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Resumo  

A utilização de materiais compósitos nas mais diversas indústrias, particularmente na aerospacial, teve 

um enorme crescimento nos últimos anos. Este facto deve-se às excelentes propriedades que é 

possível obter com o uso destes matérias, nomeadamente peças leves e resistentes, com resistência 

à corrosão ou mesmo com a combinação ideal de rigidez e resistência. Contudo, na aviação o alumínio 

continua a ser o material mais utilizado, principalmente devido à experiência obtida durante o último 

século.  

Os objetivos desta tese consistem em avaliar o desempenho económico, assim como o impacto 

ambiental de processos de produção relativos a alumínio e compósitos. Desta forma foram 

desenvolvidos Modelos de Custo Baseados no Processo que permitem, através da análise e cálculo 

do custo de produção de peças, tomar decisões e estudar melhorias relativas ao processo ou à peça 

em si. Através do inventário de recursos que é possível extrair dos modelos foi realizada uma Análise 

do Ciclo de Vida para a mesma peça produzida em compósitos e alumínio. Os processos de produção 

considerados são: Maquinagem, Automated Tape Laying e Automated Fibre Placement. 

Os resultados finais relativos aos modelos e à análise ambiental foram obtidos para um caso de teste, 

e validados com um fabricante de aviões. Os modelos permitem realizar análises de sensibilidade para 

perceber a influência de cada um dos parâmetros no custo final da peça, assim como determinar os 

custos mais importantes. Desta forma, são bastante úteis numa fase inicial do design das peças, 

permitindo evitar o consumo de tempo e investimento em prototipagem.  
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Abstract 

The use and demand for composite materials in several industries, particularly in aerospace, has shown 

an incredible growth in the past few years. This has to do with the excellent properties that is possible 

to obtain from these materials, namely strong and light parts, with corrosion resistance, or even with the 

ideal combination of strength and stiffness. However, in aviation aluminium is still the most used 

material, mainly due to the large experience gathered in the last century. 

The objectives regarding this thesis consist in assessing the economic performance, as well as the 

environmental impact of aluminium and composites production processes. Therefore, Process Based 

Cost Models were developed, which allow, through the calculation and analysis of part production cost, 

decision making and the study of hypothetical improvements regarding the process or the part itself. 

From the resources inventory that is possible to extract from the models, it was performed a Lifecycle 

Assessment, comparing the same part produced in composite and in aluminium. The production 

processes considered are: machining for aluminium, and for composites Automated Tape Laying (ATL) 

and Automatic Fibre Placement (AFP). 

The final results from the models and from the environmental analysis were obtained for a test case, 

with validation provided by an aircraft manufacturer. The models allow sensibility analysis to be 

performed in order to understand the influence of each parameter in the final part cost, as well as the 

determination of main cost drivers. This way it is possible to avoid time-consuming and investment in 

prototyping. 
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1. Introduction 

In recent years, the use of composite materials is rising due to the increasing adoption of this versatile 

material by manufacturers from several industries. Composites are starting to be widely used in 

industries such as aerospace, automotive, construction and sporting goods, among others. This 

significant growth is motivated by the exquisite properties that these materials show when compared to 

the traditional ones. The possibility to obtain products with higher tensile strength, lighter weight, great 

corrosion resistance, better surface finish and easy processing have been the determinant factors [1].  

The aerospace market in particular, is a market where composite materials show great potential, 

especially since its higher strength-to-weight ratio and therefore less weight and less fuel consumption, 

as well as corrosion resistance are crucial benefits. In fact, the penetration of composites into 

commercial aircrafts is significantly growing in the last years, as Boeing and Airbus introduced their 787 

and A350XWB models, respectively. There is then an increasing demand for composites in this industry 

that shows no tendency to diminish in the years to come.  

However, aluminium, as the main material used in aerospace since the 30s, still carries out an important 

role in this industry. In aviation, security is one of the main priorities, and for a material to be fully 

accepted long years of study and experience are required. Aluminium has already undergone this 

arduous process, and the vast knowledge regarding this material allows it to be cemented in the industry. 

Therefore, with the benefits that composites bring to the table, the aluminium market is also trying to 

improve itself and several new alloys have been studied that can compete and be compatible with 

composites. 

Like in any other industry, cost also plays a vital role in aviation. Therefore, when analysing and 

comparing aluminium and composites for aircraft use, the production cost of a part, as well as the 

operational costs that are influenced by the reduction of weight and consequently affect 

fuel/passengers/luggage capacity have to be taken in consideration. This work focuses on the first cost, 

the one related to the production of the same aircraft part from both materials.  

The present thesis consists in evaluating/determining the economic and environmental performance of 

three production processes regarding aluminium and composites, while also creating a tool for decision 

making regarding other parts/materials/processes/designs. With this aim three process based cost 

models (PBCM) were developed for the respective production processes. This will lead to a subsequent 

analysis and comparison, regarding the viability and benefit in terms of cost from a standard part 

produced in composite relatively to the same part produced in aluminium. For the environmental part of 

this thesis, a comparison regarding the environmental impact of the production methods is performed 

through a Life Cycle Assessment (LCA). Although the typical LCA works from a cradle-to-grave 

approach, in this case to maintain the goal and scope of the analysis, a cradle-to-gate approach is 

considered. 
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For the models to be developed, process definition must be specified, as well as input specifications 

that through calculations allow production costs to be obtained and the resources inventory to be 

achieved for the environmental analysis.  

Machining is the manufacturing process considered in this study to produce a part in aluminium, 

whereas in the case of composites the technologies considered were Automated Tape Laying (ATL) and 

Automated Fibre Placement (AFP). These processes were chosen as these are the commonly used 

technologies for producing carbon fibre components in aviation, along with hand lay up [2]. 

This thesis starts, in Chapter 2, with a brief overview regarding the use of aluminium and composites in 

the aerospace industry. The history of ATL and AFP methods is also described, as well as the market 

data regarding the demand of composites for this industry. Finally, the LCA principles and tools are 

described and explained. 

In Chapter 3 the production methods for machining, hand lay-up, ATL and AFP are presented. The 

composite production technologies are also compared, and their differences are pointed out. 

The work methodology that was applied is presented in Chapter 4. 

Chapter 5 consists in the application of the cost model. Therefore, it contains all the required 

explanations for a clear understanding regarding the development of the PBCMs. Each cost and 

intermediate result is demonstrated and pointed out. 

In Chapter 6 the results are presented and discussed for the three PBCMs developed. First a 

presentation of the test case, where the specification of the inputs is done. Model validation is performed 

in order to understand if the model is working correctly, and to identify some important cost drivers 

through sensitivity analyses. Then the final results are presented, analysed and compared. The results 

and understanding regarding the environmental study are also shown in this chapter. 

Finally, the conclusions and the future work are described in Chapter 7. 
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2. State of Art 

Since aluminium alloys began to be extensively used in the aircraft industry in the 30s, manufacturers 

have gathered a vast amount of data and experience that facilitates the design process. However, with 

the emergence of laminated composite materials, there is the possibility to review and sometimes even 

replace this methodology of design, in order to take advantage of composite properties. It doesn’t mean 

that aluminium alloys have to be completely replaced, but a combination of metals and composites in 

an aircraft design can bring not only a high strength-to-weight benefit but also economic and 

manufacturability benefits [2], [3]. 

2.1. Overview on the use of aluminium in 

aerospace 

The use of aluminium as the main material for the production of aircraft structural parts has been true 

for more than 80 years [4]. Besides having a relatively low cost and high strength-to-weight ratio, which 

is absolutely necessary for aviation, it offers excellent mechanical and thermal properties with the benefit 

of being easily shaped with processes like machining [5]. Furthermore, the introduction and constant 

growth in the use and development of composites for aviation parts has fostered the improvement in 

performance, weight and cost reduction, so that aluminium alloys can compete and/or be compatible 

with composites [6].  

However, aluminium alloys still have their advantages, mainly due to the experience and knowledge 

gained throughout the years. Aircraft designers benefit from a significant amount of information gathered 

about manufacture, operation and maintenance of aluminium parts, as they already know what to 

expect. The main outcomes are precisely lower maintenance and manufacturing costs [4].  

Before aluminium alloys started to be used in this industry, weight was crucial and the main driver in 

material selection. Until 1960, weight continued to be important, but improvements in mechanical 

performance were the goal, as strength became crucial. In the 1970s, the fracture toughness of 

aluminium alloys became another relevant parameter in the design of aircrafts. There was even the 

need for manufacturers to obtain certification regarding the detection of fatigue cracks, before they reach 

the critical length. In the 1980s, operational costs started to make an impact, as fuel costs and the 

necessity to increase range, demanded a higher concern regarding the weight of the material. As the 

1990s arrived, acquisition cost, which is mainly affected by the manufacturing cost, also became a major 

focus. As the fleet started to age, it was necessary to pay attention to damage tolerance and corrosion 

resistance of aluminium, in order to avoid having high maintenance costs. The challenge was, at that 

time, to develop and tailor new alloys for specific applications, with great structural performance, 

combined with an improvement in life-cycle cost [7]. 

The recent developments in aluminium alloys focus on improving mechanical properties, guaranteeing 

reliability of the material in its service life, preventing corrosion and fatigue, and reducing weight, while 
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always maintaining high safety and performance records [4]. Currently, there is the need to reduce costs 

and generate revenue by aircraft companies. Right now, airline carriers want to save costs regarding 

maintenance, landing fees, fuel consumption and possible range, as well as in the cost of acquisition, 

and at the same time try to earn money by increasing the number of passengers and luggage. For that 

to be possible, production and material costs have to be in perfect alignment with material weight and 

performance [7]. 

Nowadays most of the aluminium alloys used in the aircraft industry are from the 2000 series, which is 

aluminium alloyed with copper or even lithium, or 7000 series, which are alloyed with zinc [8]. Also, there 

is a new generation of Al-Li alloys being studied and developed for use in aerospace applications [4]. 

2.2. Overview on the use of composites in 

aerospace 

2.2.1. History of composites in aviation 

In some way, composites are as old as the history of flight and the aerospace industry have been taking 

advantage of them. 

According to George Marsh in Reinforced Plastics [9], although it is not very clear, supposedly 

composites were first used in 1945 on an aft fuselage skin of glass fibre sandwich. However, this doesn't 

mean that aircraft constructors weren't already trying to make use of the great advantages of continuous 

fibres placed in an appropriate direction. An example is that in the 40s, by adding glass fibres to the 

bonding resin, constructors already wanted to strengthen the adhesive bonds between alloy panels on 

metal aircrafts. This was only the beginning that leads to the appearance and growth of advanced 

aerospace composites. 

Some years later and due to the oil crisis, aircraft companies like Airbus and Boeing started researching 

and building elevators, fuselages and wings using carbon fibre composites, interested in the reduction 

in weight, as well as the good combination of strength, stiffness and other properties when compared to 

aluminium. Another major issue is the saving in energy and fuel that can be achieved, as well as a 

reduction in the number of parts. Although composites seemed the perfect path to go, in the 90s, airline 

recession lead composites investment to a significant decline. 

Composites are already earning their space in the aerospace market, but there is still a long way to go, 

especially due to the fact that safety always comes first where this industry is concerned. A new material 

has to undergo an arduous process before it can be qualified and accepted for aerospace [9]. 
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Automated Tape Laying (ATL)  

According to Carrol Grant [16] and Dirk H.-J.A.Lukaszewicz [11],  ATL had its origin and process 

development at the end of the 1960s, when it was realised that unidirectional prepreg tape could be laid-

up by an automated method to produce large composite structures. There was the belief that this method 

would improve the productivity and consistency in comparison to manual lay-up.  

Despite that, the first ATL machines were only available in the 1970s and had lay-up speeds between 

10 to 20 m/min, which was argued not to affect overall productivity. These machines were capable of 

delivering 75 mm wide tape over a curved surface, and its head was able to rotate to improve the lay-

up in more complex parts. One of the advantages that was first noticed was the reduction of lay-up 

errors and consequently a significant decrease in material waste.  

In the 1980s, this tape laying method was mainly used in military programs but was still facing some 

major issues in becoming a more widespread technology. Although systems were capable of delivering 

tape over geometries with curvatures of up to 150, issues remained related to lay-up speeds, accurate 

lay-up onto complex moulds and improved quality. Furthermore, there was a lack of capability to apply 

compaction pressure when laying-up the tape, as well as there being no control over the tack levels of 

the prepregs that had to adhere to a coated mould. However, as it is stated in [11], one of the biggest 

problems was the cost of an ATL system. With a price of 3.5 million dollars, the machine had to be highly 

productive to offset the initial capital expenditure. The studies about this matter were still very limited at 

that time, and by not having into account all the variables, conclusions about the desirability of 

automation were not very reliable. The adoption of ATL in commercial aircraft industry was proving to 

be a slow and arduous process. 

From the 1990s until today, ATL has become a widely-used process in the airspace industry, mostly 

driven by the expanding applications for composites in commercial aircraft primary structures. The 

process itself has overcome most of its issues, becoming a much more versatile process through the 

years. Tape heating was one of the capabilities that was introduced and that allowed machines to have 

a significant improvement. By applying heat to the material, tack control becomes possible, as well as 

tape attachment onto complex contours. 

ATL is nowadays a highly productive process for prepreg lay-up, with high lay-up rates, used 

preferentially to produce large flat laminates with high prepreg areal weight. It has a limited geometric 

complexity capability, and its material wastage is greater than AFPs, but like any other method it has its 

advantages and disadvantages. Some parts like tail planes, wing skins or centre wing boxes are 

produced with this process [10], [11]. 

Automated Fibre Placement (AFP) 

The process development of AFP started, according to Carrol Grant and Flake Campbell, between the 

late 1970s and the early 1980s, and was envisioned by a company named at the time Hercules 

Aerospace [10], [12]. By the end of the 1980s, AFP machines were already commercially available and 

started to establish themselves in the production of composites [13]. The first systems were very similar 
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to filament winding while combining its advantages with the capabilities of already existent ATL. Some 

of the knowledge taken from the development of ATL systems, like roller design and material guiding, 

were applied when developing this new process [11]. 

In the 1990s, AFP machines were able to deliver 3.2 mm wide tows at individual speeds, each tow being 

kept on separate bobbins. The system was already able to control the speed of the lay-up, as well as 

pressure, temperature and tape tension. Compared to ATL machines, at that time, the lay-up speed was 

almost the same, 7m/min [11]. However, there were still several issues with the process that had to be 

solved. The accuracy in placing the tows, which could lead to gaps between the material, was one of 

the most significant, mainly due to its impact on mechanical performance. Productivity was one of the 

other issues, partially solved when Enders developed a system capable of delivering 24 tows at the 

same time, which enhanced the lay-up speed to 30 m/min. The advantages in laying-up smaller 

individual tape widths in complex geometries and along curvilinear paths, known as steering, soon 

started to be noticed as it was possible to obtain higher mechanical performance while also reducing 

material waste rates and increasing productivity in relation to other production methods. It was also 

possible to produce complex geometries that were unachievable only with ATL. 

Since the 2000s, improving the reliability of the process, reducing downtime and reducing lay-up errors 

have been the focus. For that, systems were introduced and developed to control tack levels and allow 

the deposition of material at higher temperatures, as well as automatic systems to detect flaws and allow 

a better and faster quality control [11]. 

Nowadays, AFP is a well-matured process, widely used in the production of composite structures, 

despite the investment that has to be done, mostly in machines and material [10]. It allows the production 

of long fuselages in much less time than it would take to build it as a metal structure. Other advantages 

include the possibility to reduce part count, simplify the assembly and have less maintenance while 

having at the same time better performance [13]. There is no surprise to notice its use in the production 

of Boeing 787 and Airbus A350XWB. In 2008, Airbus were mentioned for buying six AFP machines from 

MAG Cincinnati, to build the fuselage panels of that plane [14]. 

Composites Today 

In the last couple of years, the use of composites has had a huge growth in several industries like 

aerospace or automotive, mostly because of the excellent properties that were already pointed out. 

Besides the weight saving, composites can almost be tailor made depending on the application or part 

for which they are required. Different orientation of plies or even the weave style of the fabrics can be 

determinant to obtain the desired combination of strength and stiffness. Resin percentage is another 

property that can influence the quality and mechanical performance of the final part [15]. 

Looking at numbers from 2013, as an example, it is possible to see that Aerospace & Defence 

applications were at that time the largest consumers of carbon fibre (CF), representing 30% of the total 

CF consumption, as shown in Figure 1. Moreover, the tendency is that the demand for carbon 

composites continues to grow at a very high rate, as it can be seen in Figure 2. Having a closer look at 

the revenues generated by this type of composites in Figure 3, data shows that commercial aviation is 
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the most important market segment with the demand being driven by manufacturers like Boeing and 

Airbus [16].  

 

 

 

 

 

 

 

 

 

 

 

One of the main examples of successful use of composites in aircrafts, which is shown in Figure 4, is 

the Boeing 787, where half of its airframe comprises carbon fibre reinforced plastic and other advanced 

composites. This led to a weight reduction of 20% when compared to the conventional aluminium 

designs. Also, by having the airframe and primary structure built with composites, some maintenance 

that is needed, especially the one due to fatigue, can also be reduced. This occurs mainly because 

composites, in opposition to aluminium, are very efficient when handling tension, which makes its use 

of extreme importance in the highly tension-loaded environment of the fuselage [17]. 

 

 

 

 

 

 

 

 

Figure 1 - 2013 carbon fibre consumption by application 
[16] 

Figure 2 - Demand for carbon composites [16] 

Figure 3 - Carbon composite revenues 
generated in Aerospace and Defence [16] 

 

Figure 4 - Material use in the Boeing 787 [9] 
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As it was said composites use have been increasing in the last years in the aircraft industry and the 

tendency is that it continues to grow, as manufacturers around the globe start to see the benefits that it 

brings, not only in safety but also in costs when compared to metals. As it is known cost plays “THE” big 

role in companies, but in this case it is of particular concern that the reduction of costs must not represent 

a decrease in safety. 

It is clear that composites have taken off in commercial and military aviation, with Boeing, Airbus, 

Embraer and Bombardier being the main players. However, there are still some problems to overcome, 

and it is still difficult to make concrete assumptions about the feasibility and benefits of making the same 

part in composite or metal, especially in terms of costs. 

The Boeing 787 that was mentioned before was the first to have half of its airframe built from composite 

materials, but there are still questions about how it will react in the medium term to the rigorous flights, 

as well as if the costs of repairs will be compensated by the lower maintenance required. With metal, it 

is easy to see the damage in the aircraft and the material is malleable, which allows it to deform under 

compression without cracking or fracturing, but with composites, manufacturers are still a bit in the dark. 

To compete with Boeing, Airbus also have the Airbus A350XWB with composite fuselage and 53% 

composite content, and the Airbus A380 with a composite content that includes glass laminated 

aluminium reinforced epoxy (GLARE), which provides low weight, high impact resistance and superior 

fatigue tolerance. The growth in the use of composites by Airbus is seen in Figure 5. 

 

 

 

 

 

 

 

 

 

Embraer with the EMB175 and Bombardier are also aiming to challenge the two biggest players in 

aviation. George Marsh claims that the composite wing produced by Bombardier with a resin transfer 

infusion process in an autoclave gives the CS100 and the CS300 a step up in fuel efficiency, which can 

make the aircrafts a great attractive compared with the ones from the duopoly [3]. 

Looking at some of these aircrafts that contain composites in almost half of its structure, it is possible to 

conclude that in order to be cost competitive, the rate and economy of composite manufacture need to 

Figure 5 – Composite structural weight for several Airbus 
aircrafts 
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improve to meet the requirements. One way to do that is by automating the production of aerospace 

composites, which were mainly done by hand layup [11]. 

2.2.2. Composite Production   

In the aerospace industry, hand lay-up of prepreg fibre reinforcements is still the standard process for 

aerospace composites fabrication [18]. This prepreg is laid by highly trained technicians that can only 

place approximately 1.1 kg of material per hour, depending on the part complexity. Having this limitation, 

and with the need to build massive aircraft parts that would be practically and financially impossible to 

produce manually, it was necessary to develop automated technology that can produce, at once and at 

an affordable cost, an assembled part [19],[20]. 

Now that composites are widely used by aircraft manufacturers, the production rates are increasing to 

values that will become unsustainable for manual fabrication methods to be applied in some cases, even 

when the quality of the lay-up is very good [13]. One example of the high production rates are the 12 

B787 per month that Boeing produces in one of their factories [21]. The next step, according to Boeing 

Co., is to achieve a rate of 14 airplanes per month, and within some years probably they will reach 38 

per month as it was reported in ReinforcedPlastics in 2011 [13]. 

In both metals and composites industry, machines are expensive and require a significant investment. 

Nevertheless, when referring to metals, automated processes are widely used and affordable. This is 

due to the fact that more parts are produced with those machines. Then the investment ends up being 

spread along the cost of those parts. In opposite, in the composites industry there is still a limited variety 

of parts produced with automated processes. However, due to the fact that there are good automated 

processes like AFP and ATL, by using these processes it’s possible to reduce the overall cost of some 

composite structures in comparison to hand layup, despite the low investment required in the latter. The 

reduction of cost is achieved by a combination of elements that are possible with automation, like 

reduction in labour hours per component, reduction in material scrap rates, reduced need for in-process 

inspection and repeatable higher quality parts [10]. These technologies have somewhat revolutionised 

the manufacture of composite aerostructures [20]. The big question that lies ahead is whether this 

reduction in costs is also possible when comparing the same part produced with composites instead of 

metal.   

Although it has become a trend to use composites in aircraft structure, cost is still a major issue when it 

comes to deciding which material is more suitable to be used in the airframe. So, one of the things that 

it’s necessary to analyse are the processes by which a composite part can be produced and the costs 

associated with that process in specific  [10]. 

2.3. Life Cycle Assessment (LCA) 

LCA is a comprehensive method/tool that allows the analysis and evaluation of the environmental 

performance of a product throughout its life cycle. This analysis is carried through the quantification of 

the environmental impacts and resources consumed regarding the products being considered. The life 



 

10 

 

cycle of a product comprises the phases that go from the raw material acquisition/extraction, includes 

the manufacturing/production and the use phases, finishing in the end-of-life (EOL) and waste 

management. This approach regarding an LCA is defined as “cradle-to-grave” [22]. However, there are 

other possible approaches, like the “cradle-to-gate” one, where it is only considered a partial part of the 

product life cycle. To be more precise a cradle-to-gate approach, considers the environmental 

assessment to be performed from the resource extraction (cradle) to the factory gate or until the part is 

ready to be assembled, for example. The application of this type of LCA involves compiling an inventory 

of the environmentally relevant flows associated with all the processes involved in the production of the 

product and translating this inventory into impacts of interest [23]. 

Since its appearance in the 1960s, LCA concept saw a development throughout the years, until a well-

defined methodology and standard framework were defined in the 1990s. The LCA framework defined 

in the ISO 14040 standard is represented in Figure 6, and was born from a cooperation work between 

the International Organization for Standardization (ISO) and the Society of Environmental Toxicology 

and Chemistry (SETAC). This approach is build having in mind four main steps: 1) goal and scope 

definition, where the purpose, expected outcome, functional units and assumptions made are presented; 

2) Life Cycle Inventory (LCI) where the system boundaries are defined, and therefore the flow regarding 

the inputs and outputs is specified; 3) Life Cycle Impact Assessment (LCIA) were the inputs and outputs 

are translated into potential environmental impacts; 4) the interpretation of the results based on the 

previous steps, required to reach conclusions and to understand the effective environmental issues [24].  

 

  

 

 

 

 

 

 

To help improving the efficiency of the studies and the management of the vast amount of data 

necessary, several LCA software tools were developed (see Figure 7) [25]. After the definition of the 

functional unit and the inventory, these tools allow the LCIA to be obtained and interpreted. However, 

this impact assessment can be achieved through different types of methods. The first ones are the 

midpoint methods, more oriented to the problems due to the larger impact categories that are possible 

to evaluate (human toxicity, climate change, ionising radiation, water depletion, etc.), whereas the 

endpoint methods are more focused on the actual effect as only three macro categories results are 

obtained: human health, ecosystem quality and resources depletion. More knowledge is needed for the 

Figure 6 – LCA framework according to ISO 14040 [22] 
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interpretation of the midpoint results, but also more detail regarding the environmental performance is 

achieved [24].  

 

 

 

Figure 7 – LCA software tools  [24], [25] 
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3. Production Methods and Process 

Description 

Some production methods for both metals and composites will be explored in the chapter ahead. In 

order for the eventual comparison to make sense, when discussing materials for use in modern 

aerospace applications, the metal to be considered has to be aluminium, which is one of the most 

lightweight and malleable metals, and widely used in this industry [26]. 

However, in the last few years, composites started to make a difference, earning their place in some 

major airplanes that now show a combination of metal and composites, in order to benefit from the 

characteristics of both materials. One of the main examples that was already stated is the Boeing 787 

that achieved a reduction of 20% in weight by using 50% composites in its production but still has 20% 

aluminium, as well as titanium and steel, in its airframe. In an industry where cost is directly dependent 

on how many persons and luggage you can fit and how much fuel you can save, weight is a major 

concern. 

The main reasons that lead companies to resist using composites instead of the more common used 

aluminium, are mainly the cost of aluminium that is still low when compared with composites or titanium 

[27], the long years of experience and knowledge acquired along all this years where aluminium has 

been the standard material for aviation, and also the fact that it is still difficult to predict the behaviour of 

composites when subjected to flight conditions in the long term. 

But there is no denying that composites show interesting advantages over aluminium, besides the light 

weight. Like the capacity to handle tension, which was already mentioned, that will lead to less 

maintenance due to fatigue, and the possibility to build parts in one piece or assembly without the use 

of fasteners. They can also be designed to have high strength-to-weight or high stiffness-to-weight 

ratios, which is one of the main reasons for their use in aviation, they are corrosion resistant and very 

durable [28][29][30]. 

3.1. Metal 

In this thesis, machining, more precisely milling, will be considered, as it is one of the most used 

processes to produce structural parts in aviation. 

3.1.1. Machining  

One of the characteristics that make aluminium a premium material for aerospace applications is the 

easiness in shaping it, mainly through machining [5].  

Before the machining process itself begins, the raw material that arrives at factories is placed in special 

devices called JIGS. A JIG is a holding tool that will support and position the workpiece so that the 

machining tool can be guided for a specific operation. This will facilitate production, reduce its costs and 
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increase productivity, mainly because it eliminates the need to set-up, position and constant checking 

for each individual part [31][32]. High clamping rigidity also allows an improvement in speed and feed of 

the removal tool. Other advantages are the possibility to produce a large number of parts with great 

accuracy and quality, providing interchangeability at a competitive cost, as well as save labour and 

increase safety for workers, and reduce costs of quality checking [33]. 

For aerospace applications that demand higher accuracy and surface finish, accompanied by a 

reduction in manufacturing time and cost, high-speed milling is the typical technology applied. The 

manufacturing and final quality of the part are then influenced by the complexity of the part, the tool used 

and the tool holder, the rotation speed, and also the interpolation used in the numerical control [34]. The 

process itself consists of removing material by means of a cutting tool with sharp teeth until the desired 

shape is obtained. For that, high power and stability of the tool and feed mechanism are necessary 

when aiming to high quality surface. Automated milling machines can be vertical or horizontal, 

depending on the direction they are required to carve the material [35], [36]. 

In machining it is possible to have several clamping stages, depending on the part and its complexity. 

Also in each clamping stage, two or more operations can take place, being the most common ones 

roughing and finishing. Sometimes a semi-finishing is done between this two operations. For each 

clamping stage and operation a different tool can be used to remove material, which will lead to a 

different set of machining conditions and parameters. These parameters include, for example, cutting 

speed, spindle speed, feed per tooth, diameter of the tool or the material removal rate, and have a strong 

dependency regarding the tool and the producer of that tool since variety is huge. 

3.2. Composite 

Whatever the method (hand-layup, AFP or ATL) that is used to produce a part in composite, and 

whenever composite prepregs are required, this kind of material must be stored in a refrigerated 

container, at around -18 degrees, to avoid the loss of its properties, mainly the loss of tack that makes 

the plies hard to lay-up. This refrigeration occurs due to the presence of resin in the prepregs, as the 

fibres could remain at room temperature if they were not preimpregnated. Resin curing also becomes 

problematic when the properties of prepregs are diminished. Having a lifetime of 10 to 30 days at room 

temperature and of 3 to 12 months in the refrigerator, it is necessary to make a rigid control regarding 

the time that the prepreg is out of the refrigerator when removed for use. To avoid porosity or void 

problems during the curing process, due to moisture condensation, the material roll can only be used 

and have its protective wrapping material removed, when its temperature has reached room 

temperature. Also, to avoid the absorption of moisture from the atmosphere, the lay-up operations have 

to be conducted in air-conditioned and humidity controlled rooms [12].  

Before the fibre placement is done, application of copper and glass fibre layers is sometimes required. 

Glass fibre is needed due to the galvanic corrosion that occurs in aluminium when in contact with carbon 

fibre reinforced polymers, and copper is used in external parts of the airplane in order to protect its inside 

from lightning strikes by creating a Faraday cage. 
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After the fibre placement, glass fibre layers are applied again for the same reason stated above, and 

non-destructive tests are done to ensure that the part has no defects. 

3.2.1. Hand lay-up (prepreg) 

As it was already stated, hand lay-up remains the typical process to produce composite structures in 

aerospace, despite the industry increasing tendency regarding volumes of production. Having low 

production rates, it is possible to do comprehensive inspections to detect possible human errors, which 

would be much more chellllenging and time spending, if the production rates were the ones from 

automotive industry [19]. 

Hand lay-up can be used to produce both small and large composite parts, and it is an open moulding 

method. It is a labour-intensive method, where the time to manually lay-up a prepreg depends very 

much of the complexity of the part, the lay-up angle and the worker experience. Despite this, it can be 

an economical method especially when the part size is small, the number of parts is limited or the part 

configuration is too complex to do it using an automated method. There is also a relatively low 

investment in tooling and, when having skilled operators and using a considerable amount of parallel 

moulds, it is possible to obtain good production, although unsustainable, rates and high quality [10], 

[12], [29]. 

Regarding the process steps, first the plies are cut from the roll, which is mainly done in an automated 

way unless the number of parts doesn’t justify the cost of using a machine instead of manual cutting 

[12]. Then in the case of prepregs, there is no need to add resin to the mould when laying the material 

because the resin is already pre-impregnated [37]. So the prepreg tape is applied on the mould surface, 

as shown in Figure 8, layer by layer until a suitable thickness of the composite part is built up [1], [38]. 

A squeezing roller is used, after each prepreg sheet is laid, in order to remove entrapped air. Then when 

the desired sequence and ply orientation is ready, vacuum bagging is done to compact the fibre layers, 

improve the fibre-to-resin ratio, reduce humidity and to allow that the part obtained is void-free [39]. The 

entire assembly is cured in an autoclave, and after cooling, the vacuum bag is removed, and the 

demoulding of the part is done. As it was said, non-destructive tests are carried at the end, when the 

part is already finished. The main challenges in this process are related to obtaining accurate fibre 

orientations, since it is a human job which is subjected to human precision and possible errors, and 

achieving parts without voids, distortion or warpage [12]. These are challenges that sometimes can be 

solved by automating the process, using ATL or AFP machines.  

 

 

 

 

 

Figure 8 – Hand Lay-up process [38] 
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3.2.2. Automated Tape Laying (ATL)  

As opposed to machining, where the material is removed, in both ATL and AFP the part is built up by 

adding material. So, it is possible to consider it as a form of inverse machining or additive manufacturing. 

As previously explained, ATL is suitable for the production of large flat parts and is usually capable of 

laying down 75, 150 or 300 mm wide unidirectional prepreg tape. The width of the tape depends mainly 

on the curvature of the part, and to facilitate the laying process tack of the tape is strongly controlled. 

Nowadays most of the machines have an open bay gantry configuration, like the one in Figure 9, but 

ATL systems could also be mounted on a vertical column system or with a fixed bed configuration. 

Normally these machines can contain up to 10 axes of movement, with five of them associated with the 

gantry movement and the other five with the delivery head movement. Also, there are two types of ATL 

machines, contour tape layers (CTL) and flat tape layers (FTL), the first one being the most popular in 

the industry. As the name suggests, CTL is a more versatile system, capable of laying in both contoured 

and flat surfaces, whereas FTL system is only viable in laying tape onto flat parts. Despite that, CTL is 

still limited to angles below 150. 

 

 

 

 

 

 

 

 

As to the process itself, ATL machines are Computer Numerical Control (CNC) systems programmed to 

lay tapes of prepreg material onto a mould, following highly accurate predefined paths. Some of the 

human errors related to manual lay-up are therefore eliminated. First, the spool of material is loaded 

into the delivery head, and threaded down through feed rollers, guide chutes and past the cutters. Before 

being laid, the prepreg has its backing paper removed, and then the ATL system starts to place the tape 

onto the tool with compaction pressure, using a silicone roller. The system will accelerate to its lay-up 

speed until it has delivered all the material predetermined for that course. When it starts reaching the 

end of the path, it slows down and cuts the material automatically, delivering the rest of the tape. This 

last piece of tape between the blade position and the roller contact point is denominated as minimal 

course length, and it is around 100 mm for most systems. This process repeats until all the courses and 

plies are laid up. Tape courses are placed next to each other without overlapping and with a gap of 0.5 

to 1 mm [10], [11]. In Figure 10 there is a representation of an ATL delivery head. 

Figure 9 – Open bay gantry ATL machine [12] 
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It’s important to state that most machines have tape defect detection systems, like MTorres machine 

TorresLayup. This will allow the machine to scrap any defective portion of the tape, and avoid its lay-up 

on the part [40]. The machine can also have an automatic detection system at the head that will lead it 

to completely stop when a flaw or defect is detected. Other than that, the delivery head has a heating 

system, which can reach temperatures from 26ºC to 44 ºC that will heat the prepreg and allow the control 

of the tack levels. 

Regarding the lay-up data that can be extracted from the literature, Hagnell [41] claims that the lay-up 

rate of an ATL system can vary between 10 and 150 kg/h for flat and mildly contour components, 

whereas Lukaszewicz [11] states that the maximum linear speed of lay-up is between 0.83 and 1 ms-1, 

with an acceleration of 0.5 ms-2. The compaction pressure will depend on the width of the tape but it is 

around 0.1 MPa for thermoset tapes.  

As Flake’s book [12] and Hagnell [41] mention, the layup has a significant decrease in efficiency as the 

part geometry becomes smaller, which can be seen in Figure 11. The machine would have to decelerate, 

cut and accelerate many times to produce a small part, and that makes it unviable in terms of time and 

cost since the tape is rarely being laid at the optimum speed. The higher layup rate can be achieved, 

according to Hagnell, for parts as large as 288 m2. Considering the scrap rate, as Grimshaw [42] did, 

which is also a good indicator of the viability regarding the production of a part, it is possible to conclude 

that it will be higher for small parts, but with the tendency to reach a constant value as soon as the part 

gets bigger. This evidence is presented in Figure 12. 

 

 

Figure 10 – ATL delivery head configuration [46] 
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In 2015 it was claimed that Boeing purchased its sixth ATL machine from MTorres [43]. These machines 

are said to be used in the fabrication of the 787 wing, and they incorporate a multi-tape technology, with 

the capability to lay down several taps simultaneously, until the maximum of 600mm wide. Productivity 

is then boosted, with an increase of bandwidth and a scrap reduction due to the independent control of 

each tape [40]. 

3.2.3. Automated Fibre Placement (AFP) 

When compared with ATL, AFP machines lay-up material with smaller widths that can range from 3.2 to 

12.7 mm. The delivery head of AFP system is able to deliver 12, 24 or 32 tows aligned side-by-side to 

form a band of material. However, each tow is individually driven allowing it to be cut, placed and 

restarted independently from the others, which allows the process to be much more convenient when 

producing contoured shapes.  

Regarding the type of machines, AFP can have its head moving around the tool supported by a multi-

axis articulating arm as Figure 13 shows, or the head can be carried by a gantry. Just like in ATL systems, 

the orientations of the laminates and the path described by the material are programmed to achieve the 

desired stiffness and strength characteristics [13]. 

 

 

 

 

 

 

 

Figure 11 - Efficiency of the lay-up vs part 
size [12] 

Figure 13 – AFP multi-axis articulating arm [13] 

Figure 12 - Scrap rate vs part size [42] 
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The process is very similar to ATL. In AFP, prepreg tows are fed to the placement head, represented in 

Figure 14, typically from creels located on or near the head [44]. Then the band of material is placed 

onto the mould, with low and adjustable tension and compaction pressure, forming a continuous prepreg 

layer. Both the compaction roller and the heat that is applied during the lay-up, intend to eliminate any 

void present in the plies. The fact that each tow can be individually controlled makes the process suitable 

for complex geometries, mainly because of machine ability to lay material on curves. This ability is called 

tow steering and allows variable-stiffness laminates to be placed in optimised curved geometries, as 

well as the possibility to produce highly efficient load-bearing parts [45]. Another advantage of the 

individual control of tows, is the potential of “on the fly” cut and change in material bandwidth that by 

adding and taking tows when necessary lead to low scrap rates that can reach from 2 to 5% [10], [12]. 

Minimal course length for this process is lower, and around 50 mm [46]. 

 

 

 

 

 

 

 

   

Regarding some data obtained from the literature, Hagnell [41] states that AFP can achieve lay-up rates 

of 2 to 150 kg/h, considering that the higher rates would only be possible for very large and simple 

sections. For a complex fuselage section, for example, productivity would be around 8 or 9 kg/h [46]. 

Lukaszewicz [46] claims that these systems have an acceleration in the linear axes of 2 ms-2 and when 

delivering 32 tows the linear speed will supposedly reach 1 ms-1. However, in the case of AFP, 

productivity is strongly dependent on other parameters, rather than linear speed and acceleration. Two 

of those parameters are rotational speed and acceleration, which depend on the company that produces 

the machine. The other two are the width and number of tows that are laid according to the complexity 

needed. The width affects, for example, the minimum steering radius possible for each tow [41]. 

3.2.4. Comparison between composite production 

methods 

With the demand for higher volumes and lower costs in the production of composites, automation was 

clearly seen as the step to take in order to achieve this goal. But when does it make sense to replace 

hand-layup for AFP or ATL for example? 

Figure 14 - AFP placement head [44] 



 

19 

 

By producing composites manually, it is possible to achieve high performance and complex parts, with 

low start-up cost and with the possibility to make changes in the design or even adapt to the production 

of new parts easily. The adaptability and quality that is possible to obtain from this process allow it to 

continue to be the main method of production in many companies. The bigger problem is related to the 

labour costs, as well as the low production rates that can be achieved [47]. 

Even though automation requires substantial investment at the beginning, mainly in buying machines, 

the costs can be covered due to the savings in material scrap and labour costs, as well as the processing 

speed and part consolidation that allow higher production rates [48]. 

As the use of composites expands in the aerospace industry, also the need for automation in the 

production of composite structures becomes more urgent. This is the reflection of the necessity to 

compete with the higher production rates and attractive prices that the metal industry delivers. The 

advantages in the use of composites in the long-term, as it is the fuel saving due to the reduction in 

weight, must be accompanied by an attractive production cost when in comparison with metals. For that 

this two production methods have been developed, they are still evolving, and there is a belief that they 

will be the key for high-volume production of composites with the promise of consistency, reliability and 

cost-effective fabrication [13]. 

Despite the fact that both ATL and AFP are becoming highly capable automation platforms, when these 

processes are compared, and even though they have much in common, it is possible to find that each 

one of them has its advantages and disadvantages, and most of the times one compensates for the 

flaws of the other.  

ATL is suited for large, flat or with minimal contour, parts, as it is capable of placing large amounts of 

material in each course due to the width of its tape. Supposedly in such parts, that show little complexity 

or surface irregularity ATL would be a faster process, having higher productivity, but that is not what the 

latest studies on the matter have shown as it will be seen ahead. ATL material is also cheaper than the 

tows used in AFP, and since material cost is significant in the total cost, this can make the difference 

when choosing one of the processes [41]. 

On the opposite side, AFP is suited for more complex and curved geometries, as it is capable of laying 

narrow tows, which are easier to manipulate, allowing a reduction in material wastage in the production 

of such parts, as shown in Figure 15. By laying narrower tows, which can be steered over contoured 

surfaces, it is also possible to avoid buckling of the fibres that can weaken the laminate. However, the 

fact that AFP is limited by a specific number of tows and by small tow widths that don´t allow the machine 

to lay so much material at the same time, should make the process a bit slower than ATL for large plain 

structures, which would be balanced out when the part has complexity [13], [49]. 
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However as it was stated before, studies like the one from Lukaszewicz thesis [50], in which the two 

processes are compared in the same conditions, show that AFP will be a faster process due to its higher 

lay-up speeds and acceleration, and also because there is less time lost in cutting and restarting the 

laying of material. This will lead to higher productivity for both complex and flat parts, which is even 

stated by MTorres in Figure 16. Therefore, the cost of material may be the reason why ATL is still used 

in some cases rather than AFP. 

 

 

 

 

 

 

 

 

 

When comparing prices, both machines have a cost that varies between 2 and 6 million euros [41]. 

Commonly AFP robotic systems are cheaper than any gantry system, either AFP or ATL. However, AFP 

machine cost depends a lot of the number of creels that load the placement head. 

In Table 1, presented below there is a summary of the advantages, disadvantages and some properties 

of each of the three processes previously analysed. 

 

 

Figure 15 – Difference in material wastage from ATL and AFP 

Figure 16 – Productivity/lay-up time in function of the part complexity 
[40] 
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Table 1 – Comparison between hand lay-up, ATL and AFP 

 

 

 

 

 

 

 

 

 

 

 

 Hand lay-up ATL AFP 

Type of parts 

Small to large  

Flat and curved 

geometries 

Flat and large 

Complex and with 

curvature 

Medium to large 

Inspections Required Defect detection systems Defect detection systems 

Scrap rate (%) [41] 25 to 30 2 to 25 2 to 5 

Labour costs High Low Low 

Productivity Low High High 

Investment Low High High 

Acceleration (m/s2) 

Not applied  

0.5 2 

Maximum Speed (m/s) 1 1 

Minimal course length 

(mm) 
100 50 

Material Width (mm) 75, 150 or 300 3,2 to 12,7 

Number of tapes or tows 1 1 12, 24 or 32 
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4. Methodology 

After the research that has been carried regarding the methods to produce parts in aviation, it is then 

necessary to find a way to understand and assess the economic performance of these production 

methods in order to achieve the objectives of the work that is proposed. For that, a comparison between 

composite and metal production methods is performed, in order to answer the following questions: 

  Is it possible to design cost-effective structures with composites instead of metals?  

 Which one is the best method and how much does it cost to produce a part?  

The most suitable method for answering these questions is the estimations of costs based on 

engineering know-how so that costs can be estimated in a design stage. One possible approach is the 

Process Based Cost Models. 

The following chapter tries to clarify the methodology that was applied to develop the models that sustain 

this thesis. In Figure 17, there is an illustration of this research methodology and how the final outcome 

was reached. 

First of all, one of the main goals of this work was to create PBCMs that would allow the comparison 

between technologies (AFP, ATL and machining) and/or materials (composite and aluminium) in terms 

of cost of production per part, providing also a tool to analyse other processes, like hand lay-up for 

example, parts or designs. Therefore, a research regarding these subjects was developed and 

presented in chapter 2 and 3. Not only there is the explanation regarding all the technologies, processes 

and materials mentioned above, but also the reasons why they are the most applied in the aircraft 

industry nowadays. Other main goal of this thesis is to obtain and perform an environmental comparison 

between the production methods regarding aluminium and composites. Therefore a Life Cycle 

Assessment was performed with the same goal and scope of the PBCM. 

In order to develop the models, and after understanding the importance of PBCMs in helping decision 

making, industry visits were carried. One of them was to Carbures, a Spanish company, that produces 

composite aircraft parts, and that uses hand lay-up and automatic methods as its fibre placement 

method. It was useful not only to understand the process of laying prepreg by hand but also to obtain 

data regarding materials and the process as a whole. The other one was to Embraer, the Brazilian 

company, in Évora, that has two factories to produce its parts. They have one factory dedicated to metal 

production and other one dedicated to composite production. Therefore, this visit was very useful and a 

lot of information was gathered regarding the production methods.   

In an aircraft manufacturer, meetings were arranged that allowed the complete comprehension of both 

aluminium and composite methods. The estimation of crucial inputs and data for model construction and 

refinement, was based on those meetings. The collected data, also allowed the resources inventory for 

the LCA to be defined. 

Three PBCMs were then developed in Excel. The two related to composite production are very similar 

and have AFP and ATL as the fibre placement method. The other one is built upon the process of 
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aluminium machining. For the sake of this thesis, the explaining focus will be on the aluminium PBCM, 

but both AFP and ATL models will be explored and compared, as the objective remains to analyse the 

potential of producing parts in composite rather than metal. At the beginning of the models’ development, 

relevant cost elements had to be defined. These costs elements include, for example, and as it will be 

seen later, material, scrap, consumables, machine, maintenance or labour costs. After this is defined, 

the problem can start to be decomposed backwards until the inputs and the diagrams of the processes 

can start to be designed.  Since the inputs have to be given at a micro and more detailed level, the 

process diagram is divided into process blocks that are then congregated into macro level blocks. The 

equations used to calculate costs for each block have little simplifications and try to reach the lowermost 

detail. Sometimes the lack of information in the bibliography or the extreme diversity of data for the same 

input, lead to the use of the best solution possible and not the perfect one. Part dimensions and 

production volume are other variables that have to be established and that affect models in a great way. 

It is of extreme importance to have in mind the boundaries and limitations of the models, to minimise 

errors and achieve the most faithful and trustworthy results. In this thesis, since the assembly of the 

parts is not considered in any of the models, then the possibility of producing a part in composite instead 

of several assembled metal parts, cannot be accounted and analysed for the work. Another thing that is 

not considered here are the operational costs. Weight reduction and the benefits that are inherent to it, 

like fuel reduction are not possible to be predicted and studied with these PBCMs and that is not the 

focus. 

In order to validate the models, sensitivity analyses were performed to all inputs. Also, a test case was 

used with a test part able to be produced by the aircraft manufacturer with the three processes of 

manufacturing. The results of this test case were then presented to the company so that legitimacy could 

be given to the work regarding the comparison between their cost data, and the values given by each 

model. 

The results were then analysed in several perspectives, allowing the comparison between the models, 

the study of new scenarios and the prediction of future costs. Major cost drivers were identified, as well 

as the importance and weight of each input in the final cost outcome. By having the process divided into 

cost elements and diagram blocks, the assessment is simplified and the information can easily be 

condensed in graphics and charts for better understanding and analysis. 

Besides the cost results, the application principles and the results from the environmental evaluation 

are presented. An LCA was carried as a complement to the comparison and to allow an understanding 

regarding the environmental impact of the production phase of composite and aluminium parts. These 

results were obtained from the SimaPro LCA software. 
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Figure 17 – General methodology 
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5. Application of Cost Model 

In this chapter, Process Based Cost Models will be explained in more detail, in order to understand its 

need and application for the development of this work. The PBCM designed to calculate costs regarding 

metal production will also be explained. Since the composite cost models were constructed in the same 

way, only the main differences and the relevant information will be pointed out. 

The process diagrams are presented as flowcharts, and each phase of the process is analysed 

regarding the inputs, as well as the way in which effective production is calculated and the specific costs 

associated with each one of the operations. Calculations and the respective equations are also 

dissected. 

5.1. Process Based Cost Model  

To avoid time-consuming and a strong investment in prototyping, designers and engineers have created 

mathematical models that allow them to forecast the consequences and make decisions regarding 

technology alternatives before the operations are put into action. By recognising that design 

specifications and process operating conditions can strongly influence product performance, and even 

more important, the production costs of a part, companies need to be extremely careful when evaluating 

the changes regarding process or product. Trying to keep the production costs as low as possible, while 

ensuring that performance and quality remain high, is what allows companies to remain competitive and 

enables them to have the desired profit margin. PBCMs were then developed to translate the 

consequences of design and process technology changes into a cost metric, providing an economic tool 

that is not only a cost accounting procedure, but requires a strong engineering knowledge of the process 

and the technologies that are being used [24], [51], [52].  

By using cost models as instruments of analysis and decision making, production costs can be estimated 

while comparing materials, processes or designs. The main cost drivers are identified, which presents 

a chance for improvement, reducing costs or even study the impact of new alternatives or hypothetical 

developments. When having a robust model, it is possible to assess and estimate the economic viability 

of technical changes within a short amount of time, and with the collaboration of different units of the 

company working together to specify the necessary implications and assumptions [52]. 

As it can be seen in Figure 18, and according to Massachusetts Institute of Technology [51], a PBCM 

starts with product description, more precisely with characteristics like part geometry or material 

properties. Then there are three main stages, which need to be considered and in each one of them a 

question can be asked:  

1) For process model, the question relies on “What is needed?”. Some examples may be the 

workers or the machines that are required to produce that part. Process requirements as cycle 

time and equipment specifications have to be specified as well. 
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2) In operations model, it has to be questioned: “How much of it is needed?”. The number of 

workers, machines or even the quantity of material need to be pointed out as they represent the 

resources required for production. 

3) Finally, financial model deals with the “How much will it cost?”. By defining the cost of each one 

of the resources and analysing its financial relations, it is possible to achieve and compute the 

part cost, completing the economic model. 

By the explanation presented above, it is clear that the model works from the inputs to the final costs. 

However, the task of the modeller is to create the model by decomposing the problem of cost backwards. 

Therefore, it should begin with the identification of the relevant and necessary costs to be considered in 

the model for the production of a certain part. Then that cost should be broken down to understand 

which information and parameters are required to achieve that endpoint. By determining which 

characteristics are the ones who effect the final cost it is possible to obtain the required inputs and build 

the model to be as complete and credible as possible [51], [52]. 

5.1.1. Model relations and concepts 

As previously explained, the identification of the relevant manufacturing costs is essential to begin 

developing the model. By excluding costs that are not very important for the analysis that is being 

performed, credibility regarding the decision-making process is not impaired.  

For the development of this work, the approach of annual production costs is considered for the financial 

model. Therefore, all the costs are calculated on a per year basis and later divided by the annual 

effective production volume in a certain step of the process. The final cost for its turn is divided into two 

categories and the desired result is obtained by the sum of both these costs: variable and fixed costs. 

The latter are computed by allocating annual cost as an annuity of the investment and will remain 

constant regardless of the production volume, as long as the structure of the line or the company being 

considered is the same. Therefore, as more parts are produced, without exceeding the capacity of that 

structure, the lower the unitary cost of production. In opposition, variable costs are directly dependent 

of the production volume, and are always the same in a per unit basis.  

Figure 18 – Process Based Cost Model approach [52] 
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In Table 2, there is represented the division in terms of variable and fixed costs that was performed to 

develop the model in which this thesis is based. These individual costs are calculated based on the 

inputs that will be listed further in this document and then summed to achieve the final annual cost. The 

division is performed in order to allow a better analysis of the results. Therefore, the main drivers can 

be identified, which is one of the main reasons and motivations of developing such a model. Each of the 

drivers will be decomposed to determine the necessary parameters. 

Table 2 –Variable and Fixed Costs for Aluminium Model 

 

 

 

 

 

Concepts regarding line utilisation time will now be explained in detail. As it is possible to observe in 

Figure 19, in a factory, time can be divided into two possible ways that are then sub-divided. There is 

available and unavailable time. The available time is the sum of the uptime and the idle time. In the case 

of uptime, it represents the productive time of the line/plant/machine/worker. Since it is the time where 

parts are being produced, plant fixed costs will be allocated in that time. Idle time in its turn represents 

the time in which the line/plant/machine/worker could be producing but has no work to be carried. The 

unavailable time comprehends the no shifts periods, as well as all types of breaks and maintenance. 

Unavailable time plus the idle time gives the downtime. Downtime represents the non-productive time, 

in opposition to uptime. Taking a closer look it is possible to conclude that even if a machine or tool (non-

dedicated or dedicated) is available for almost 24 hours, the costs can only be allocated to the time 

where the parts are being produced, the uptime. The difference between the non-dedicated and the 

dedicated machines or tools is that for the dedicated ones the uptime corresponds to the total time of 

production of the part being analysed since there are no other parts being manufactured there. 

 

 

 

 

 

5.2. Aluminium Model 

As mentioned before, the PBCM for aluminium production will be explained as the application example 

and then the differences between this one and the composite models are pointed out. For this work to 

Variable Costs Fixed Costs 

Material Cost Main Machine Cost 

Consumables cost Tooling Cost 

Labour Cost Fixed Overhead Cost 

Energy Cost Building Cost 

 
Maintenance Cost 

Figure 19 – Line utilization for a day [52] 
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be performed, the process flow had to be specified and improved with the help of workers from the 

aircraft manufacturer. The diagram represented in Figure 20 shows the flow and operations that the raw 

material has to endure in order to achieve the final part. As it is possible to see the process is divided 

into several micro process blocks. The boundaries of the process are well defined as it starts when the 

material arrives at the plant, includes all the stages that are required to produce a part and ends right 

before the assembly of that part. 

First, the aluminium raw material is received in the factory and stored for further use. When the 

production begins, it is drilled in order to allow its transportation to the next stage of the process. Then 

the material is placed into the JIG, which function was already explained in chapter 3. Machining is then 

performed, having in mind that several operations can be performed in each clamping stage. After the 

first clamping stage the part undergoes inspection, to assess if it needs rework or it can also be rejected 

if it’s not in agreement with what is required. Then it is repositioned in the JIG for another clamping and 

respective operations. Inspection is always performed after each one of these stages. After that, part 

adjustment is accomplished with abrasives, and the part is sent to cleaning. Cleaning is carried to 

prepare the part for the penetrating liquid inspection ahead, in which some flaws like cracks at the 

surface are detected. The next two blocks have some particularities, since there are four possible cases 

that can occur: 1) both shot peening and shape testing (3D control) are performed to the part, 2) only 

shot peening is carried, 3) the part undergoes shape testing but not shot peening, 4) neither one of this 

operations takes place. This depends strongly on the type and geometry of the part that is being 

produced, and sometimes only a sampling has to be tested. The shot peening process consists of small 

spherical shots that impact the material, with the objective of strengthening the part, relieve internal 

stresses caused by the manufacturing process and give the part its desired shape. Shape testing as it 

is written in the box represented in Figure 20, consists of a 3D control that is performed to check if the 

dimensions and geometry are correct. Before the part can be painted, a surface treatment has to happen 

to remove all impurities that may remain from the previous steps of the process. In the end, and to 

finalise some of the edges that, for example, allow transportation, are trimmed and cleaned, before the 

final inspection can be performed. If all is in order and in conformity, the part is ready to be assembled. 

 

 

 

 

 

 

 

 

 

Figure 20 – Aluminium process flowchart 
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5.2.1. Model Development 

To start understanding the PBCM, the breakdown of a process block is performed next. As it is possible 

to observe in Figure 21 represented below, each stage through which a part has to pass will receive a 

set of inputs that will allow calculations related to that block to be carried. After the equations have been 

applied, results are achieved, for that particular portion. As it will be seen later, cost outputs will be 

accomplished for a combination of two or more process blocks. 

 

 

 

There will be two types of main inputs entering a block that have to be taken into account when 

performing the calculations: general inputs and specific process inputs. The first ones, presented at 

Table, are common to every block, dependent from the company that produces the part and displayed 

at the beginning of the model used to obtain the costs. The latter ones, in Table, are inputs related to 

that stage of the process and can vary from one to another, which means that sometimes there may be 

special inputs for a certain operation that requires that data. This occurs for example in the painting 

block, where paint thickness is an essential input. To allow perfect comprehension of the model, a brief 

explanation/description of each input is carried. 

 Starting from Table 3: 

 Days per year represent the number of days in which the plant is open (working days); 

 Wage is the earnings of the workers; 

 Unit energy cost is self-explanatory; 

 Opportunity cost rate is the interest rate at which the investment is annualized; 

 Equipment and building life represent the available years of a machine or building, respectively, 

before it has to be replaced; 

 Building unit cost is the cost that was invested in the building per square meter; 

 Production life is the time in years for which the part will be produced; 

 Finally, the idle space represents the space that is available but is not being used.  

In Table 4: 

 The first input determines if the machine being considered in that step is dedicated to the 

production of only that part or if it is producing other parts; 

 Then the number of workers that are responsible for that operation as well as their dedication 

to that operation has to be specified;  

 The floor space represents the space occupied by a machine or workstation; 

 The number of units and the acquisition cost are, respectively, the number of machines/tools 

and the cost of one of those machines/tools;  

Process 
Block Inputs

i
 Outputs

i+1
 

Figure 21 – Process flow breakdown 
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 Energy consumption represents the energy consumed by the machines for that block;  

 Setup time is the time necessary to prepare the machine/tool/part for the operation to be 

performed, and machine time is the time spent by the machine/worker in that step.  

 Maintenance, overheads and allocation for part inputs are analysed further in this work; 

 The consumables have to be accounted having in mind the units that are used per hour and 

the cost of each unit. 

 Table 3 – General Process Inputs 

 

 

 

 

 

 

 

 

 

 

The other inputs in which the model strongly depends are: 1) part information, 2) material information, 

3) line utilisation information, 4) annual production volume, 5) scrap and rework inputs.  

Regarding part information, the necessary inputs are part surface area and the height of the part, which 

allow the calculation of part volume. Material information for its turn concerns the type of material, the 

cost per kg of the raw material and the price at which the scrap is sold. Also, the density has to be 

specified. For the line utilisation/downtime information the inputs are the worker unpaid and paid breaks, 

the on-shift maintenance and the unplanned downtime. With these values and according to what was 

already showed in terms of division of time it is possible to obtain the available time through Equation 

(1). The total downtime and the idle depend on the uptime calculation that is explained ahead. 

 Available Timei = 24 h − (On shift maintenance + Worker Unpaid breaks +

Worker Paid Breaks + Unplanned Downtime)  

(1) 

To be able to determine the cost per part and perform some other calculations, one of the first 

intermediate results that is required to obtain is the effective production rate per year that is calculated 

having in mind that some parts are rejected during the process, due to errors of production and non-

conformity. When analysing this actual production volume three major input data have to be taken into 

account: rework, non-quality scrap and the annual production volume that is required to obtain at the 

Is the machine dedicated Yes/No 

Workers Number 

% Dedication % 

Floor space m2 

nº of units Number 

Acquisition cost € 

Power consumption kW 

Setup time h 

Machine time h 

Maintenance % 

Consumables 
Units/process 

hour 

Consumables cost Cost/unit 

Overheads % 

% Allocation for part % 

Days per Year days/yr. 

Wage (including benefits) €/hr 

Unit Energy Cost €/kWhr 

Opportunity cost rate % 

Equipment Life yr. 

Building Unit Cost €/m2 

Building Life years 

Production Life years 

Idle Space % 

Table 4- Specific Process Inputs 
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end. In Table 5, some of these inputs are presented. Rework is considered as the operation of correcting 

a defective item/product/part. The scrap and rework scrap here presented account for the ones due to 

non-quality, both in the production and in the process of reworking the part. Technical scrap for its turn, 

represents the material lost during an operation, which cannot be avoided. The “pass” inputs represent 

the percentage of parts that are in good condition and that can go through to the next stage of the 

process. The material required in rework is necessary for the composite models, and represents the 

material necessary to correct the possible defect. 

Table 5 – Scrap and rework information 

 

 

 

 

 

This actual number of parts are calculated from the end to the beginning of the process. In each stage 

the number of parts that has to be produced in order to account the rejection rate or non-conformity 

scrap is given by Equation (2). The percentage of parts that go through is translated to effective data. 

 
Number of partsi =

Number of partsi+1

(%passesi + %reworki ×  %reworkpassesi)
 

(2) 

Other intermediate result that is crucial, mainly for the fixed costs, is the uptime. For that to be 

determined, first it is necessary to obtain the annual production time and consequently, the line time 

required, which depends on the cycle time and the number of parts in that block (see Equation (3)). The 

cycle time represents the setup time and machine time added up. Having this time required to produce 

a certain part considered for the study and knowing the allocation for a part it is possible to obtain from 

Equation (4) the total uptime. In the model there is a trigger variable that prevents the uptime to be 

higher than the available time. If this occurs the capacity of the line/machine is exceded and so the 

variable changes from “OK” to “ERROR”. For this work, allocation was considered to be an input instead 

of the uptime, because allocation will remain constant when the production volume of the part is 

incremented. Since the aircraft line that is being studied produces most of the components of a complete 

airplane, if one part has its production volume incremented that will reflect in all the other parts that also 

have their production volume incremented at the same rate. 

 Treqi = Cycle Timei × Nº of partsi (3) 

technical scrap % 

pass % 

rework % 

scrap % 

rework passes % 

rework scrap % 

material required in rework % 

 
    Uptimei =  

Treqi

Allocation%i

 
(4) 
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With the uptime it is then possible to calculate the Total downtime and the Idle (see Equations (5) and 

(6) respectively). 

 
Total Downtimei =

(Days per year ∗ 24h) − 𝑈𝑝𝑡𝑖𝑚𝑒

𝐷𝑎𝑦𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟
 

(5) 

 Idlei = Total Downtime − (On shift maintenance + Worker Unpaid breaks +

Worker Paid Breaks + Unplanned Downtime)  

(6) 

In order to facilitate the comprehension of the global process for people that are not so familiar with the 

way the model was developed and to simplify its use by any company that desires to study the cost of 

production of a part through this technical manner, the process blocks that were explained above and 

that perform at a micro level are coupled to blocks at a more macro level. This is done by joining portions 

of the process that have something in common or that are extremely dependent from one another. This 

division is shown in the diagram below (Figure 22) for better understanding. The cost outputs will then 

be obtained for each of this macro blocks, even though the inputs have to be specified at a micro level, 

as it was already referred. 

 

 

 

 

 

 

Looking at Figure 23 it is possible to analyse the flow of material throughout the process, as well as the 

operations where there may be scrap or where the part needs to be reworked. For machining and shot 

peening there is a loop since the rework is performed on the same machines, which means that the part 

returns to that block to have rework. In opposition, in the case of painting for example, the rework is 

carried outside of that block.  

Figure 22 – Decomposed aluminium process flowchart 

Figure 23 – Scrap and rework throughout the process 
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5.2.2. Cost Breakdown 

Next, the equations that allow the computation of the individual costs is presented and properly 

analysed.  

Variable Costs 

Material Cost 

As previously explained, material cost is dependent on the production volume, making it a variable cost, 

which can be calculated by Equation (7). 

 Matcost[€] =   (Cost 
kg

[€/kg] × Raw material weight[kg] × Nº of partsi) –  Scrap [€] (7) 

As it is possible to observe, material cost mainly depends on the raw material weight and the cost per 

kg of that material. To calculate the annual cost, it is necessary to multiply for the number of parts that 

have to be produced in the respective step of the process, which already accounts for the non-

conforming parts. The main challenge remains in determining the raw material weight required for the 

part that is being produced. For that and after obtaining the part volume through the inputs of part surface 

area and the height of the part (see Equation (8)), it is necessary to determine the raw material volume. 

This is carried just like the calculation of the number of parts, going backwards from part volume until 

the raw material volume is obtained (see Equation (9)). Technical scrap, being material that is lost along 

the process, has to be taken into account. Finally, by knowing the density of the material, the weight is 

easily determined by Equation (10). 

 Part volume[𝑚3] = Part surface area [m2] × Height[𝑚] (8) 

 
Material volume𝑖[𝑚3] =

Material Volume𝑖+1 [m3]

1 − Technical Scrap𝑖

 

 Material weight𝑖[kg] =   Density [kg/m3] × Material volume𝑖[m3] (9) 
 

(10) 

 

In the case of aluminium, scrap can be sold for later reuse. Therefore, this material loss is added to the 

equation since it is not considered as a cost but more of a revenue regarding the material that was 

bought (see Equation (11)). Although it is considered a revenue, the price of selling scrap is much lower 

than the price that was paid for the raw material. For this calculation both the technical scrap and the 

non-quality scrap are required. 

 Scrap [€] = Density [
kg

m3] × Material volume𝑖  [𝑚3] ×  Scrap costkg[€]  × Nº of partsi ×

( scrap%technical + scrap% quality + Rework% × Rework scrap%)  

(11) 
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The cost of material consumption (cost per kg x raw material weight x number of parts) in this model is 

considered to be part of the machining macro block. However, when obtaining the results, this portion 

of material cost is isolated for better analysis of the cost drivers. Below there is a flowchart (see Figure 

24) that tries to summarise all the information explained and presented in the equations. It shows the 

influence of each parameter in the calculations until the final cost is reached. The boxes filled in blue 

represent the inputs and the grey one the final cost. 

Consumables Cost 

An example of a consumable cost is the paint that is used and has to be replaced when all the stock is 

consumed, as well as the cleaning bath that a part has to undergo before the penetrating liquids 

inspection. To achieve this cost, the units of consumables required per process hour, for each process 

block, are taken as inputs. The cost of each unit is defined and accounted in Equation (12). As it is 

shown, line time required is also considered. 

 Consumablescost = Consumables cost per unit  ×  Consumables Units × Treqi (12) 

A flowchart just like the one from material cost is presented next (see Figure 25). 

 

 

 

 

 

Figure 24 – Material cost calculation 

Figure 25 – Consumables cost calculation 
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Labour Cost 

Another variable cost is the labour given by Equation (13). In the development of this work the labour 

costs only take into account the direct workers. The indirect workers cost is considered to be part of the 

overhead costs. Besides the workers for that specific stage of the process, it is necessary to address 

the dedication that these workers have to that step and their hourly income. The line time required is 

also considered. 

 Labourcost = Treqi × nº workers × dedication% × wage [€/hr] (13) 

The flowchart for labour cost is shown in Figure 26. 

 

Energy cost  

The last variable cost considered for the aluminium cost model is energy cost, which can be calculated 

according to Equation (14). To obtain this result the annual production time that is the same as the line 

time required is again crucial. Alongside with this specification, the power consumed by the equipment 

and the unit cost of energy are required. Even though it is very similar to the latter two, the flowchart 

with the inputs and intermediate results that allow the energy cost to be calculated is presented in Figure 

27. 

 

 Energycost =  Treqi[h] × Power Consumption [𝑘𝑊] × Unit Energy cost [€/kWh] 

 

(14) 

Figure 26 – Labour cost calculation 

Figure 27 – Energy cost calculation 
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Fixed Costs 

For this model, fixed costs are annualised as it is possible to observe from Equation (15). This means 

that the investment (I) is divided into a set of payments, with an opportunity cost of capital (r) that in this 

case is defined as 15%, paid during the life of the equipment/machine/tool/product/building (nj).  

 
Fixed costji = Ii

(1 + r)nj × r

(1 + r)nj − 1
 

(15) 

To calculate the main machine cost (see Equation (16)) it is necessary to have in consideration the 

percentage of line allocation for that specific part regarding the step of the process for which the cost is 

being obtained, and also the number of machines to be computed. For the tooling cost (see Equation 

(17)), only the number of tools and its price need to be accounted since the tools are dedicated. There 

are several machines considered depending on the operation, but there is only one possible type of tool 

regarding the aluminium cost model which is the JIG.  

 Machine investment =  Acquisition cost × nº units × allocation%  (16) 

 Tooling investment =  Acquisition cost × nº units  (17) 

The final cost is then presented as an annuity through Equation. For the machine situation, the life that 

is accounted is the equipment/machine life, whereas the life of the tool is considered to be equal to the 

production life of that part, due to the fact that the tool lifetime is higher than the life of the considered 

project. Since the way, the costs are achieved is almost the same, only one flowchart was designed and 

shown in Figure 28. 

 

 

 

 

 

 

 

 

When referring to the building investment, line allocation is required as well. Furthermore, the space 

occupied by the machines or workstation and the percentage of idle space is translated into cost (see 

Equation (18). Building life is one of the inputs necessary to apply the annuity formula. Flowchart is 

presented in Figure 29. 

 Building investment =  (1 + Idle space%) × space required × building cost × allocation% (18) 

Figure 28 – Machine and tooling costs calculation 



 

37 

 

 

 

 

 

 

 

 

Maintenance and overhead costs for its turn are calculated through a percentage of other costs. For the 

first one it is considered that what needs maintenance are the machines, which leads the computation 

of maintenance investment to be accomplished as a percentage of machine investment. Throughout the 

models it is defined a fixed value of 10% for every operation (Equation (19)). The latter one is translated 

as a percentage of all the fixed investments (40% as an assumption). Overhead costs represent the 

expenses that are not directly associated with a certain product, service or activity. (Equation (20)) 

 Maintenance investment = Machine investment × maintenance% (19) 

 Overhead investment =  (Machine investment + Tooling investment +

Building investment + Maintenance investment)  × overhead%  

(20) 

Intermediate Calculations 

Regarding both the variable and fixed costs that were pointed out, there are some intermediate 

calculations that need to be explained in a little more detail. The calculations that will be presented below 

are crucial for the model and are necessary to avoid uncertainties and exaggerated simplifications.  

One of the intermediate results that is required and allows the possibility to have higher precision in the 

model is machining cycle time. This time can be calculated in three different ways, represented in Figure 

30, that go from the simplest to the more complex one. For this model, there is the possibility to choose 

the desired methodology depending, for example, on the data that is available at the time: 1) Having the 

cycle time in each of the clamping stages, the machining cycle time will be the sum of these times, 2) 

Having the material removal rate (MRR𝑖𝑗) in each clamping stage (i) and for each operation (j), the 

machining cycle time is given by Equation (21). Regarding the number of operations there are two 

options in the model. Roughing and finishing are always done, but there can be a third intermediate 

operation (semi-finishing). In the case of roughing, since the quantity of material removed is large, the 

input is volume. For both finishing operations, the surface area removed has to be considered because 

there is not much material left to remove.  

 
Machining cycle time = ∑ ∑ Volume or area removed

𝑖𝑗
× MRR𝑖𝑗

𝑛

𝑗=1

𝑚

𝑖=1

 
(21) 

Figure 29 – Building cost Calculation 
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 3) Having the tool data, the machining cycle time is obtained in the same way as before but the MRR 

is calculated from the formulas [53] presented in Equations (22), (23) and (24). Since in this model the 

spindle speed (number of rotations per minute of the tool) is considered as an input, the first value that 

is required to obtain is the feed speed. Feed speed is then dependent on the spindle speed, the feed 

per tooth and the number of effective teeth. The product of the last two variables represents the tool 

feed. If the cutting speed was an input, the spindle speed would have to be calculated from Equation 

(23), where vc is the cutting speed and Dcap is the cutting diameter of the tool. Finally, having the feed 

speed it is possible to determine the material removal rate (Equation (24)). For that it is needed to know 

the depth of cut (ap) and the width of cut (ae).  

 Feed speed (vf) = fz  ×  n × zc (22) 

 
Spindle speed (n) =

vc  × 1000 

π  ×  Dcap 
 

(23) 

 
MRR =

ap  ×  ae   ×  vf 

1000
 

(24) 

Both the number of clamping stages and the number of operations have to be specified as initial inputs. 

The data regarding machining tools is very broad. For that reason it has to be specified by someone 

familiarised with this kind of operations, which acquired this knowledge from experience gained 

throughout the years working and setting milling machines. Therefore, a company named Gestamp was 

visited in order to understand how these tools work from a specialized person. 

Regarding the block that comprises shot peening and shape testing, and according to the previous 

explanation where it was stated that there are four possibilities for that specific case, the model needs 

to take that into account. Then, one of the inputs in the Model will trigger the calculations to be 

accomplished considering both operations, none of the operations or only one of them. 

The other formulas used for this model are showed below in Equations (25) and (26). A brief explanation 

is also presented.  

 JIG/Inspection total time =   number of stages × JIG setup/Inspection time  (25) 

 Paint Cost =  Costper litre × Paint Thickness × Part Surface Area × nº parts (26) 

Figure 30 – Total machining time calculation 
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The first equation translates the total time of the JIG and the inspection blocks, having in consideration 

the number of clamping stages that the part undergoes, and consequently the number of JIG setups 

and inspections required. The latter one shows the paint cost as it depends on the cost of each litre of 

paint, the number of parts that reach painting and the litres of paint that are achieved through the product 

of specified paint thickness and part surface area. 

5.3. Composite Models 

Below the composite models are studied, especially for pointing out the differences regarding the 

aluminium one. Just like in the aluminium model, to design both composite models the process as a 

whole had to be carefully analysed and studied. From that analysis a diagram to represent the process 

was built and showed in Figure 31. As it is possible to observe, the process blocks are also congregated 

into seven higher level steps to allow a clearer and simplified view regarding the costs of the operations. 

In this model, the assembly is also excluded and painting is not considered as it is done posteriorly to 

the assembly. 

The reception check and storage macro block comprises the check of material that is performed after 

the material arrives in the factory, as well as the storage needed to avoid loss of properties by the 

prepregs. For the production of the part to effectively start, defrost has to be carried some hours before 

the material placement. At the same time the mould is already being cleaned and prepared for the 

application of the copper and fibre glass layers. Vacuum bagging is required for these layers, as it was 

already stated in Chapter 3. For the models in this work the fibre placement block can represent the 

operation done by two different machines: AFP or ATL. And this is one of the only things in which the 

two composite PBCMs differ. After that, glass fibre is applied for the second time, following the approach 

seen in the first application. The part is then transported and placed into the autoclave to be cured. 

Demoulding is performed and the last adjustments are carried, before the part undergoes the NDT as 

the final operation considered for the development of the model. 

Figure 31 – Decomposed Composite model flowchart 
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In Figure 32, there is a representation like the one accomplished for the aluminium production process. 

The material flow can be traced while understanding which operations inside the process blocks produce 

scrap or parts that are possible to be sent for rework. For this process all the reworks are carried outside 

the respective steps. 

 

 

 

 

 

 

 

 

 

Regarding the inputs, the models are very similar. General inputs and specific process inputs are also 

considered with some changes, as it is the inexistence of consumables inputs in the specific process 

table. The only consumables cost that is taken into consideration refers to the mould. The mould 

information also contains the number of moulds, the time that takes to prepare the mould and the 

mould’s acquisition cost. Furthermore, some operations may have one or two inputs that are not 

considered for the others, like for example the cutting speed and cutting perimeter in the demoulding 

and finishing block, or the autoclave occupation. Part and material information, line utilisation information 

and the percentages for scrap and rework are considered as well. The latter two set of inputs are equal, 

but part and material information have major changes. Since there are layers of material, the total height 

of the part is given by the number of layers and the height of each layer that have both to be specified 

as initial inputs. Also for part information there is the part surface area, just like in the first cost model, 

and a new specification that is efficiency/complexity. The way this input affects the model will be 

explained further ahead. In material information, scrap price is still required but for these models the 

area of material required can be introduced by the user, the cost of the material is taken per square 

meter and the area density/areal weight is necessary. Finally in this case there are three types of 

materials that are used in different steps of the process: glass fibre, carbon fibre prepreg and copper. 

For carbon fibre the roll length and tape width have to be known at the beginning of cost calculation. 

The financial model follows the exact same approach regarding annual production costs (Table 6). One 

of the differences that is clear when comparing cost outputs from this two models with the metal one is 

that there are no consumables cost accounted as an individual variable cost, as the consumables cost 

regarding the mould is considered in the material cost. However scrap has to be taken as a cost, 

because not only it cannot be sold but also the company has to pay to get rid of that waste.  

Figure 32 – Scrap and rework throughout the composite process 
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Table 6 – Variable and fixed costs for composite model 

 

 

 

 

 

Regarding each cost in particular, all fixed costs are calculated in the same way and using the exact 

same equations presented above. In addition, energy and labour costs do not differ from what was 

previously analysed. 

Material cost is calculated much differently in the case of composite models. As it was already discussed, 

the cost that is considered when buying the material is per square meter instead of per kg. Then it is 

necessary to specify the material area used for each material in square meters (already accounting for 

the technical scrap/material losses) and multiply that by the number of parts produced in a year for that 

operation. One thing that it is possible to observe in the equations below is that for carbon fibre (see 

Equation (27)) the number of layers of material is another vital input, in opposition to copper and glass 

fibre (see Equation (28)) where, for simplification, only one layer of each material is considered to be 

placed for each process block. The total cost of material depends on one more result, which is the cost 

of the material required for the rework to be performed, which has to be added up to what was already 

referred. The way to calculate this cost is shown in Equation (29). 

 Matcost (copper and glass fibre) =  Cost 
sqm

× Material Area𝑖  [m2] × Nº Parts + Rework 

Material Costs 

(27) 

 Matcost (carbon fibre) =  (Cost 
sqm

× Material Area𝑖  [m2] × Nº Layers × Nº Parts) +

Rework material costs  

(28) 

 Rework material cost = Rework% × Material required in rework% × Nº Parts ×

Nº Layers  × Material Area𝑖   [m2]  × Cost 
sqm

 

(29) 

 

Consumables cost regarding the mould only appears in the material cost for fibre placement operation 

(see Equation (30)), where the mould is mostly used. These costs are also computed by having the cost 

of consumables per square meter and the part surface area of the part in consideration, as presented 

in Equation (31). 

 Matcost (fibre placement block) =  Matcost (carbon fibre)  +  Consumablescost   (30) 

 Consumablescost =  Consumables Cost 
sqm

 ×  Part Surface Area  [m2] (31) 

Variable Costs Fixed Costs 

Material Cost  Main Machine Cost  

Scrap cost Tooling Cost  

Labour Cost  Fixed Overhead Cost 

Energy Cost  Building Cost  

  Maintenance Cost  
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As it was already mentioned, composite scrap represents a cost and not a revenue as in the aluminium 

model. Copper scrap is also considered as a cost, since the material is covered in epoxy and cannot be 

reused. In addition to these changes, the calculation only differs due to the fact that the areal weight is 

considered. The scrap is then dependent of the number of layers when there is more than one (see 

Equation (32)). 

 Scrap =  Areal Weight [
kg

𝑚2] × Material Area𝑖   [m2] ×  Layers × Scrap costkg × Nº parts ×

( scrap%technical + scrap% quality + Rework% × Rework scrap%)  

(32) 

 

From the areal weight and the area required of each material it is possible to obtain the weight of each 

material and then the total weight of the part. 

To calculate other costs there is some data that is required and that was not mentioned yet, since it is 

calculated in a different way for AFP and ATL models. In the fibre placement block, for example, the 

machine time has some particularities that need to be explained. Figure 33 shows a preview of the three 

possibilities regarding the calculation of the machine time. 

 

 

 

 

 

 

 

 

 

 

 

Firstly, if the machine time is introduced by the user as an input, a trigger in the model will automatically 

consider this as the real lay-up time, which is then added to the setup time to give the total cycle time 

for fibre placement. Secondly, it can also be introduced the time to lay-up each layer of material, which 

is then multiplied by the number of layers. However, if this does not occur and the machine time and 

layer time are left blank, the model will calculate the machine time having in mind a theoretical lay-up 

rate in kg/h. The lay-up rate considered in this work, for both ATL and AFP, was obtained by Lukaszewicz 

Figure 33 – ATL/AFP machine time calculation 
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through the analysis and comparison of fibre placement machines parameters (see Figure 34 and Figure 

35) [50]. 

 

 

In this study Lukaszewicz recognises that there are some uncertainties regarding the literature when 

referring to the lay-up system, prepreg and processing conditions. Also the curves represented in the 

graphics were obtained for a specific, quite simple and flat part. As it is possible to see from Figure 36 

presented above, the productivity and thus the lay-up rate depend a lot on the prepreg areal weight, and 

will most likely vary with the complexity of the part. The solution implemented to account for the 

limitations regarding the lay-up rate formula achieved from the literature, was to introduce an efficiency 

parameter as it is mentioned below [50]. 

 

 

 

 

 

 

 

 

 

Having the part surface area of the part that is being produced, it is then possible to obtain the lay-up 

rate for that part from Equations (33) and (34), respectively for ATL and AFP.  

Figure 35 – AFP lay-up rate in function of the surface area 
Modified [50] Figure 34 – ATL lay-up rate in function of the surface area 

Modified [50] 

Figure 36 – Productivity in function of the speed and the prepreg areal weight [50] 



 

44 

 

 ATL Lay − up Rate =  8,296 × ln (part surface area) + 10,158 (33) 

 AFP Lay − up Rate =  10,187 × ln (part surface area) + 19,436   (34) 

Dividing the carbon fibre weight for this lay-up rate and the number of layers, the theoretical layer time 

is obtained (Equation (35). However, to account for the complexity of the part, an input (efficiency) was 

added to the model [50] (see Equation (36)). The lower is the efficiency value, the higher is the time to 

lay each layer of prepreg. After reaching the corrected layer time, the machine time is simply calculated 

through Equation (37). 

 
Layer Time =  

Carbon Fibre Weight

 Lay − up Rate × Layers 
 

(35) 

 
Corrected Layer Time =  

Layer Time

Efficiency%
 

(36) 

 Machine Time = Corrected Layer Time × Layers    (37) 

For the demoulding and finishing block, cycle time can also be calculated from two different alternatives: 

1) if the machine time is given, then the cycle time is obtained as usual by adding the machine and the 

setup times; 2) if cutting speed and cutting perimeter are given, then the machine time is calculated from 

Equation (38). 

 
Machine time (demolding and finishing)[h]  =  

Cutting Perimeter [m]

Cutting Speed [
m
h

]
 

(38) 

The autoclave occupation is another input that needs to be accounted in the autoclave energy cost. This 

occurs due to the fact that there can be several parts curing inside the autoclave at the same time, and 

the part that is being considered for this work can occupy only a certain percentage of that space. 
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6. Results and discussion  

This chapter begins with the presentation of the test case considered for this thesis, similar for all the 

processes and models. Model validation is performed next through sensitivity analyses to the inputs and 

with the confirmation of the results carried by an aircraft manufacturer. 

Finally the results are shown in a schematic way, with several information and comparisons being 

presented and analysed. 

6.1. Test case 

Regarding the inputs that will be presented below, some of them are estimates, most of them are given 

values by an aircraft manufacturer and others are calculated having in mind theoretical formulas like the 

one for the lay-up rate. In Table 7 there are shown the values for the general inputs considered for the 

three models. Most of these values are dependent from the company for which the study is being 

performed, but production life, for example, is dependent on the part that is being produced. 

Table 7 – General input values 

  

 

 

 

 

 

 

The test part that was chosen to be analysed is the one from Figure 37, which is a rough representation 

of an aircraft wing skin. It is a simple part, able to be produced by machining, AFP or ATL, to allow the 

best comparison possible between these production processes in terms of costs. Also, it is a part that 

would could be manufactured by an aircraft company. It was considered to have a surface area of 20 

m2, and a thickness of around 5 mm. The desired annual production volume was targeted at 100 parts. 

All the machines are treated as non-dedicated machines, but the model is prepared to calculate the 

costs if any of them is dedicated. Also, similar available time (22,4h) was considered for all the process 

blocks that are included in the models. Even though ATL and AFP are targeted to produce different types 

of parts, in this case the same part is considered for both fibre placement methods to check if the models 

work according to the expectations and also to allow comparison. 

Days per year 240 days/yr. 

Wage (including benefits) 6 € €/hr 

Unit Energy Cost 0.08 € €/kWhr 

Opportunity cost rate 15% % 

Equipment Life 15 yr. 

Building Unit Cost 1 500 € €/sqm 

Building Life 30 yrs. 

Production Life 15 yrs. 

Idle Space 20% % 
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The specific values for each model are presented separately for better understanding. Since most of the 

AFP and ATL inputs are the same, the initial data is presented for one of them and then the differences 

are pointed out. 

6.1.1. Aluminium 

The first specifications that have to be introduced concern the material information. In Table 8, are the 

values used in this aluminium model. Having already the part information (part surface area and height), 

the density of the material allows to calculate the part volume and consequently the part weight, which 

are in this case, respectively, 0,1 m3 and 270 kg. 

Table 8 – Aluminium specifications 

 

 

 

After estimating values for technical scrap, non-quality scrap and rework in each process block, it is 

possible to obtain, from what was already analysed in chapter 5, both the raw material volume and the 

effective production rate. This information also allows a more detailed study focused towards the flow of 

material and parts along the process. Figure 38, for example, enables a clear analysis of the number of 

parts required to be produced/enter in each step, due to the non-quality scrap, for the number of parts 

in the end to correspond to the production volume that is expected. Therefore, to obtain the 100 parts 

per year that were specified and set as the goal, 127 need to be produced. It could be expected to have 

a considerable number of parts rejected in the final inspection, since it represents the step where the 

part is carefully and thoroughly analysed regarding the search for imperfections. However this does not 

occur due to the fact that during the process and in most of the operations, visual inspection to detect 

flaws is carried. It is vital in the production of parts that scrap occurs in the early steps of production 

instead of the last ones. Having an error so far ahead in the process corresponds to a bigger loss in 

terms of added value, since each operation represents an increment in the total cost of the part. 

Density 2700 kg/m3 

Cost per Kg 10 € €/kg 

Scrap Price 0.5 € €/kg 

Figure 37 – Test part 
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The number of parts is not rounded up throughout the process (only when achieving the final effective 

production), since the percentages of scrap are approximations and only represent the probability known 

by experience of having a non-conforming part in that operation. Therefore, in a batch of 100 parts it is 

not guaranteed that the machining block will have more parts rejected than any other step, as it is can 

be seen above, but it is the most probable thing to happen. 

In the same way, Figure 39 shows the flow of material through the process until the final part weight. As 

it is possible to conclude, and as expected since the technical scrap for machining was considered to 

be around 50%, the machining block accounts for most of the losses regarding material. The raw 

material that needs to be bought for each part is then 580,5 kg. 

 

 

 

 

 

 

 

 

With the information from the two a above, a process flow regarding the material spent per year, the 

scrap and the rework performed in each step can be reached (see Figure 40), as well as Figure 41, 

which summarises both material and part losses regarding this model. As it was said previously the fact 

that, for example, only 20 kg of scrap leave the rework in the surface treatment and painting block is 

purely statistical. There are no parts with that weight and no technical scrap there, which can only mean 

that the probability of having scrap in that specific part of the process is very low. 

Figure 38 – Aluminium Parts flow throughout the process 

Figure 39 – Aluminium flow throughout the process 
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The other inputs that are required are the ones specific for each process block. It is important to 

remember that these inputs are introduced for a micro level of the process. Therefore, a set of these 

inputs that were supplied by an aircraft manufacturer (general values rather than the exact values) are 

shown in Table 9 for the machining and penetrating liquids process blocks, as an example. The cycle 

time already includes the machine and setup time in both steps. For the machine time regarding the 

machining micro block, two clamping stages were considered, each one of them with three types of 

operations being performed. Since the values of material removal rate were supplied it is not necessary 

to specify any data from the tools. In Table 10 there is the JIG and inspection information. Since two 

clamping stages occur for machining, the two times that are represented already have that into account. 

Table 9 – Aluminium machining and penetrating liquids input values 

 

 

 

 

 

 

 

 

 

 

 Machining 
Penetrating 

Liquids 
 

Is the machine dedicated No Yes/No 

Workers 2 2 Number 

% Dedication 100 50 % 

Floor space 200 30 m2 

nº of units 1 1 Number 

Acquisition cost 10000000 3000000 € 

Power consumption 700 100 kW 

Cycle time 2,25 4 h 

Maintenance 10 % 

Consumables 1 1 
Units/process 

hour 

Consumables cost 150 42 Cost/unit 

Overheads 40 % 

% Allocation for part 15 20 % 

Figure 40 – Total aluminium flow with scraps and rework 

Figure 41 – Aluminium Part and material totals 
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Table 10 – JIG and Inspection information 

 

 

 

 

Other stages that need an extra explanation in relation to the usual inputs are shape testing and peening, 

as well as painting. For the first two it is required a specification regarding which of the operations are 

performed. It was considered that for the production of this part both occur. For painting, and in order to 

calculate the litres of paint used it is necessary to specify the paint thickness. The value was obtained 

from the Boeing website, which was translated into the use of 2.6 litres of paint for each part [54].  

6.1.2. ATL and AFP 

Just like in the aluminium cost model, and besides the general information common to every model, 

material and scrap information are the first set of inputs that require specification. This occurs, mainly to 

allow the calculation of effective production volume and the weight of material that will be used to 

produce the desired parts per year. For both AFP and ATL there is also another input regarding part 

information, which is the efficiency. Since the part that is being produced have little complexity, the 

efficiency is considered to be 100%, which means that the value obtained for the theoretical layer time 

doesn´t need to be corrected. Regarding the material information, the focus will remain on the carbon 

fibre that is the main material in study and the one used when producing aviation parts with AFP and 

ATL. However the layers of copper and glass fibre are not neglected when achieving the results. Similar 

to what was done when analysing aluminium, the same inputs for carbon fibre are presented in Table 

11, remembering that when talking about prepregs the areal weight is considered, and the cost of 

material is per m2. In addition, the number of layers and the layer height have to be introduced. 

Table 11 – Carbon fibre input values 

 

 

 

 

In order to know how much layers and the layer height that was going to be used in this specific case, 

a composite properties calculator was required. This calculator is available at the website of Hexcel [55], 

one of the main producers of carbon fibre prepregs. From their Aerospace Selector Guide [56] it was 

necessary to understand which would be the matrix type and matrix choice to introduce into the 

calculator. Since the objective is to have a prepreg that can be used in both in AFP and ATL, the material 

needs to be available in the forms that each of the machines uses (tows or tape). Therefore, the Epoxy 

JIG Number 1 Units 

JIG cost 500000 € 

JIG setup 2 hr 

Inspection time 4 hr 

Areal weight  300 g/m2 

Cost per sqm 30 € €/m2 

Scrap Price 5 € €/kg 

Number of layers 25 layers 

Layer height 0,19 mm 
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8552 was chosen. Then by specifying the prepreg areal weight, the calculator gives the intended ply 

thickness (see Figure 42). Having into account that there are still two layers/plies of glass fibre and one 

of copper, and so that the thickness can be approximately 5 mm, the number of carbon fibre layers was 

set in 25.    

In scrap information comes the first difference between the two composite models. Regarding the non-

quality scrap the percentages are considered to be the same, since all the operations are mostly the 

same and the probability of having rejection of parts remains the same whether the fibre placement 

method is AFP or ATL. Therefore, the typical flowchart for the flow of parts is presented in Figure 43. 

Again, it is possible to predict (since the values are estimated) that NDT won’t detect as many flaws as 

it could be expected, since the parts are already being constantly inspected throughout the process. 

Inclusively, as it was referred in the literature review, those fibre placement machines have flaw detection 

systems that allow errors to be spotted in that step of the process. The reason for less scrap parts can 

be related to the fact that rework is possible to be carried more frequently when producing composite 

parts instead of metal ones. 

 

 

 

 

 

 

 

The difference then comes regarding technical scrap. By having a part with small complexity, both 

methods of fibre placement will have little technical scrap. However, the fact that AFP tends to produce 

less material waste than ATL is reflected in the calculation of material flow and costs. In Figure 44 (ATL) 

and Figure 45 (AFP) there are summaries regarding the number of initial and final parts, as well as the 

quantity of carbon fibre that is required and the scrap generated by this material during the process. As 

it is possible to observe, the carbon fibre final weight is 150 kg. 

Figure 42 – Ply Thickness determination 

Figure 43 – Composite Parts flow throughout the process 
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The total carbon fibre that enters and leaves each step and the respective scrap or rework is presented 

in Figure 46 for ATL and in Figure 47 for AFP. 

 

 

However, there is still the need to add the weight of both glass fibre and copper layers to the one from 

carbon fibre in order to obtain the final part weight. Having in mind that there are necessary two layers 

of glass fibre, one before and another one after the fibre placement, but only one of copper, it is possible 

to conclude that the weight for the part considered will be 207,6 kg. Decomposing this value, 32 kg refer 

to the weight of the copper and 25,6 kg to the two layers of glass fibre. As it is expected, due to the 

higher density of copper, this material accounts for a considerable weight when compared to the 

composites used. In a comparison between aluminium and composite models, the weight saving for the 

test part is around 23%, which is a very interesting value that matches the initial expectation. Since the 

main motivation for the work relies on the fact that composites allow considerable reductions in weight, 

there would be a problem in the model if that didn´t occur. In Figure 48 and Figure 49 the total material 

that enters and leaves the global processes is shown.  

Figure 44 – Carbon Fibre part and material totals (ATL) 
Figure 45 – Carbon fibre part and material totals (AFP) 

Figure 46 – Carbon fibre flow throughout the process (ATL) Figure 47 - Carbon fibre flow throughout the process (AFP) 
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As for the aluminium cost model, an example of two set of specific process block inputs that were given 

for the application of the cost model is presented in Table 12. As it is possible to observe there is a 

difference in the cycle time of ATL and AFP. This is related to the different theoretical formulas that were 

used for each one of the machines, related to the calculation of the lay-up rate. Since AFP machine has 

higher productivity, this is translated in less machine time for that part of the process. The cycle time for 

each layer was first obtained and since the efficiency is 100 % this time is left unchanged. For the 

autoclave block there is another input that was not presented below, which is the autoclave occupation. 

It was considered to be 25%, which means that the part only occupies 25% of the autoclave space 

during its operation time, leaving space for other parts to be cured at the same time. In Table 13 there 

is presented the mould information, including the consumables that are specific for the mould. 

Table 12 – ATL/AFP and autoclave input values 

 

 

 

 

 

 

 

 

 

 

Table 13 – Composite mould and consumables information 

 

 

 

 ATL / AFP Autoclave  

Is the machine dedicated No Yes/No 

Workers 2 2 Number 

% Dedication 100 66 % 

Floor space 30 60 m2 

nº of units 1 1 Number 

Acquisition cost 1000000 2000000 € 

Power consumption 500 1200 kW 

Cycle time 6,55 / 5 14 h 

Maintenance 10 % 

Overheads 40 % 

% Allocation for part 55 60 % 

Mould Number 1 Units 

Mould cost 30000 € 

Mould setup 5 hr 

Consumables 10 €/m2 

Figure 48 – ATL total material input and output Figure 49 – AFP total material input and output 
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6.2. Model validation and analysis to major cost 

drivers 

Now that the calculations and model particularities were explained and analysed, the model has to be 

validated. This validation has to occur in order to guarantee the validity of the results. Therefore, for this 

thesis, validation was performed by varying all the inputs and checking if the cost changes as it is 

supposed to, regarding the formulas that were used to achieve that result. This also gives the opportunity 

to understand the effect that a certain variable has in terms of percentage of the final cost and if it is 

significant. Model validation also included a meeting with industry specialists to discuss the values 

considered and obtained. This allowed improvements to be performed, as well as the achievement of 

results closer to the reality. 

For all the inputs of each model was set a variation from -30 to 30 % of the final part cost. Inputs that 

are in percentage, are set to go from 10 to 100% for the analysis of its variation. Most of the inputs 

influence the final cost directly, which means that when representing the final cost in terms of the inputs 

the analysis has to show that linear trend, as most equations are first degree equations.  

Next, a series of analyses regarding the inputs will be presented, in order to show that linear variation 

of some of the cost drivers and parameters. Most of the times there is a similar influence from two or 

more inputs, which leads the lines to be overlapped and making the colours of the lines difficult to 

distinguish. 

In the case of the aluminium model, since the cost for a metal aircraft part has been studied throughout 

the years and doesn´t change that much (due to design experience), the maximum variation that an 

input can set to the final cost is around 10% for the 30% variation of the input. As the results will show, 

specifications regarding the material, the part design, the machines used in an operation or any other 

that has to do with this three, like allocation, will have the strongest effect in that final variation of an 

aluminium production part. To maintain the analyses comparable, the boundaries in terms of cost were 

set between 16000 and 21000 € when the variation is between -30 and 30%. 

In Figure 50, it is presented the sensitivity analysis to the part design parameters regarding the 

aluminium model. Considering that for the test case the final cost reached was 18415 € per part, the 

part surface area was set to vary from 14 to 26 m2 and the height of the part from 3,5 to 6,5 mm. 

Therefore, it is possible to see from the slopes that the change in part surface area will have a slightly 

larger effect on cost than height, around 10% at the peak against 9% regarding the influence of the 

height. The reason for this difference can be explained if it is taken into account that although both of 

them are direct variables in the calculation of part volume, the part surface area also changes the litres 

of paint used for the part.  
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Figure 51 for its turn shows the influence of aluminium material information in the cost. Just as it is 

expected the slope for the scrap price is negative. This has to do with the fact that the scrap is sold, and 

taken as a revenue. Since the value at which the scrap can be sold is not very high, this input has little 

effect on the final result. However, the aluminium density and its cost per kg show an influence compared 

to what was seen for both of the inputs regarding part information (maximum around 10%). In the 

analysis it is almost imperceptible, since the lines are one above the other, but the density has a slightly 

higher impact than the material cost per kg. 

 

 

 

 

 

 

 

Regarding the JIG and inspection data that is taken as input in both the JIG placement and inspection 

micro blocks, Figure 52 shows the representation of its impact on cost. Comparing with the inputs that 

were previously analysed, these ones show less influence in the final cost. The variation in the time for 

setting up/placing the part into the JIG, as well as the time that the part spends in inspection also lead 

to a constant variation in cost. Nevertheless this variation is very small in overall, which can be observed 

in the analysis above, where the cost seems to remain almost constant for these two variables. The 

number of required JIGs and the unitary cost of the JIG, for their turn lead to the same variation in cost 

(around 2% for the maximum input variation). This has to do with the fact that the product of these two 

variables allows the calculation of the investment in tooling, and this investment is, in this case, small in 

comparison to the total part production cost. Therefore, for cost purpose, it would be the same to have 

Figure 50 – Sensitivity analysis regarding the Aluminium Part design parameters 

Figure 51 – Sensitivity analysis regarding the aluminium material information 
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one JIG with the price of 500000 € or two JIGs for half the price. Again, as the variables show a similar 

influence in the cost, the lines are overlapped. 

 

 

 

 

 

 

 

 

The input values that were presented in the test case chapter, where the model values are specified, 

were from the machining and penetrating liquids steps. Besides machining being the main operation of 

the process, these two blocks present some of the inputs that most influence the final cost. Therefore, 

their sensitivity analysis is represented below. First in Figure 53 and Figure 54, there is the usual 

variation of the inputs from -30 to 30%, then in Figure 55 and Figure 56 there are the inputs that were 

considered in terms of percentage and therefore are set to change from 10 to 100%. The analyses are 

separated due to the different type of variation that was set for the variables. For the last ones the 

boundaries stand between 16000 and 38000 €. Therefore, considering the first analysis that is 

performed to both operations, it is possible to observe that just like in the case of tooling investment, the 

cost of the machines and the number of machine units that are required in each one of the blocks are 

the main inputs. For machining, the machine inputs (units and machine cost) produce a change of 5% 

at the maximum variation whereas the penetrating liquids ones produce a change of around 2%. Since 

the variation of machine units and machine cost is similar, the lines are superposed. The other inputs 

such as time, energy, floor space or the number of workers show little impact on this variation compared 

to the two inputs previously analysed. 

Figure 52 – Sensitivity analysis regarding the JIG and inspection data 

Figure 53 - Sensitivity analysis to Machining block inputs Figure 54 - Sensitivity analysis to Penetrating liquids block inputs 
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Finally, in the analyses in which the inputs are in percentage, there can be observed a great impact 

regarding the allocation of the line for that certain part. In both operations this allocation will influence 

the final cost of the investment in machines, and when the value reaches 100% it means that the 

machines are fully dedicated to the part that is being considered. Therefore, a machine dedicated to 

producing only one part will have its cost totally charged for that part. Since in the machining case the 

machine is much more expensive than the machine used in penetrating liquids inspection, also the 

influence of the allocation in cost is clearer for that step of the process. By having the allocation at 100% 

for the machining line, the cost of the part almost doubles. Overheads and maintenance are dependent 

on other costs and were estimated. Therefore, a more refined estimation of this values can lead to a 

different part cost. However, since these inputs where considered to be constant throughout the process 

and for the three models, when performing comparisons this doesn´t present an issue.  

 

Just like the previous analyses were obtained for the aluminium cost model, both AFP and ATL models 

had to be validated in the same way. To maintain the analyses, regarding the composite models, 

comparable between them, the boundaries in terms of cost are set between 20000 and 32000 €. This 

also has to do with the final cost reached for each of the models, being 26556 € for the ATL one and 

26324 € for the AFP. Since the inputs are almost the same for both models and affect the final cost in a 

similar way, only the analyses for the ATL model will be shown. First, as it was accomplished for the 

aluminium one, the variation of part information inputs is performed (see Figure 57). Part surface area 

is still present, but the other inputs are the number of layers of material rather than the height of the part, 

and also the efficiency of the lay-up. In this case, both the part surface area and the number of layers 

lead to a variation in the cost of around 19% for the 30% variation of the inputs, being the surface area 

slightly more significant. Efficiency for its turn doesn´t show a linear trend, being dependent on the 

complexity of the part and the theoretical lay-up rate that also doesn´t show a linear behaviour. As it is 

possible to observe from the data that is presented, efficiency was set to vary from 10 to 100%. As it 

was previously explained, the more complex the part is, the lower the efficiency regarding the lay-up 

rate is, which means more time to lay the plies. Since time has impact on several costs, like machine 

and labour cost, the total part cost will decrease when the efficiency is higher and vice-versa. 

Figure 56 - Sensitivity analysis to Penetrating liquids percentage 
values 

Figure 55 – Sensitivity analysis to Machining percentage values 
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In opposition to what happened in the metal model that was analysed above, in this case the scrap price 

shows a positive slope as expected (see Figure 58). Since the scrap material is waste and it is necessary 

to pay to get rid of that waste, the increase in its price will lead to an increase in the final cost. However 

this price is not high enough to produce a great impact on the final result. Another input that doesn´t 

seem to have such an influence on the cost is the areal weight of the carbon fibre. Just like the cost per 

kg of aluminium is one of the main inputs, also the cost per square meter of carbon fibre is crucial when 

determining the part cost (18% variation ate the 30% peak). Due to the carbon fibre being more 

expensive than the aluminium, this influence is stronger for ATL and AFP models than for the metal one. 

This occurs, even though the part weight for the latter is slightly higher. 

 

 

 

 

 

 

 

 

 

 

Figure 57 – Sensitivity analysis regarding ATL part design information 

Figure 58 – Sensitivity analysis regarding carbon fibre information 
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Mould information in this case is not very relevant, mainly due to the fact that the mould cost is very low 

when compared to other costs. Therefore, also the preparation time and the consumables required for 

the mould show little influence in the final outcome. 

ATL/AFP and autoclave inputs were the ones presented in the test case chapter, where the values 

considered for the application of the model are specified. Besides ATL/AFP being the main operation of 

the process, these steps present some of the inputs that most affect the final cost. Therefore, its 

sensitivity analysis is presented in Figure 59, Figure 60, Figure 61 and Figure 62. Percentage inputs are 

again showed in separated analyses for better understanding, and the boundaries for that type of 

analyses is set from 24000 to 32000 €. Regarding the first two analyses, workers, floor space, energy, 

and machine/setup time, lead to almost imperceptible changes in the final cost of the part. Again, the 

inputs that have higher impact are the machine cost and number of machines used for that operation. 

The fibre placement machine shows an impact of 2% at the maximum variation and the autoclave 

machine, which is slightly more expensive, accounts for 3% at the same rate. When comparing this 

variation in terms of percentage with the one produced by the machine used for machining it is possible 

to conclude that they are really close, especially when considering the much higher price of that 

machine. This has to do with allocation. Since there are more diversity and quantity of parts being 

produced in aluminium rather than in composite, the allocation of the machines for composite parts 

cannot be lower than a certain value. Whereas for metal production, there are several types of parts 

being produced on that machine, which lead to allocation and consequently cost being spread across 

those parts. Another thing that is important to highlight is the fact that machine time only appears in the 

autoclave analysis. Machine time for the fibre placement is dependent on the lay-up rate formula, as 

well as the part surface area, the number of layers and the part weight, which means that the change in 

that time was already considered in the analyses above when varying the surface area and the layers.  

 

Figure 59 - Sensitivity analysis to ATL block inputs Figure 60 - Sensitivity analysis to Autoclave block inputs 
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Regarding the latter two analyses there is nothing much that can be added rather than the fact that for 

autoclave, its occupation is a required input, which affects the energy cost. Other than that, it is possible 

to observe that the allocation carries out an important role, as it was explained previously. The higher 

price of the autoclave leads to the higher slope regarding allocation. In opposition to metal cost model, 

machine investment does not seem to have that much of an impact on the final cost, but that is analysed 

further ahead.  

 

In Table 14 there is a summary regarding some sensitive costs from the aluminium and ATL models. 

Allocation is also one of the inputs that most influences the final cost, but is not presented in the table 

since it’s a percentage input and its variation is performed in a different way than the ones showed. The 

analysis and comparison regarding the impact of these inputs in cost was accomplished above. 

 

Table 14 – Summary of some main inputs 

 

 

 

 

 
% Variation 

Input 

% Variation 

Aluminium Cost 

% Variation 

ATL Cost 

Final Cost 

Aluminium 

Final Cost 

ATL 

Material Cost (per 

kg/ per sqm) 

30% 

10% 18% 20156 € 31368 € 

Machine Cost 

(machining/ATL) 
5% 2% 19370 € 26933 € 

Surface Area 10% 19% 20147 € 31703 € 

Figure 61 - Sensitivity analysis to ATL percentage values Figure 62 - Sensitivity analysis to Autoclave percentage values 
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6.3. Final results 

By allowing the determination of part cost through a set of technical data, process based cost models 

provide the tools for analysis, comparison and consequently decision making regarding a certain 

production method / material / technology. Therefore, the cost drivers must be identified in order to 

understand the implications of implementing a new technology and also consider hypothetical scenarios 

and improvements. 

When validating the model, the final part costs for each one of the models were already presented: 

18415 € for the aluminium cost model, 26556 € for the ATL model and finally 26324 € for the AFP one. 

As the main goal of this thesis remains in studying the possibility of producing aviation parts in composite 

by comparing its cost with the one from parts produced in aluminium, a proper analysis and 

decomposition of these costs needs to be performed. Since the total cost is divided into variable costs 

and fixed costs that are then sub-divided into a more detailed set of costs for the three models, this 

information is summarised in Table 15 and Table 16 for the aluminium model that is analysed first. The 

costs presented are per part, and were obtained for a production volume of 100 parts. The first table 

shows each one of the variable costs that summed up give a cost of 7984 € (43% of the total cost). 

Fixed costs are presented in the other table and represent 57% of the total cost (10 431 €). From this 

data it is possible to assess the preponderance in terms of percentage of each cost, both in the final 

part cost as well as regarding the total of the variable and fixed costs. Looking again at Table 15 and 

Table 16, which present the latter information it is possible to observe that material cost dominates the 

variable costs, whereas the machine cost represents more than half of the fixed costs. If consumables 

were somehow considered as being material, therefore this cost will even be bigger. However, in this 

case, material cost only accounts for the aluminium that is used, categorizing costs like paint as 

consumables. Another relevant cost is the overhead cost, although it represents a percentage of the 

other fixed costs that in this case was considered to be fairly high (40%).  

Table 15 – Aluminium model variable costs and respective percentages 

 

 

 

 

Table 16 – Aluminium model fixed costs and respective percentages 

 

 

 Cost values % of the variable costs 

Material Cost  5 629,96 €  71% 

Consumables cost 1 213,77 € 15% 

Labour Cost  332,81 € 4% 

Energy Cost  807,06 € 10% 

 Cost values % of the fixed costs 

Main Machine Cost  5 631,30 € 54% 

Tooling Cost  689,22 € 7% 

Fixed Overhead Cost 3 051,30 €  29% 

Building Cost  477,10 € 4% 

Maintenance Cost  582,12 €  6% 
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Finally, if Figure 63 is analysed, where the percentages of each cost are accounted for the total cost, 

the same conclusion is reached: material and machine costs represent the main cost drivers and are 

the most important ones when considering possible improvements. Together they represent more than 

60 % of the final cost. As it was possible to see from the variation of inputs, this is an expected result. 

When varying inputs that were related to the machine or the aluminium, as well as the part information 

that lately influences the material used, the cost would change the most when compared to other inputs. 

This has to do with the high costs of most of the machines regarding this process, like the ones used 

for machining or painting. The machine cost could even be higher if it wasn´t for the low allocation that 

all the machines have, which spreads its cost for other parts. The preponderance of the material cost 

has to do with high technical scrap (50%) produced in the machining part of the process. Furthermore, 

the aluminium used in aviation is usually aluminium-lithium, with no recycled content, and therefore with 

a higher cost. Also the price at which the scrap is sold is low when compared with the one that was paid 

initially. Therefore, this revenue shows almost no influence in the final cost. Although the focus is on 

these costs (material and machines) when trying to reduce the price of a part or implementing the 

technology at an attractive price, the other costs cannot be neglected.  

 

 

 

 

 

 

 

  

 

 

An analysis regarding the cost of each step of the process can also be performed. In Figure 64, the cost 

values for each operation are then displayed in blue. As it is possible to observe, the main costs come 

from blocks that require the use of expensive machines, tooling or a great amount of material. Machines 

are mostly required in the case of machining, inspection penetrating liquids, surface treatment and 

painting, whereas tooling is only considered for the JIG placement. The total cost of the raw material for 

its turn is all considered to be part of the JIG placement, machining, inspection and part adjustment 

macro block, which explains this cost representing more than half of the total cost of the part. The 

revenue obtained from the cost of scrap is included throughout the process for each one of the blocks 

in which there is technical or non-quality scrap. Blocks that don´t include machines or consumables, like 

Figure 63 – Aluminium model percentages of the total cost 
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final inspection for example, show little influence of its cost in the final result, mainly due to the fact that 

only labour and building costs are relevant for that particular case. 

Since material cost represents almost 31% of the total cost of the aluminium part, it has to be bought at 

the beginning of the process and its scrap sold at the end of it, it is reasonable that this cost has to be 

detached from all the others and represented individually. This will allow the understanding of its 

importance while also facilitating its comparison with the composite material cost from the other models. 

The red cost drivers in Figure 64 then represent the costs per process block without the material 

included. Comparing with the blue values were material cost is accounted, it is possible to observe that 

all the costs, besides the ones where the raw material or the paint were included, show a little increment 

due to the fact that the revenue from scrap is not included anymore. Also, it is possible to see that 

material cost represents more than half of the cost of the block were machining is included. In  

 the material cost/revenue for each of the process blocks is presented. These values represent the 

deviation between the blue and red costs shown in Figure 64. 

 

Table 17 - Aluminium cost per process block 

 

 Material Cost 

Material reception and drilling -9 € 

JIG placement, machining, inspection and part adjustment 5645 € 

Inspection penetration liquids -6 € 

Shape testing and peening/conforming -7 € 

Surface treatment and painting 7 € 

Edge trimming and processing -1 € 

Final inspection -2 € 

Figure 64 – Aluminium model costs per process block with and without material cost 
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Next the same analyses are carried for the composite models. First for ATL and then a more resumed 

one for AFP, even though the costs are very close to each other, having only some minor changes due 

to the technical scrap and lay-up rate differences. In Table 18 it is presented each one of the variable 

costs that account for 69% of the total costs (18441 €), whereas the fixed costs represented in Table 19 

give a cost of 8115 € when summed up (31% of the total). In the ATL model, just like in the aluminium 

one, material cost accounts for most of the total variable costs, 93% (see Table 18). The difference is 

that in this case the variable costs represent a bigger cost than the total cost of the part produced in 

aluminium itself. However, in ATL and AFP models, consumables cost are included in the material cost, 

as well as the cost of glass fibre and copper. From the total of the material cost, 94% comes from the 

carbon fibre cost. The consumables were considered in material cost as a simplification, since the only 

consumables cost comes from the one required for the mould. Glass fibre and copper were also 

considered in this cost, as they are secondary materials used in the process that end up not showing 

great effect in the final cost. Since there is not much scrap and what has to be paid to get rid of it is a 

small value, this cost has very little relevance. In fixed costs, again the machines and the overheads 

represent the main costs (see Table 19). Although the percentage regarding the machine cost is bigger 

than when compared with the aluminium one, looking at the cost values it is possible to see that the 

machines in the metal one represent a higher cost. This becomes even more evident when observing 

the total costs in Figure 65, where the material cost accounts for more than half of the total in percentage 

(64%), whereas the machine cost represents “only” around 19%. The material percentage is more than 

the double of the one for the first model analysed. Even though there is not much technical scrap in both 

composite production technologies, the price of carbon fibre prepregs is very high. That is what leads 

this cost to such higher values. For this model, tooling represents a very low cost, due to the price of the 

moulds that are cheaper than the JIGs used for aluminium production.  

Table 18 – ATL variable costs and respective percentages 

 

 

 

 

Table 19 – ATL fixed costs and respective percentages 

  

 

 

 

 

 

 Cost values % of the variable 
costs 

Material Cost  17 109,65 € 93% 

Scrap cost 82,54 € 1% 

Labour Cost  427,12 € 2% 

Energy Cost  821,34 € 4% 

 Cost values 
% of the fixed 

costs 

Main Machine Cost  4 947,45 € 61% 

Tooling Cost  44,51 € 1% 

Fixed Overhead Cost 2 378,01 €  29% 

Building Cost  232,34 € 3% 

Maintenance Cost  512,69 € 6% 
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From Figure 66 presented above it is possible to observe that the percentages regarding the AFP model 

are really close from the ATL model and only vary some decimal percentage points. 

 

 

 

 

 

 

 

 

 

 

Just like for the aluminium machining PBCM, also for the ATL cost model the costs are divided 

throughout the process for each one of the process blocks (see Figure 67). Regarding the blue values, 

material cost is spread through the model and allocated to the operations that most use the respective 

material. For example the copper and glass fibre cost is represented in the step where it application 

takes place, and the same occurs for carbon fibre and the fibre placement. Again, and as it is expected 

now that the variable and fixed costs were carefully analysed, the blocks that account for the higher 

preponderance in terms of cost are either the ones that use carbon fibre as a material or the ones that 

need an expensive machine to complete its task. Therefore, besides the fibre placement block that 

nearly dominates the total cost, the autoclave block represents a significant cost due to the cost of the 

Figure 65 – ATL percentages of the total cost 

Figure 66 – AFP percentages of the total cost 
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autoclave itself. Since the application of copper and glass fibre is made by hand and the material quantity 

required of each one of the materials is small, these costs fall short when compared with the others. 

Another thing that is necessary to refer when comparing this model with metal one is that painting is an 

operation that is not considered here. However, the boundaries of this study were set to end before the 

assembly, and for composites the painting step is done afterwards. 

In this model, where the material represents more than 60% of the final part cost, it is also reasonable 

to isolate this cost from the other operation costs. Other than that, it is also required to obtain some data 

regarding the division in material cost, to understand the effective importance of carbon fibre in the cost 

outcome. As it is possible to observe, from Figure 67, the carbon fibre cost accounts for almost all the 

cost that was being considered in the fibre placement block. The other cost that changes, besides the 

fibre placement and the two application blocks, is the NDT where some material is used to allow the 

rework of the part. In  

Table 20, the material cost per process block is shown, which represents the cost deviation regarding 

the blue and red values. From the total of approximately 17110 € that have to be spent on material, 

16041 € are related to carbon fibre, which accounts for nearly 94% of the total material cost.  

Table 20 – ATL material cost per process block 

 Material cost 

Reception check and storage 0 € 

Application of copper and GF layers and vacuum bagging 980 € 

Fibre placement 16035 € 

Application of GF layers and vacuum bagging 88 € 

Autoclave 0 € 

Demoulding finishing and adjusting 0 € 

NDT 6 € 

Figure 67 – ATL costs per process block with and without accounting for material cost 
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Due to the similarity and that exists between both composite models, AFP costs are only briefly 

explained. Figure 68 shows the division of costs regarding the process blocks for the AFP model, with 

and without the material. As it is expected, there is a slight decrease in the cost for the fibre placement 

block when compared to ATL. There are two main reasons for that to happen. The first has to do with 

the lower technical scrap considered for the AFP technology, which leads to less material being required. 

The other one is related with the higher time spent laying the plies for ATL when compared to AFP. Most 

of the other costs remain almost the same as in the ATL model, with changes of less than 0,2% 

 

 

 

 

 

 

 

 

Even though, when varying the inputs, time didn´t show that great of an influence on the final cost, it is 

one of the important variables regarding production processes. One of the examples is the impact on 

the annual production time / line time required that will, therefore, influence the uptime or the allocation, 

depending on the way the values are calculated. Since the uptime cannot be higher than the available 

time that was considered for these models, the allocation for the part has to be carefully specified to 

avoid this situation to occur.  

In Table 21 there is a representation of the division regarding the total time that it takes to produce one 

aluminium part. The cycle time for each one of the blocks is presented in hours and also in terms of 

percentage of the total time. For a final time per part of around 42 hours it is possible to observe that 

the stages that consume more time are also the ones that show a higher cost (already excluding material 

cost), except for the shape testing and peening. These steps are: JIG placement, machining, inspection 

and part adjustment (28%); inspection penetration liquids (17%); shape testing and peening (14%) and 

the surface treatment and painting (21%). Figure 69 for its turn shows the cost of each block per hour 

of process block, again not accounting for the material cost. Even though the block where machining is 

included is the one that has a higher total cost, when considering that it is also the one that takes more 

time to be carried this cost is spread through those hours and the cost per hour stands at 482 €. 

Inspection penetrating liquids for example, has a lower total cost, but since it takes less time to be 

performed its cost per hour is slightly higher than the machining one. Also, inspection penetrating liquids 

and surface treatment and painting have almost the same cost. However, the time spent on the last one 

is longer which leads to lower cost per hour. 

Figure 68 – AFP costs per process block with and without accounting for material cost 
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Table 21 – Aluminium cycle time values and percentages 

 Cycle time Cycle time % 

Material reception and drilling 3 7,2% 

JIG placement, machining, inspection and 

part adjustment 
12 27,8% 

Inspection penetration liquids 7 16,9% 

Shape testing and peening/conforming 6 14,4% 

Surface treatment and painting 10 24,1% 

Edge trimming and processing 3 7,2% 

Final inspection 1 2,4% 

 

 

 

 

 

 

 

 

 

 

The same analyses regarding time is performed for ATL and AFP. Both processes consume more time 

than the aluminium one, as ATL takes around 48 hours to produce a composite part whereas AFP 

spends 46 hours to produce the same part. The analysis in terms of hours and percentages of the total 

cost are presented in Table 22. For these models, most of the stages take almost the same time, except 

for the autoclave one where the part needs to spend most of the time in the autoclave in order to be 

cured. Therefore, this block accounts for around 29% and 30%, respectively for ATL and AFP. 

Comparing ATL with AFP it is possible to observe that the only time that changes is the fibre placement 

one, which has to do with the different theoretical formulas used to calculate the lay-up rate for each 

one of them. As for the aluminium cost model, in Figure 70 there is the decomposition of the process 

blocks cost without accounting for the material. As an example, the higher cost of autoclave operation 

is broken down into the 14 hours to a cost of 236 €. Also, since the time for laying the plies is shorter for 

AFP, its cost per hour will be bigger.  

 

Figure 69 – Aluminium Costs per process hour 
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Table 22 – ATL and AFP cycle time values and percentages 

 Cycle time ATL Cycle time ATL % Cycle time AFP 
Cycle time 

AFP % 

Reception check and storage 4 8,4% 4 8,7% 

Application of copper and GF 

layers and vacuum bagging 
6 12,6% 6 13% 

Fibre placement 6,55 13,8% 5 10,9% 

Application of GF layers and 

vacuum bagging 
6 12,6% 6 13% 

Autoclave 14 29,4% 14 30,4% 

Demoulding finishing and 

adjusting 
5 10,5% 5 10,9% 

NDT 6 12,6% 6 13% 

 

 

 

 

 

 

 

 

It is important, regarding the data that is possible to obtain from the models designed, to understand the 

sensitivity of cost when a variation in the production volume is introduced. PBCMs, like the ones that 

were developed, allow these sensitivity analyses to be performed. Therefore Figure 71, Figure 72 and 

Figure 73 show the analyses were that variation is applied, respectively for aluminium, ATL and AFP 

cost models.  

The red line represents the way costs are being calculated to obtain the data for this thesis. Therefore, 

when varying the production volume, the part cost shows that tendency of decreasing cost that will end 

up being constant when the production volume goes to infinite. In this case, the allocation stays constant, 

as the production of a complete plane requires that when incrementing the production volume of a part 

all the others are also incremented.  

The blue line for its turn represents a possible situation where the uptime would be equal to the available 

time (22,4 h per day) in all stages. Therefore the idle time would be zero. This is the desired situation, 

Figure 70 – ATL and AFP costs per process hour 
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since it would mean that the line has always work to be performed and therefore the capacity of the line 

is being completely exploited. For this case, the uptime is constant instead of the allocation and therefore 

allocation is achieved through Equation (4). An almost constant value for the part cost is then achieved. 

This value represents the bottom cost boundary of the part for this situation. Since the capacity cannot 

be exceeded the cost would never go under this line. The reason for this cost to be almost constant is 

due to the allocation being very small for all the operations. Therefore, the fixed costs show a strong 

reduction. This nearly constant value then represents this low value regarding the fixed costs plus the 

variable costs that were already being considered and that don´t change for part cost when the 

production volume is incremented.  

Finally, the green line is referred to when the line/plant is dedicated to producing that specific part 

(allocation of 100% in all steps). This would mean that the investment regarding the machines or the 

building is totally allocated to the part. Fixed costs then show a tremendous boost, whereas variable 

costs stay the same. This part cost values number amount of parts with only dedicated machines, would 

mean an enormous cost that would be unaffordable for every company.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 72 - ATL model cost boundaries for the global process 

Figure 71 – Aluminium model cost boundaries for the global process 
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The last analysis that is performed and discussed has to do with the material, more precisely with carbon 

fibre. Since this specific material accounts for great part of the composite models part cost, it is of 

extreme need to understand its future perspectives. The carbon fibre prices have suffered from 

fluctuations since 1990, due to the tight supply and demand. This occurs since producers are only 

increasing the production/supply capacity when the prices have risen to a level that warrants the 

investment required. Therefore, the possibility to have a lower priced product for a wider range of 

applications tends to fall short. To allow the carbon fibre industry to expand and move forward, the prices 

need to stabilise at a reasonable price [57]. Therefore, in the last years, positive signs have been showed 

by carbon fibre manufacturers, as they are developing expansion programmes to increase the capacity, 

which may lead to a decrement in cost, as well as a stability period [58]. The reduction regarding the 

price fluctuations leads aircraft companies, like Boeing and Airbus, to show the confidence in this market, 

placing orders for five to ten years and constantly increasing the demand year after year [59]. 

With that being said, as one of the objectives regarding this work is to assess the competitiveness that 

a part produced in composite can have regarding the same one produced in aluminium, a hypothesis 

analysis is presented in Figure 74. As it is possible to observe, if in the future, due to the growing use of 

composites not only in aviation but also in several other industries, the price of carbon fibre saw a 

reduction of, for example, a half of its price per square meter, the total cost of the part would be almost 

the same as the aluminium one. This would represent a decrement of 30% in the ATL final part cost. 

Therefore, the potential for the use of composites would be tremendous, also having in mind the 

reduction in aircraft weight and fuel consumed, as well as the reduction in aircraft maintenance time and 

expense that are not considered in this thesis. 

 

 

Figure 73 - AFP model cost boundaries for the global process 
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6.4. LCA application and Environmental Results 

As revised in chapter 2, the LCA application is performed in four main steps. Therefore, these steps are 

presented and explained ahead. 

First, the goal and scope of the analysis have to be defined. Since one of the purposes of this thesis is 

to carry an analysis in which metal and composite parts are compared, an environmental study is vital 

as nowadays sustainability and environmental issues are a rising concern for most aircraft companies. 

In this section, it is compared/assessed the environmental performance of aluminium and composites 

through the evaluation of a partial part of their life cycle. As the scope for the cost analysis was defined 

to start in the reception of the material and end right before the parts are assembled, also the 

environmental analysis has a similar scope. Therefore, it starts with the material extraction, considers 

the production phase and doesn´t consider the assembly step either, as well as not considering the use 

phase and EOL of the part. A cradle-to-gate approach is then applied. 

The two alternatives that were considered and then assessed with the support of SimaPro are the same 

considered for the cost comparison. Therefore, the production of parts in aluminium is compared with 

the production of parts in composite, this time in an environmental perspective. For simplification only 

the ATL data is specified for this study, but if AFP was considered the results would be very similar, since 

the resources calculated from the PBCM are similar.  

The functional unit in this analysis is the production of one part. The specification of the inventory (LCI) 

for each process is the next step and was obtained from the cost model. For both the hypothesis, the 

inventory comprises the quantity of material used and wasted to produce each part. Therefore, for the 

metal part, 580,5 kg of material were required at the beginning of the production process, being 270 kg 

the weight of the final part. 310,5 kg of material are sold with the possibility to be recycled. In the 

composite part for its turn, three materials have to be considered. As the final part weight achieved is 

207,6 kg, 150 kg come from carbon fibre material, 33 kg from copper and 25,6 kg from glass fibre. The 

material scrap is considered to be incinerated, since recycling is not usually performed for composites 

[60]. The aluminium that was considered was already available on the Ecoinvent database. In 

Figure 74 – ATL Variation of the total cost in function of the 
carbon fibre price percentage variation 
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opposition, the carbon fibre has to be modelled in the software, considering the polyacrylonitrile fibres 

(PAN) and the energy required for this production process. 

The energy that is consumed throughout the process, for each step is also summed up for a global 

process energy determination. Therefore, 8967,5 kWh were considered for the aluminium model and 

10970,6 kWh for the composite one.  

The net of resources for both the production of aluminium and carbon fibre parts is presented in Figure 

75 and Figure 76, respectively. In these net of resources, it is represented the impact of producing only 

1 kg of the part. For the analyses that are carried next the impact of the total part weight is then 

accounted. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding the LCIA, which is the third step of the LCA framework, both midpoint and endpoint analysis 

were performed. It was selected one of the methods available on the SimaPro software (ReCiPe) and 

then obtained the categories for each one of the analysis. To facilitate the analysis and interpretation of 

the results, normalization of the values was performed.  

Figure 76 – Net of resources regarding the composite production 

Figure 75 – Net of resources regarding the aluminium production 
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In the midpoint analysis, the environmental impacts are assessed through 18 categories that were 

computed from the net of resources of both processes. These categories are: climate change; human 

toxicity; ozone depletion; terrestrial acidification; freshwater eutrophication; marine eutrophication; 

photochemical oxidant formation; particulate matter formation; terrestrial ecotoxicity; freshwater 

ecotoxicity; marine ecotoxicity; ionising radiation, agricultural land occupation; urban land occupation, 

natural land transformation; water depletion, metal depletion and fossil depletion. As it is possible to 

observe from Figure 77, in blue lines there are presented the impacts from the production of aluminium 

parts and in orange the ones from the production of carbon fibre parts. 

 

 

In the endpoint analysis only three categories are considered: damage to human health; effect in the 

ecosystem and resources depletion. Figure 78 shows a representation of the impact from these 

categories for each of the hypothesis. 

 

 

 

 

 

 

 

Figure 77 – Midpoint analysis for both alternatives 

Figure 78 – Endpoint analysis for both alternatives 
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From the interpretation of the data that was presented above, it is possible to conclude at first sight that 

the impact of the composite part production to the environment is significantly higher when compared 

to the impact from the aluminium part. From the 18 categories that were considered for the midpoint 

analysis, the composite part shows a higher impact in 12 of them. However, in the climate change 

category, one of the most important as it represents the global warming potential, there is a slight 

advantage from the composite production. In the endpoint analysis, also the metal production seems to 

have less impact to the environment, with a difference of almost a point of impact. The ecosystems 

category shows almost the same influence, but the resources depletion category is the one that 

determines that big of a difference in the final outcome.   

The results that were obtained are driven by one main aspect: the fact that aluminium can be recycled 

even though it has a high volume of scrap, whereas composite, which doesn´t produce that much scrap 

has to be incinerated. 

The question that lies is whether the environmental impact regarding the use phase and EOL of these 

parts, is capable of balancing these results that were obtained for the production phase. One of the 

important specifications is the fuel that would be spent with less weight that composite parts allow. 

According to L. Scelsi et al. [61], which performed an LCA for the total lifecycle of aluminium, Carbon 

Fibre Reinforced Polymers (CFRP) and Glass Laminated Aluminium Reinforced Epoxy (GLARE) aircraft 

panels, composites use can lead to a reduction in the environmental impact in comparison to aluminium. 

The main reason for that to occur comes from the save in fuel consumption during flight, which is allowed 

by the weight reduction. In that study, the panels were assumed to be installed in a civil aircraft with a 

lifetime of 30 years and a daily range of 14 000 km. An impact score was obtained and is represented 

in the left side of Figure 79. In the right side of the same figure, it is shown the distance that needs to be 

travelled for composites to be environmentally preferential in respect to aluminium (break-even). These 

distances were 70 000 for CFRP and 240 000 km for GLARE. 

 

  

 

Figure 79 – Environmental impact of Aluminium, CFRP and GLARE aircraft panels and the respective break-even [61] 
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7. Conclusions and Future work 

The main focus of this thesis was to assess the economic performance regarding the production of parts 

in aluminium and composite materials for the aerospace industry. Therefore, a study regarding the 

possible technologies used to produce parts from both materials was performed. As machining, ATL and 

AFP were considered, three Process Based Cost Models were built in order to allow the decomposition 

of costs throughout the process and to understand how the cost of the part is affected by several 

parameters. The models that were developed, relate inputs regarding part, material, machines, labour, 

etc., which were specified for each step of the process, to achieve a final cost per part. Industry visits to 

aircraft manufacturers were done, to understand the production processes and validate the models and 

results. 

With the cost prediction tools built for this work, several materials, processes and part designs can be 

tested, therefore forecasting the consequences of hypothetical improvements or developments. This 

type of cost models are developed in order to assist/support designers/engineering in decision making, 

avoiding time-consuming and investment in prototyping. In this thesis, the economic viability of 

producing a part in composite rather than in aluminium is estimated, while studying the impact of future 

perspectives.    

The PBCM approach started with the specification of product characteristics, like part geometry and 

material properties. Then, the processes required for its production were modelled regarding the 

material consumption, cycle time, equipment specifications, etc. These were obtained by using 

theoretical and empirical relations correlating the properties of the part and the requirements of the 

involved technologies. The operations model was then build up, by adding inputs regarding the operating 

conditions of the plant considered. The process requirements were linked with the industrial context in 

terms of available equipment, tools, human resources and infrastructures. The next step was to point 

out the resources required for production as the number of machines, tools or workers. The final 

production cost was determined by the financial model involving the introduction of the price factors to 

each cost element and cost computing for each production process. For this work the boundaries of the 

study were defined to start when the material reaches the factory and to end right before the part is 

ready to be assembled. 

The results were obtained for a test part designed especially for comparisons to be possible regarding 

the three production processes, even though ATL is more suited for flat parts, whereas AFP is suited for 

contoured parts. The general and specific process blocks inputs that were used, are either estimated or 

given by an aircraft manufacturer. 

Several sensitivity analyses were developed in order to understand the behaviour of cost with the 

variation of relevant design, process and exogenous parameters and to validate the models with the 

industry. It was possible to observe that the impact of a variation in material, part or machine parameters 

is higher than the impact of a variation in any of the other parameters. These parameters, which show 
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a great influence in the final cost are the ones who present a better opportunity for improvement. Other 

parameter that also shows a determinant role in the final cost is allocation. 

The main cost drivers were identified by process and results showed that the ones with higher impact 

on the final part cost are the machine and material costs. In the composite part, material is the 

predominant cost. Finally, a sensitivity analysis regarding the production volume was obtained for the 

three models, as well as the top and bottom cost boundaries from the models. As it was expected, the 

part cost shows a tendency to decrease as the production volume increases, ending up being constant 

when the production volume goes to infinite. The maximum cost for the part was obtained for when the 

machines are all dedicated, whereas the minimum cost is achieved for when all the available time of the 

line is being exploited. 

Regarding the main goal of comparing the production costs of aircraft parts produced in composites vs 

aluminium, results showed that the composite parts represent a significantly higher cost. However, the 

future perspectives of the carbon fibre market show a tendency regarding the decrease and posterior 

stability in the price of this material, which could lead to a significant competitiveness between aluminium 

and composites in the production cost of airplane parts.  

From the resources inventory that was possible to obtain with the PBCMs, the environmental impact of 

aluminium and composite parts is achieved and a comparison is performed. This environmental analysis 

was developed in SimaPro, and results were obtained for both midpoint and endpoint analyses. As 

aluminium scrap is recycled in opposition to composite, and also the use phase is not accounted, 

composite parts production shows a slightly higher environmental impact (despite the lower amount of 

material wasted in the process). 

A few suggestions regarding the future work are presented next. The first suggestion is to create 

databases with some of the information that is required. The data from each of the tools possible to use 

in machining, for example, could be compiled, allowing users to select the tool used for that specific 

application. Therefore, the machining time would be calculated with higher accuracy. Also, there could 

be a compilation of parts and materials. With these two databases, less inputs would need to be 

introduced by the user, as part and material related parameters would be previously specified. 

Another suggestion is to broaden the scope of the analysis. First to include assembly and therefore take 

advantage of part consolidation that is possible from composites. Therefore, multiple parts produced in 

aluminium could be produced as only one piece composite component. Then the analysis can even be 

broader if operational costs are considered. Fuel saving, as well as reduced maintenance could then be 

studied in more detail. 

The benefits of composites regarding the design of the part can also be taken into account. Therefore, 

instead of comparing a part with the same design for both aluminium and composite, the composite part 

could be tailor made to exploit its versatility/flexibility in terms of part design.  

Finally, the models developed can be used in actual companies, as only the inputs need to be specified 

and basic knowledge regarding the models is required. In addition, companies own the exact information 
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that needs to be introduced for the cost results to be achieved. With this model refined as it is, technology 

and material forecast is possible. 
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