-7 it produces the greatest overall cost. This 

highlights the importance of understanding full production costs . 

Table 7-9 layup man-hour costs (non-dimensionalised with respect to HLU-Q.SO). 

HLU-O.50 HLU-2.S0 ATL-O.SO* ATL-1.2S* 

Layup time 1.00 0.96 1.01 1.05 

Sktn 0.25 0.28 0.27 0.29 

Stnnger 0.75 0.68 0.74 0.75 

* Equipment a sumcd to be operating at optimum manufacturing conditions 
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During the calculation of ATl skin layup time, proportional layup speeds based on design 

complexity were examined . It was found that regardless of ply continuity constraints placed 

on design, the ratio of high-speed operation to accelerating operation remained stable, 

Table 7-10. This demonstrates the components insensitive nature to layup design 

complexity when considering automated manufacturing technologies. 

Distance at full speed 

Distance accelerating 

Table 7-10 Complexity impact on ATl velocity profile 

ATL - 0.50 

57% 

43% 

ATL -1.25 

56% 

44% 

Th is study has identified significant financial advantages in designing for ATl processing 

capitalising on increased material utilisation and reduced material cost. However, material 

utilisation displays a relationship with UD tape width . Table 7-11 presents this relationship 

between tape width and material utilisation and the equivalent material cost saving 

through manufacture with narrower tapes for ATl - 0.50 design . The relationship between 

tape width and total composite manufacturing material required is presented in Table 7-11. 

It is demonstrated that by fitting a linear trend line to these points an expected material 

weight equal to the proposed design weight is predicted for a theoretical zero width tape, 

implying 100% material utilisation . 
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Figure 7-7 UD prepreg material utilisation for varying tape widths 

Table 7-11 UD tape width impact on ATL velocity profile 

ATl - 0.50 

12 6 3 

- -----------------------------------------------------------
Material Utilisation 79% 86% 97% 

Material Cost 1 0,94 0.85 

In addition to 12" tape, simulations are performed for 6" and 3" tape widths for ATL - 0.50. 

However due to assumptions made in the 12" simulations that equipment is operating at 

maximum capacity, a reduction in tape width results in a requirement for additional ATL 

equipment. Results from trade-offs into multiple tape widths for ATL -0.50 wing skin design 

are presented in Table 7-12. Moving from 12" to 3" tape it can be seen that a 14% 

reduction in material cost results in a 245% increase in infrastructure cost. The material 

reduction is reflected through greater material utilisation however, the added 

infrastructure costs associated with the large initial capital costs of 3 additional ATL 

machines renders this saving irrelevant. Overall, an 86% increase in wing skin cost is 

observed . Operating mUltiple machines imposes a greater demand on labour required. It is 

assumed that one operator is required per ATL machine . 
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Table 7-12 Multiple machine utilisation 

All - 0.50 

Tape Width 12" 6" 3" 

Material 0.60 0.56 0.51 

Labour 0.04 0.07 0.12 

Energy 0.02 0.02 0.03 

Infrastructure 0.35 0.63 1.20 

Total 1.00 1.29 1.86 

If this material saving through optimum tape width is realised in early development stages, 

equipment can be procured to suit production needs. Therefore the same simulation set is 

performed, this time representing the purchase of a higher capability machine (beyond 

identified optimum) at the outset to facilitate equivalent production rates. The results are 

presented in Table 7-13 showing the calculated savings from switching to narrower tape 

widths. It can be seen that a 14%, 61% and 23% reduction in material labour and energy 

costs respectively are almost equivalent to a 32% increase in equipment capital cost using 

12" and 3" tape . 

Table 7-13 Single machine utilisation - greater capability 

All - 0.50 

Tape Width 12" 6" 3" 

Material 0.60 0.56 0.51 

labour 0.04 0.03 0.02 

Energy 002 0.01 0.01 

Infrastructure 035 0.38 0.46 

Total 1.00 0.98 1.00 
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The investigation into proportional layup speeds based on tape width has also been 

considered . Table 7-14 presents the proportional distances for varying tape width for the 

ATL-0.50 design. It can be seen that the velocity profile demonstrates a sensitivity to tape 

width when considering automated manufacturing technologies . 

Tape Width 

Distance at full speed 

Distance accelerating 

Table 7-14 Impact of ATl tape width on ATl velocity profile 

12" 

57% 

43% 

ATL - 0.50 

6" 

56% 

44% 

3" 

62% 

38% 

Using narrower UD tape width, the ATL equipment productivity is reduced, requiring higher 

machine capabilit ies or additional tape laying equipment to achieve desired aircraft 

production rates . It has been shown that a 50% reduction in tape width results in a 17% 

reduction in material costs however, to maintain production rates using multiple machines 

infrastructure costs increase by 94%. This therefore translates to an 86% increase in total 

skin manufacturing cost . If faster machines are utilised, greatest saving is identified when 

using 6" tape widths. Beyond th is, very high capability equipment is required to meet 

equivalent rates, as demonstrated in Figure 7-6 reductions in labour, and now in this case 

material, soon become surpassed by the cost of more capable equipment. 
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7.3.4.4 Trade-Study Production Rate Cost Results 

The modelled maximum deposition rate is from 3 kg/hr (average HLU speeds) to 30 kg/hr 

(towards the limit of today' s industrialised ATL technology). Figure 7-8and Figure 7-9 

present the analysis results, in which the cost data is non-dimensionalised with respect to 

the lowest calculated unit cost (ATL-0.50, with an aircraft annual production volume of 185 

sets, using equipment with a maximum deposition rate of 30 kg/hr) . 
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Clearly evident in Figure 7-8 and Figure 7-9 is the sensitivity of component unit cost to 

production and deposition rate, with each discrete cost step representing a change in the 

number of ATL machines employed. For a fixed production rate, the number of ATL 

machines required decreases with increasing maximum equipment deposition rate, and for 

a fixed deposition rate the number of ATL machines required increases with increasing 

production rate . Examining the plateaus in Figure 7-8 and Figure 7-9, which represent a 

constant number of ALT machines, for a fixed production rate an increase in maximum 

equipment deposition rate results in increasing unit cost. Thus in this restricted case only an 

Increase in deposition rates which would allow a reduction in the number of ALT machines 

would enable a unit cost reduction . Again considering a plateau of a constant number of 

ALT machines, with a fixed deposition rate, an increase in production rate results in a unit 

cost reduction until the point when an additional ATL machine would be required to meet 

the increase in production rate . 
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Similar unit cost topography is seen for both ATL designs, with ATL-1.25 appearing in 

general to result in higher unit costs and for fixed deposition rates requiring more ATL 

machines, possibly due to the design's higher material volume. This is particularly evident 

at higher aircraft production rates where the ATL steps are more tightly packed . Examining 

the cost data at fixed production rates, Figure 7-10, Figure 7-11 and Figure 7-12, it is 

possible to identify the optimum deposition rate for each aircraft production rate. 

Furthermore, from Figure 7-10, Figure 7-11 and Figure 7-12 it can be seen that optimum 

deposition rates increase between 40 and 140 aircraft per year, however experience a 

decrease when expanded to 240 aircraft per year. In order to understand the variation and 

pattern in optimum deposition rates, Figure 7-13 and Figure 7-14 present the optimum unit 

cost and associated optimum deposition rate for each production rate. As production rate 

increases the unit cost decreases, as long as it is possible to employ more capable ATL 

equipment (i .e. increasing maximum deposition rate). Once the upper bound of the 

deposition rate is reached, an additional ATL machine is required and the unit cost 

increases. With the addition of another ATL machine, the optimum deposition rate also 

reduces . Clearly, the optimum unit cost solution is a combination of the minimum 

deposition rate and minimum number of ALT machines to meet the required production 

rate . For A TL-O.SO the maximum deposition rate upper bound is reached at 185 aircraft per 

year, for ATL-1.25 the upper bound is reached at 146 aircraft per year. 
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Examining the data at a number of fixed maximum equipment deposition rates, Figure 

7-15, Figure 7-16 and Figure 7-17, it is clear that for all deposition rates the increments in 

unit cost due to the addition of another ATl machine decrease in magnitude with increasing 

production rate . Also evident from Figure 7-15, Figure 7-16 and Figure 7-17 is that at lower 

deposition rates the requirement for additional ATl machines to sustain production 

volumes is more frequent. Comparing between the two component designs for the 
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selected deposition rates shown in Figure 7-15, Figure 7-16 and Figure 7-17, only small 

differences in production costs are experienced for the majority of aircraft production 

rates. However, around ATL machine increment steps large discrepancies in unit cost are 

witnessed, driven by component design differences and the resulting requirements on the 

number of ATL machines needed to meet production rates. The variation in production 

rates when a change in the number of ALT machines is needed increases when lower 

numbers of ATL machines are employed or when higher maximum equipment deposition 

rates are used (and thus lower numbers of ATL machines). Clearly these misalignments 

between the steps illustrates the three way sensitivity between, component design, 

deposition rate and production rate, and the potential for significant cost impact if any of 

the three are not as originally designed (for example, a higher production rate than 

planned, failure to achieve a planned deposition rate, failure for a component to meet a 

weight target). 

232 



.-CI:S 
s= .... 
. 9 rr.J 

rr.J 8 
s= .... (l) ._ 

.5 § 
'"0 

I 
s= 
o 
Z 

'"0 
(l) 
rr.J .-ro 
s= .... 

. 9 rr.J 
rr.J 0 s= <.) 
(l) .~ 

.5 § 
'"0 

I 

s= 
o 
Z 

2.0 
Maximum equipment deposition rate = 7 kg/hr 

DATL-0.50 
. ATL-l.25 

1.0 
4o ------------------------------------~)240 

Aircraft production per annum 

2.0 

Figure 7-15 Unit cost analysis results with fixed deposition rates- 7 kg/hr. 

Maximum equipment deposition rate = 14 kg/hr 

DATL-0.50 
• ATL-l.25 

1.0 
40 ------------------------------------~)240 

Aircraft production per annum 

figure 7-16 Unit cost analysis results with fixed deposition rates- 14 kg/hr. 

'"0 
~ 2. 

Maximum equipment deposition rate = 21 kg/hr 

DATL-0.50 
• ATL-l.25 

.-CI:S 
s= .... o rr.J 

o 
~ <.) 
v .~ 

.5 § 
'"0 

I 

s= 
o Z 1. 

40 ------------------------------------~)240 
Aircraft production per annum 

Figure 7-17 Unit cost analysis results with fixed deposition rates- 21 kg/hr. 

233 



7.3.4.4.1 Detailed cost breakdown 

Having identified the global impact of deposition rate and production rate on unit cost it is 

possible then to examine and compare the detailed cost characteristics for the two ALT 

wing cover designs at a number of fixed production rates. For brevity, only three fixed 

production rates will be discussed (40, 140 and 240 sets per year), but this will still enable 

the impact of production rate, deposition rate and component design on cost 

characteristics to be illustrated and discussed. 

40 sets per year 

Table 7-15 presents the cost breakdown for the four designs with a production rate of 40 

sets per year. For both ATL designs, an equipment maximum deposition rate of 8 kg/hr 

produces the lowest unit cost. As before, cost data is non-dimensionalised with respect to 

the lowest calculated unit cost for the complete analysis series (ATL-0.50, with an aircraft 

annual production volume of 185 sets, using equipment with a maximum deposition rate of 

30 kg/hr) . HLU-O.sO results in the lowest unit cost and ATL-1.25 the highest unit cost, with 

a 17% variation between these extreme costs . Skin materials represent approximately 53% 

of the unit cost for the HLU manufacturing routes, whereas for the ATL routes skin material 

only represents on average 29% of the unit cost. Three effects influence this significant 

cost difference, a) the HLU skin designs contain greater volumes of material, Table 7-5, b) 

the cost of the short width uniaxial tape used in ATL skin production is lower per unit 

weight than the wider uniaxial and biaxial tape used with the HLU designs, c) the calculated 

material utilisation with HLU is lower than that achieved with ATL. 

Table 7-15 Predicted cost breakdown for a production rate of 40 sets per year. 

Optimum ma imum 
equipment dcpo~ition 

rate 

'umb r of TL 
m chine 

Materi(/I 

TL-O.SO 

8 kglhr 

0.3 9 

ATL-1.25 HLU-O.SO 

8 kg/hr 

Skin 

0.405 0.602 

HLU-2.S0 

0671 
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Labour 0.026 0029 0.02 7 0. 029 

Stiffeners (12 oft) 

Material 0.326 0.331 0.327 0.299 

Labour 0.068 0.069 0.068 0.062 

Wing cover 
Energy 0.014 0.015 0.012 0.013 

Plant 0550 0.55 / 0.138 0.139 

Total 1.374 1.400 1.176 1.213 

Examining total labour costs, for all designs independent of production route these are 

similar, within 7% of each other. The greatest cost is required for stiffener production, and 

there is limited impact on skin costs from constraining the skin design space. In fact, HLU-

2.50, which can be considered the simplest HLU design, having fewer plies, which are 

generally larger, generates more skin lay-up cost than HLU-0.50. This is a direct 

consequence of the additional design mass and the greater total ply area to be laid-up and 

worked-in to the mould tool, with each additional kilogram of material resulting in a 

significant additional ply area . In this case, introducing ATL has a limited impact on the skin 

labour costs, given the low production rate being examined and the resultant selection of a 

relatively low equipment maximum deposition rate. 

The energy costs are similar for all designs, with the ATL values marginally larger given the 

power consumed by the additional ATL equipment. Examining the infrastructure costs, it is 

seen to significantly vary between HLU and ALT. For the HLU designs, the infrastructure 

represents approximately 12% of the total unit cost for both designs. For ATL the 

infrastructure cost represents approximately 40% of the total unit cost. The larger 

infrastructure cost is associated with the greater non-recurring and recurring burden of the 

ATL equipment and the low production rate being analysed . Examining Table 7-15 there is 

no clear manufacturing economic advantage to employing ATL for skin production with a 

low production rate of 40 sets per year. Using an ATL design with a low production rate will 

reduce material costs due to improved material utilisation and lower material price. 

However, for the mass and size of the component being examined here the additional ATL 

infrastructure costs more than eliminate this advantage. 
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140 sets per year 

Table 7-16 presents the cost breakdown for the two ATL designs with a production rate of 

140 sets per year. Increasing from 40 to 140 sets per year reduces the unit costs for all 

designs. In this case, ATL-0.50 results in the lowest unit cost and HLU-2.50 the highest unit 

cost, with a 17% variation. For ATL-0.50 and ATL-1.25 equipment, maximum deposition 

rates of 23 and 29 kg/hr respectively generate the lowest unit costs. As with 40 sets per 

year, the materials required for skin production represent the largest constituent of the 

unit costs (on average 38% for the ATL designs and 53% for the HLU designs). As in the case 

of 40 sets per year the HLU skin materials costs are larger due to the greater volume of 

material in their design, the greater price per kg for the materials in their production, and 

the lower material utilisation with manuallayup. 

Table 7-16 Predicted cost breakdown for a production rate of 140 sets per year. 

AT L-O.50 ATL- l .25 HLU-O.50 HLU-2.S0 

Optimum ma imum 23 kglhr 29 kglhr 
equipment deposition 

rate 

I ' umber of ATL 
machines 

Skin 

,"'faterial 0.389 0..405 0..60.2 0..671 

l.abour 0.013 0.0.13 0.02 7 0029 

tiffener (12 off) 

Material 0.326 0331 032 7 0299 

Labour 0.068 0.069 0.068 0.062 
Wing cover 

£ " erK}' 0..012 0.012 0.012 0.013 

Pla"t 0.225 0..23/ 0.138 0.139 

otal 1.033 1.062 1.176 1.213 
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Examining labour costs, increasing from 40 to 140 sets per year the total labour cost 

decreases for the ATL designs, by an average of 14.5%. This global decrease is due to the 

reduction in skin labour (on average by 53%) enabled by the increase in production rate and 

associated increase in equipment deposition rate. 

The energy costs are again similar for all designs, with the ATL values marginally lower than 

those predicted for 40 sets per year due to the non-linear relationship between ATL 

machine maximum deposition rate and the energy consumption per unit of time. 

Examining infrastructure costs there is still a significant variation between the HLU and ALT 

designs. For the HLU designs infrastructure costs represent approximately 12% of the total 

unit cost. For ATL the infrastructure costs are approximately 22% of the total unit cost, this 

represents a reduction from 40% with a production volume of 40 sets per year. Clearly for 

a component of this scale and a production rate of 140 sets per year the reduction in 

material costs with an ATL design are not eliminated by the additional infrastructure costs 

and therefore ATL offers a clear economic advantage. Examining the results between 40 

and 140 sets per year, the unit costs of HLU-0.50 and ALT-0.50 are equivalent at 68 sets per 

year and beyond 68 sets per year the ATL design has a lower unit cost. 

240 sets per year 

Table 7-17 presents the cost breakdown with a production rate of 240 sets per year. 

Increasing from 140 to 240 sets per year again reduces the overall unit costs for all designs. 

A TL-0.50 produces the lowest unit cost and HLU-2.50 the highest unit cost, with a total 

variation of 20%. For ATL-0.50 and ATL-1.25 equipment maximum deposition rates of 20 

and 24 kg/hr respectively generate the lowest unit costs, however for both solutions 2 ATL 

machines are now required . In this case, the skin sUb-components again generate the 

largest element of the unit costs, and the materials required for production represent the 

largest constituent of the skin costs . 
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Table 7-17 Pred icted cost breakdown for a production rate of 240 sets per year. 

ATL-O.SO ATL- I.2S HLU-O.SO HLU-2.S0 

Optimum maximum 20 kg/hr 24 kg/hr 
equipment depositio n 

rate 

Number of ATL 2 2 
machines 

Skin 

Jlaterial 0.389 0.405 0.602 0.671 

Labour o ON 0.015 0.02 7 0.029 

Stiffeners (12 off) 

ll·laterial 0.326 0.331 0.327 0.299 

Labour 0.068 0.069 0.068 0.062 

Wing cover 

Energy 0012 0.013 0.012 0.013 

Plant 0203 0.208 0.138 0.139 

Total 1.013 1.040 1.176 1.213 

Examining labour costs, increasing from 140 to 240 sets per year the skin labour cost 

increases for the ATL designs, by an average of 11.5%. This is due to the need for two 

machines to meet the production rate and the reduction in the required equipment 

deposition rate, which results in an increase in production time per unit, and thus labour 

cost. 

Once again, the energy costs are similar for all designs, with the ATL values marginally 

increasing with the requirement for two ALT machines for both ATL designs. Examining 

infrastructure costs the difference between the HLU and ALT designs has decreased again, 

albe it by a small amount, approximately 12% of the total unit cost for the HLU designs and 

approximately 20% of the total unit cost for the ATL designs. Again, the larger production 

volume enables the larger infrastructure costs that are required for higher deposition rates 

to be more effectively amortised over the larger volume of components produced . 
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7.3.5 Discussion and Conclusions 

The integrated design and costing analysis method has enabled the detailed examination of 

the influence of design complexity, lay-up automation and production rate on the unit cost 

of a large aircraft component . It is evident that ATL processing can provide lighter, most 

cost efficient solutions to wing skin cover manufacture. A 13% increase in material 

utilisation, coupled with 25% less expensive pre-impregnated fabric and up to 9% reduction 

in component weight provides an overall lower wing skin unit production cost when using 

automated routes, when considering production rates of 40 aircraft sets per year. Further 

reductions in material cost can be obtained from greater material utilisation through use of 

narrower tape widths, reducing wastage of the expensive pre-impregnated fibre. The 

results also demonstrate sensitivity of component unit cost to changes in annual 

production rate and employed equipment maximum deposition rate. Moreover, the results 

demonstrate the interconnected relationship between manufacturing process, component 

subsequent design, and the resulting impact on manufacturing economics. The optimum 

unit cost solution is a combination of the minimum deposition rate and minimum number 

of ALT machines to meet the required production rate. However, the location of the 

optimum unit cost, at the boundaries between the number of ATL machines required, can 

make unit cost very sensitive to small changes in component design, production rate, and 

equipment maximum capable deposition rate. Making the optimum unit cost solution 

vulnerable to late design and manufacturing changes such as a higher production rate than 

planned, failure to achieve a planned deposition rate, or failure for a component to meet a 

weight target. For the examined design problem ATL, processing provides the lightest 

solution and the most economical solution at production rates greater than 68 sets per 

year. For all designs and manufacturing routes, the cost of materials is a significant 

element of the unit cost. The introduction of ALT may significantly reduce material costs as 

the manufacturing route enables greater component design freedom and the potential for 

a lower component mass, a reduction in the processed level of the raw material and thus 

lower material price, and through improved material utilisation (when compared to a 

manual layup production route). Finally, for the mass and size of the stiffened panel 

component studied herein the energy and labour costs tend to be secondary when 

compared to the material and infrastructure costs. 
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8 Conclusions and Identified Future Work 

In this chapter, a synopsis of the research presented in this thesis is provided. The author 

reviews work package completeness, evaluating potential application and additional 

functionality within the modelling methodology. Suggestions for improvement and 

expansion of the method in future work are also documented. 

8.1 Research Conclusions 

This thesis aimed to provide a greater understanding of production cost drivers associated 

with a complex manufacturing supply chain . This aim is reinforced by statements made 

within the published literature, identifying the need for integrated composite material 

production models (63)[64] . The studied literature also identifies that many of the core cost 

estimation methods have limited applicability beyond component production analysis [32], 

with industry opting for departmental production overhead methods [33]. Current 

estimation of continuous production process costs demonstrates a reliance on process 

experts, empirical data and analogous based scaling factors. Therefore, an analytical 

methodology has been presented to model and identify aerospace composite material 

production costs, enabling key cost drivers to be ranked . The model used throughout this 

thesis IS built upon a methodology using physics inputs, thereby minimising the use of 

empirical data and analogous scaling factors. 
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A novel, hybrid mass and energy balance methodology has been formulated to identify key 

composite material cost drivers within a complex manufacturing supply chain. A reduction 

in the dependence upon empirical data and analogous methods has enabled the developed 

model's application to generic manufacturing processes. Cost drivers have been presented 

for the complex manufacturing supply chains of glass and carbon fibre pre-impregnated 

materials. The use of an analytical based methodology enables individual cost drivers to be 

categorised using a physics based classification of: mass, energy, labour, infrastructure and 

mark-up. 

The deterministic model results have been verified using typical aerospace contract 

material prices, specified over a range of material grades. It was discovered that analysis of 

the lower tier manufacturing processes produced estimates at the upper bound of the 

relevant contract prices. Whereas simulation of the higher tier, engineered materials 

produced estimates at the lower bound of the relevant contract pricing. Herein a single 

mark-up factor was used for all production tiers. This disconnect between low and high 

tier material production estimations highlight a requirement for further investigation into 

the mark-up factor associated with material value within a complex supply chain. Never 

the less this result improves the understanding of the relationships that exist between 

manufacturing cost drivers and final material prices, identifying production cost mark-up as 

the greatest contributor of material price within a complex manufacturing supply chain. 

This mark-up is generated through the perceived potential material value to the customer. 

Within the composite material supply chain, there are a significant number of interfaces at 

which this mark-up can be applied, potentially inflating the final production material prices. 

241 



The developed model has been validated through a series of investigative studies 

representing practical production challenges. Variation within key cost drivers has been 

modelled using market prices fluctuating with time . Monte Carlo Simulation has been used 

to enable the model to capture uncertainty, which exists within a realistic manufacturing 

environment. The study concluded that at the higher manufacturing tiers, energy and 

labour represent the greatest costs, where greater temperature changes and greater levels 

of skilled labour are required to refine the engineered material. At the lower tiers, the 

greatest manufacturing costs arose from raw materials entering the process in large 

unrefined quantities. 

The most influential manufacturing cost drivers have been identified using a deterministic 

sensitivity analysis. It was concluded that supply chain encapsulation within the framework 

enables intricate relationships between material manufacture and sub tier production 

processes to be studied . An example of this would be the insurance costs associated with 

acrylonitrile production that is an influential driver in many of the higher engineered 

material production processes. This high level of detail enables the identification of 

financial exposure from cost variation resulting from discrete events within all tiers of a 

complex manufacturing supply chain . Given this better understanding and greater 

confidence in material manufacturing costs, it should now be possible to provide a 

competitive advantage during negotiations with composite material producers, enabling 

proactive procurement strategies. 

It was concluded that sensitive drivers within the supply chain evolved from labour to raw 

materials entering at the lower manufacturing tiers to energy and labour associated drivers 

within the engineered material manufacturing tiers. Infrastructure costs consistently 

formed a low contribution to material price with large throughputs typically reducing 

individual unit overhead costs. Time constant simulations, performed using historical data 

have verified deterministic model estimations against real material pricing. Predicted driver 

values for future manufacturing conditions have been simulated using a non-deterministic 

analysis to provide an expected range in material production costs . However, this study is 
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limited by the accuracy of the forecasted scaling factors used. Accurate representations of 

energy, gas and labour costs have been applied however, the forecast of raw materials 

within the simulation are based on economic inflation indices. It has been shown that 

within even the least optimistic market conditions, composite material prices are likely to 

increase. This therefore enforces the need to address the greatest cost driver, production 

mark-up costs, to achieve overall supply chain price reductions. This increase in composite 

cost driver knowledge has the potential to reduce composite material prices, moving closer 

to address cost competitive materials for well-established metallic technologies, promoting 

greater use within aerospace. 

Five carbon fibre composite components have been used to verify the model estimations 

for non-continuous production processes. Deterministic model estimations show a +10%/-

15% variation from actual production costs. This therefore demonstrates that the single 

analytical framework can simulate a complex manufacturing supply chain containing both 

continuous and discontinuous production processes. This generic application of the 

developed model provides a confidence when analysing costs associated with new 

manufacturing technologies. Variation within component manufacturing technology has 

been used to assess manufacturing costs between two discrete manufacturing processes, 

hand layup and automated tape layup. Optimum manufacturing parameters have been 

established for automated tape layup, defined by initial investment payback periods, 

machine capability and aircraft production rates . It is concluded that optimum layup rates 

are not substantially greater than manual layup rates . Relationships between component 

weight and return on investment periods are generated, emphasising subtle interactions 

when considering implementation of automated technologies. 

The novel model framework leverages an analytical methodology to quantify the link 

between design decisions and manufacturing costs during component production . A design 

and manufacturing trade study using a theoretical wing skin cover has been presented . It is 

demonstrated in section 7.3 that through implementation of automated layup technology 

and process tailored designs, airframe manufacturers can produce lighter more cost 

efficient composite components . However, when operating at optimum production 
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conditions, automated tape layup imparts a greater labour cost on the total component 

production cost. The cost savings are generated through automated technologies utilising 

cheaper material with reduced levels of waste. It has been further demonstrated that 

through selection of the UD tape width, material utilisation can be increased further 

without incurring significant production cost penalties. Therefore, investment in 

equipment, which provides the greatest reduction in labour costs, does not always provide 

the most cost effective manufacturing option. Through analytical identification of all 

production costs, it has been identified that focus on reducing layup labour cost, results in 

redistribution of the labour proportion to other aspects of the manufacturing process. 

However, within the analytical framework this cost distribution can be monitored, 

providing a tool to help understand optimum design and production process conditions. 

Integrating this new understanding within airframe design/ production firms should aid 

engineers in understanding the financial impact of design decisions on total production 

costs but also encourage more efficient, environmentally sustainable decisions within 

composite component design . 

The models capability to provide robust cost estimations within an academic environment 

has been demonstrated . Transfer of this gained knowledge to an industrial manufacturing 

environment is often a difficult hurdle to overcome. The framework methodology has been 

designed, developed and implemented within Microsoft Excel architecture, a common 

engineering software within industry. This provides a route of least resistance to 

incorporate the framework within industrial material procurement and composite design 

departments. However, the substantial effort required to populate process data may act as 

a limitation to model application . Furthermore, the application of a hybrid mass and energy 

balance methodology to discrete component production, required additional effort to 

calculate component contribution towards total production mass. This poses a question for 

the use of mass balances within discrete production processes. A possible alternative may 

be to consider volume balances, therefore better representing equipment capacities. 
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8.2 Identified Future Work 

It has been demonstrated that the proposed methodology by which cost-evaluating data is 

gathered provides a step forward in cost model framework development. The model 

robustness when faced with variable sensitivity has been quantified when applied to 

generic production processes. However, practical implications for specific production lines 

are evident. Section 3.6 identifies that many of the processes within carbon fibre composite 

supply chain are surrounded by high levels of intellectual property restrictions and 

therefore specific material process parameters are not openly available. If production 

process data were collected directly, from organisation experts this would greatly improve 

model accuracy to specific materials. 

A realistic project scope has been set out in section 4.1 defining the engineered materials to 

be studied . However, Section 2.4 identified that these chosen materials contribute only a 

portion of the required resources to manufacture advanced composite components for the 

aerospace industry. As demonstrated in section 6.1.5, the adaptive framework proposed is 

capable of estimating continuous and discrete manufacturing processes. These additional 

composite manufacturing materials provide an opportunity for further production 

processes models. This would contribute towards the generation of an all-encompassing 

model for visualisation of all supply chains used in composite component production . 

The analysis in this project has focused on manufacturing production cost drivers. However, 

costs influences from management decisions have been identified. It has been shown 

throughout the analysis of the manufacturing supply chain that a large proportion of an 

engineered material price is associated with this material mark-up. This mark-up has been 

estimated and therefore a level of uncertainty exists. Three methods of mark-up estimation 

have been outlined in section 3.10. However, general application of this estimated value 

has highlighted a disconnect between commodity and engineered material model accuracy. 

Accurate data for a producer's overhead expenditure and product inflation are rare. 
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Publishing this data would remove a material producer's competitive advantage. The ability 

to use a mark-up value based on a material categorisation would improve the 

understanding of supply chain dynamics and enhance estimation accuracy. 

Through an industry applicable trade study, the methodology framework has been 

incorporated within an engineering design field. The knowledge acquired in the cost 

analysis has been integrated into design decisions at the earliest design stages. It is possible 

to expand this work further, developing intelligent algorithms in which integration of 

simulated design, manufacturing process selection and cost consequence are conducted 

concurrently, thus reducing design over-compensation and unintentional cost commitment. 

The final trade study in this research focuses on the manufacturing cost impact of 

engineering design decisions. However, an element of the analytical framework studies 

individual energy demands of the production processes. It is therefore possible to provide 

energy requirement comparisons between several designs using the analytical framework. 

In the hands of environmentally conscientious designers, this energy demand can be 

translated into a unique carbon footprint for each component design, irrespective of 

production process. The model can also be used to provide strategic carbon footprint 

analysis representing a change in production environment. For example, a manufacturing 

facility in Canada where, hydroelectric power is the leading source of electricity generates a 

carbon footprint of 4 grams of CO2 per kWh . Within the UK 46% of electricity is generated 

using gas, with an average carbon footprint of 430 grams of CO 2 per kWh. The model has 

the capability of identifying individual process energy demands that can be translated to an 

equivalent carbon footprint. This is typically is performed using regression analysis 

however, this model provides an analytically derived carbon footprint for the full 

manufacturing supply chain . 
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Appendix - A Material production key cost driver 

breakdown 

The following figures present a representation of the accumulation of cost through a 

manufacturing supply chain for carbon fibre pre-impregnated fabric. Due to the detailed 

analytical framework used to obtain the breakdown, a large number of cost drivers are 

presented . Therefore, the breakdown tree is split into manageable portions separated at 

natural separation points, tier interfaces. 
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Figure A·1 Cost driver breakdown - Carbon Fibre Prepreg Production 
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Figure A· l Cost driver breakdown - Woven Carbon Fibre Production 
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Figure A-I Cost driver breakdown - Epoxy Resin Film Production 
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Appendix - B Material production key cost driver 

identification 

Carbon fibre prepreg 

Table B-1 Carbon fibre prepreg top ten most sensitive cost drivers 

Tier Driver Local Range 
sensitivity Sensitivity 

Carbon Fibre Electricity price 18.57% 18.57% 

Carbon Fibre Wage Rate 17.21% 17.21% 

Carbon Fibre energy Carbonisation furnace (high temp) 9.80% 9.80% 

Carbon Fibre energy Carbonisation furnace (Iow temp) 6.53% 6.53% 

Carbon Fibre Oxidisation oven 6.60% 

Acrylon itrile Insurance 6.08% 6.08% 

Pan Fibre Catalyst 5.98% 5.98% 

Acrylonitrile Propylene 5.52% 5.52% 

Acrylonitrile Ammonia 4.91% 4.91% 

Carbon Fibre Amortisation Period 4.68% 

Carbon fibre weaving 

Table B-2 Woven carbon fibre top ten most sensitive cost drivers 

TIer Driver Local Range 
sensitivity Sensitivity 

Carbon Fibre Electricity 20.52% 20.52% 
Carbon Fibre Wage Rate 19.02% 19.02% 
Carbon Fibre energy Carbonisation furnace (high temp) 10.82% 10.82% 
Carbon Fibre Oxidisation oven 9.03% 
Carbon Fibre energy Carbonisation furnace (Iow temp) 7.22% 7.22% 
Acrylonitrile Insurance 6.72% 6.72% 
Pan Fibre Catalyst 6.60% 6.60% 
Acrylonitrile Propylene 6.10% 6.10% 
Acrylonitrile Amortisation Period 6.06% 5.15% 
Acrylonitrile Ammonia 5.42% 5.42% 
Carbon Fibre Amortisation Period 5.17% 
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Carbon fibre 

Table B-3 Carbon fibre top ten most sensitive cost drivers 

Tier Driver Local Range 
sensitivity Sensitivity 

Carbon Fibre Electricity 21.73% 21.73% 

Carbon Fibre Wage Rate 20.14% 20.14% 

Carbon Fibre energy Carbonisation furnace (high temp) 11.47% 11.47% 

Carbon Fi bre energy Carbonisation furnace (Iow temp) 7.64% 7.64% 

Acrylonitrile Insurance 7.12% 7.12% 

Pan Fibre Catalyst 6.99% 6.99% 

Acrylonitrile Propylene 6.46% 6.46% 

Acrylonitrile Amortisation Period 6.42% 5.46% 

Acrylonitrile Ammonia 5.74% 5.74% 

Carbon Fibre Amortisation Period 5.48% 

Carbon Fibre Oxidisation oven 5.28% 

PAN fibre 

Table B-4 PAN fibre top ten most sensitive cost drivers 

Tier Driver Local Range 
sensitivity Sensitivity 

Acrylonitrile Insurance 14.31% 14.31% 

Pan Fibre Catalyst 14.07% 14.07% 

Acrylonitrile Propylene 13.00% 13.00% 

Acrylonitrile Amortisation Period 12.92% 10.98% 

Acrylonitrile Ammonia 11.55% 11.55% 

Acrylonitri le Fluidised Bed Reactor 9.73% 9.73% 

Acrylonitrile Wage Rate 9.55% 9.55% 

Pan Fibre Comonomer 9.22% 9.22% 

Acrylonitrile Oxygen 9.20% 9.20% 

Acrylonitrile Tax 7.16% 7.16% 
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Acrylonitrile 

Table 8-5 Acrylonitrile top ten most sensitive cost drivers 

Tier Driver Local Range 

sensitivity Sensitivity 

Acrylonitrile Insurance 23.36% 23 .36% 

Acrylonitrile Propylene 21.21% 21.21% 

Acrylonitrile Amortisation Period 21.09% 17.93% 

Acrylonitrile Ammonia 18.85% 18.85% 

Acrylonitrile Fluidised Bed Reactor 15.89% 15.89% 

Acrylonitrile Wage Rate 15.60% 15.59% 

Acrylonitrile Oxygen 15.02% 15.01% 

Acrylonitrile Tax 11.68% 11.68% 

Acrylonitrile Maintenance Auxiliary Equipment 6.62% 6.62% 

Acrylonitrile Installation 6.62% 6.62% 

Epoxy resin film 

Table 8-6 Epoxy resin film top ten most sensitive cost drivers 

Tier Driver Local Range 

sensitivity Sensitivity 

Epoxy Resin Bisphenol A 52.28% 52.28% 

Epoxy Resin Epichlorohydrin 27.28% 27.28% 

Epoxy Resin Labour Rate 6.81% 6.81% 

Epoxy Resin Polythene Film 5.71% 5.71% 

Epoxy Resin Amortisation Period 4.78% 3.61% 

Epoxy Resin Epoxy Film (oater 3.41% 3.41% 

Epoxy Resin Electricity 1.69% 1.69% 

Epoxy ReSin Installation 1.43% 1.43% 

Epoxy Resin Tax 1.17% 1.17% 

Epoxy Resin Insurance 0.98% 0.98% 
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Appendix - C Resin Additives 

Table C-1 List of commonly used resin additives 

Additive 

Silane 

Diethylamine 

Isopropanolamine 

Ethanolamine 

Phenolic, Phosphite 

Fumed silica 

Coathylene 

Krayton 

Bevaloid, Rhodoline 

Sirion 

Silicone 

Antimony oxide and tri -hydrate 

Bromine 

Phosphates 

Zinc borate 

Zinc / Calcium 

Sirion 

Magnesium oxide 

Fumed silica 

Benzophenone, benzotriazole, HALS 

Purpose 

Adhesion Promoter 

PH adjustment 

To achieve basicity and buffering 
complexing agents 
resin neutralizer 
catalyst for hardening 
corrosion inhibitor and resin modifier 
Catalyst for polyurethane foams 
concrete additive 
intermediate in adhesive manufacture 
Antioxidant 

Anti sag and anti settle 

Anti shrink 

Anti shrink based on styrenic block polymers 

Defoamer 

Defoamer 

Defoamer 

Flame retardant 

Flame retardant 

Flame retardant 

Flame retardant 

Smoke suppressant 

Styrene suppressant 

Thickener 

Thickener 

Ultraviolet absorption 
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