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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 work 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. 

Keywords: Composite; Aluminium Machining; ATL; AFP; Process Based Cost Model; Lifecycle Assessment 

. 

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, 

such as aerospace and automotive. This significant 

growth is motivated by the exquisite properties that 

these materials show, which lead to the possibility of 

obtaining products with higher tensile strength, lighter 

weight, great corrosion resistance, better surface 

finish and easy processing [1].  

Composite materials show great potential regarding 

the aerospace market, where strength-to-weight 

ratio, 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.  

However, aluminium, as the main material used in 

aerospace since the 30s, still carries out an important 

role in this industry. The vast data and knowledge 

regarding this material allows it to be cemented in the 

industry. 

Like in any other industry, cost plays a vital role in 

aviation. The present work consists in evaluating the 

economic performance of three production 

processes regarding aluminium and composite 

materials, while also creating a tool for decision 

making regarding other parts/materials/processes. 

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 part produced in composite 

relatively to the same part produced in aluminium. 

Also, a comparison regarding the environmental 

impact of both materials is performed through a Life 

Cycle Assessment (LCA). 

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 ATL and AFP.  

2 Bibliographic research 
In this section a research regarding the use of 

aluminium and composites in aerospace is done, as 

well as for the LCA methodology. With the 

emergence of composite materials, there is the 

possibility to review the typical 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 



Page 2 of 10 

 

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]. Aircraft designers also benefit from a significant 

amount of information gathered about manufacture, 

operation and maintenance of aluminium parts, as 

they already know what to expect.  

However, the constant growth in the use and 

development of composites for aviation, has fostered 

the improvement of aluminium alloys so that they can 

compete or be compatible with composites [6]. The 

recent developments in aluminium alloys focus in 

improving mechanical properties, guarantying 

reliability of the material in its service life, preventing 

corrosion and fatigue, and reducing weight, but 

always maintaining high safety and performance 

parameters [4]. 

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 [7] 

2.2 Overview on the use of composites in 

aerospace 

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 they bring. 

One of the main examples of successful use of 

composites in aircrafts, is the Boeing 787, where half 

of its airframe comprises carbon fibre and other 

advanced composites. This led to a weight reduction 

of 20% when compared to the conventional 

aluminium designs. To compete with Boeing, Airbus 

also have the Airbus A350XWB with composite 

fuselage and 53% composite content. The growth in 

the use of composites by Airbus is seen in Figure 1.  

 

Figure 1 – Composite structural weight for several Airbus 
aircrafts 

In the aerospace industry, hand lay-up of prepreg 

fibre reinforcements is still the standard process for 

aerospace composites fabrication [8]. 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 [9]. 

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. 

2.3 Life Cycle Assessment (LCA) 

LCA is a comprehensive method that allows the 

analysis and evaluation of the environmental 

performance of a product throughout its life cycle. 

[10]. One of the LCA possible approaches is the 

“cradle-to-gate” one, where it is only considered a 

partial part of the product life cycle. This 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. 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 

[11]. 

In the 1990s, an LCA framework was defined in the 

ISO 14040 standard (Figure 2). This framework 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 [12].  

 

Figure 2 – LCA framework according to ISO 14040 [10] 

3 Production Methods 
In this section, the three production processes 

considered for this work are presented. As opposed 

to machining, where the material is removed, in both 

ATL and AFP the part is built up by adding material. 

3.1 Machining 

One of the characteristics that make aluminium a 

premium material for aerospace applications is the 

easiness in shaping it, mainly through machining [5]. 
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The process itself consists of removing material by 

means of a cutting tool with sharp teeth until the 

desired shape is obtained. 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 [13]. 

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 ATL 

ATL is suitable for the production of large flat parts 

and is usually capable of laying down 75, 150 or 300 

mm wide uni-directional 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. 

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. 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. 

3.3 AFP 

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.  

In AFP, prepreg tows are fed to the placement head, 

typically from creels located on or near the head [14]. 

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 [15]. 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% [16], [17].  

4 Methodology 

The main goal of this work was to create PBCMs that 

would allow the comparison between technologies 

and/or materials in terms of cost. Another goal was to 

perform an environmental comparison as a 

complement to the cost analysis. In Figure 3, it is 

represented the general methodology used to reach 

those goals. 

In order to develop the models, industry visits were 

carried. One of them was to Carbures that produces 

composite aircraft parts, and uses hand lay-up as its 

fibre placement method. The other one was to 

Embraer, in Évora, where they have one factory 

dedicated to metal production and other dedicated to 

composite production. In an aircraft manufacturer, 

meetings were arranged that allowed the complete 

comprehension of both aluminium and composite 

methods, as well as the estimation of crucial inputs 

and data for model construction and refinement. This 

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 aluminium 

machining. In this study, the assembly of the parts is 

not considered in any of the models, as well as 

operational costs, which are also not considered 

In order to validate the models, sensitivity analyses 

were performed to all inputs. Also, it was used a test 

case with a test part possible to be produced by the 

aircraft manufacturer and with the three processes of 

production. The results of this test case were then 

presented to the company so that legitimacy could be 

given to the work. 

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.  

An LCA was carried as a complement to the 

comparison and to allow the 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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5 Application of Cost Model 

In the next section, Process Based Cost Models will 

be explained in more detail, in order to understand its 

need and application for the development of this 

work. For the sake of this work, the explaining focus 

will be on the aluminium PBCM, but the main 

differences regarding ATL and AFP models will be 

pointed out, as the objective remains in analysing the 

potential of producing parts in composite rather than 

metal.  

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 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 [18]. 

According to Massachusetts Institute of Technology 

[19], a PBCM starts with product description, more 

precisely with characteristics like part geometry or 

material properties. Then, the processes required for 

its production are modelled regarding the material 

consumption, cycle time, equipment specifications, 

etc. These are obtained by using theoretical and 

empirical relations correlating the properties of the 

part and the requirements of the involved 

technologies. The operations model are then build 

up, by adding inputs regarding the operating 

conditions of the plant considered. The process 

requirements are linked with the industrial context in 

terms of available equipment, tools, human 

resources and infrastructures. The next step is to 

point out the resources required for production as the 

number of machines, tools or workers. The final 

production cost is determined by the financial model 

involving the introduction of the price factors to each 

cost element and cost computing for each production 

process (see Figure 4). 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. 

 

 

Figure 4 – Process Based Cost Model approach [18] 

5.2 Aluminium Model 

At the beginning of the model development, relevant 

cost elements had to be defined. These costs are 

divided into variable (material, consumables, labour 

and energy) and fixed costs (machine, tooling, 

overheads, building and maintenance), summed at 

the end to achieve the final cost. 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.   

In Figure 5, there is represented the division 

regarding the line utilization for a day. The most 

important variable, for this case, is the uptime, which 

represents the productive time of the 

line/plant/machine/work.  

 

Figure 5  – Line utilization for a day [18] 

After the cost elements are 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 

Figure 3 – General Methodology 
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micro and more detailed level, the process diagram 

is divided into process blocks (Figure 6), which 

receive a set of inputs that will allow calculations 

related to that block to be carried. Then, this process 

blocks are congregated into macro level blocks, for 

which the cost outputs are accomplished.  

 

Figure 6 – Process flow breakdown 

There will be two types of main inputs entering a 

block: general inputs and specific process inputs. 

The first ones, 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, are inputs related to 

that stage of the process and can vary from one to 

another. 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.  

To be able to determine the part cost, 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 (Equation (1)). 

Number of partsi =
Number of partsi+1

(%passesi+%reworki × %reworkpassesi)
        (1)  

Other intermediate result that is crucial, mainly for the 

fixed costs, is the uptime. It can be calculated from 

Equation (2), where the time required is the product 

between the cycle time and the number of parts, and 

the allocation of the line for that part is an input, which 

remains constant, when the production volume of the 

part is incremented. 

    Uptimei =  
Treqi

Allocation%i

 (2) 

In Figure 7, 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.  

 

Figure 7 – Scrap and rework throughout the process 

Next, some cost calculations are presented. For the 

variables cost, it is presented in Equation (3) the 

calculation of material cost and in Equation (4) the 

calculation of energy cost. 

Matcost[€] =   (Cost 
kg

[€/kg] × Raw material weight[kg] ×

Nº of partsi) –  Scrap [€]                                                       (3) 

Energy_cost =  Treq_i [h] × Power Consumption [kW] ×

Unit Energy cost [€/kWh]                                                                (4) 

Fixed costs, for its turn, are annualised as it is 

possible to observe from Equation (5). The 

investment (I) is divided into a set of payments, with 

an opportunity cost of capital (r=15%), paid during the 

life of the equipment/machine/tool/product/building 

(nj).  

Fixed costji = Ii

(1 + r)nj × r

(1 + r)nj − 1
   (5) 

As an example, the machine investment is presented 

in Equation (6). 

Machine investment =  Acquisition cost × nº units ×

allocation%                                                                    (6) 

Regarding the intermediate results, there is one that 

requires some careful explanation: the machining 

cycle time. For this claculation there are three 

possibilities: 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), as well as the volume/area removed in 

each one the cycle time can be obtained from 

Equation (7); 3) Having the tool data (spindle speed, 

depth and width of cut, tool feed), the machining cycle 

time is obtained in the same way as before but the 

MRR is calculated from the general formulas that can 

be seen in Sandvik website [20]. 

Machining cycle time =

∑ ∑ Volume or area removed
𝑖𝑗

× MRR𝑖𝑗 
𝑛
𝑗=1

𝑚
𝑖=1                     (7)  

5.3 Composite Models 

Below the composite models are studied, especially 

for pointing out the differences regarding the 

aluminium one.  

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 an individual 

cost, because not only it cannot be sold but also the 

company has to pay to get rid of that waste.  

In Figure 8, there is a representation like the one 

accomplished for the aluminium production process. 

The material flow can be traced while understanding 



Page 6 of 10 

 

which operations inside the process blocks produce 

scrap or parts that are possible to be sent for rework. 

 

Figure 8 – Scrap and rework throughout the composite 
process 

Most of the costs are calculated in the same way, 

except for some differences. Material cost, for 

example, differs in the fact that the material is bought 

in a per square meter basis instead of per kg, which 

leads to a slight modification in the equations. 

The main intermediate result that needs to be 

explained is the machine time calculation. As it is 

seen in Figure 9, there are three possibilities: 

introduce the machine time directly; introduce the 

layer time; or using the theoretical lay-up rate (Figure 

10) to obtain the layer time and therefore achieve the 

machine time. As the lay-up rate formula achieved 

from the literature [21] has some limitations, the 

solution implemented was to introduce an efficiency 

parameter that corrects the layer time. 

 

Figure 9 – ATL/AFP machine time calculation 

 

Figure 10 – ATL lay-up rate in function of the surface area 
Modified [21] 

6 Results  
This section begins with the presentation of the test 

case considered for this work, 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. For 

simplification the results are presented for machining 

and ATL, as AFP is very similar to the latter one. 

6.1 Test Case 

Regarding the inputs that were considered to achieve 

the final costs, 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. 

The test part that was chosen to be analysed is the 

one from Figure 11, which is a rough representation 

of an aircraft wing skin. It is a simple part, possible to 

be produced from machining, AFP or ATL, to allow 

the best comparison possible between this 

production processes in terms of costs. 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. 

 

Figure 11 – Test Part 

For the aluminium model, having already the part 

information, the density of the material allows to 

calculate the part volume (0,1 m3) and consequently 

the part weight (270 kg). After estimating values for 

technical scrap, non-quality scrap and rework in each 

process block, it is possible to obtain, both the raw 

material volume and the effective production rate. 

Therefore to obtain the 100 parts per year that were 

specified, 127 need to be produced, whereas the raw 

material that needs to be bought for each part is 

580,5 kg. Figure 12 summarises, both material and 

part losses regarding the complete model. 

 

Figure 12 - Aluminium Part and material totals 
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For ATL, to obtain the 100 parts per year that were 

specified, 117 need to be produced. Regarding the 

material, the carbon fibre final weight is 150 kg, while 

the total weight of the part is 207,6 kg. In Figure 13, 

the summary regarding the part and carbon fibre 

losses is presented. 

 

Figure 13 - Carbon Fibre part and material totals (ATL) 

6.2 Model validation and analysis to major 

cost drivers 

Now that the calculations and model particularities 

were analysed, the model has to be validated. 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, showing therefore a linear 

trend. As an example, the influence of aluminium and 

carbon fibre material information in the final cost are 

presented above. 

For aluminium (Figure 14), the slope for the scrap 

price is negative, as it 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. In opposition, the aluminium density and 

its cost per kg show great influence in the part cost 

result (maximum variation of around 10%). 

 

Figure 14 – Sensitivity analysis regarding the aluminium 
material information 

For carbon fibre (Figure 15), the scrap price shows a 
positive slope, as the scrap material is waste and it is 
necessary to pay to get rid of that waste. However, 
the impact on the final result is small. Just like the 
cost per kg of aluminium, 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. 

 

Figure 15 - Sensitivity analysis regarding carbon fibre 
information 

Summarising all the results obtained, it was possible 

to conclude that 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. 

6.3 Final results 

The final part costs for each one of the models were: 

18415 € for the aluminium cost model, 26556 € for 

the ATL model and, finally, 26324 € for the AFP one. 

Regarding these values, some analyses are possible 

to obtain. First the distribution of costs for the variable 

and fixed costs can be achieved. Then the 

distribution of costs throughout the process with and 

without the material are also possible to obtain. 

For the aluminium model (Figure 16), material and 

machine costs represent the main cost drivers. 

Together they represent more than 60 % of the final 

cost. 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 

for its turn has to do with the high technical scrap 

(50%) produced in the machining part of the process. 

 

Figure 16 – Aluminium model percentages of the total cost 

For ATL (Figure 17), material cost accounts for more 

than half of the total in percentage (64%), whereas 

the machine cost represents around 19%. The 

material percentage is more than the double of the 

one for the aluminium 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. 
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Figure 17 - ATL percentages of the total cost 

Material cost represents almost 31% of the total cost 
of the aluminium part. Therefore, when performing an 
analysis regarding the cost of each step of the 
process, there have to be two analyses (Figure 18). 
One with and other without the material cost. As it is 
possible to observe, when material is considered, the 
main costs come from blocks that require the use of 
expensive machines, tooling or a great amount of 
material. The total cost of the raw material 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.  

When material cost is isolated, it is possible to 
observe a reduction in the cost regarding the block 
were machining is included.  Material cost then 
represents more than half of the cost of that block, as 
the cost goes from 11202€ to 5557€.  

 

Figure 18 – Aluminium model costs per process block with 
and without material cost 

For ATL model (see Figure 19), 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. Again, 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 autoclave itself. 

As it is possible to observe, from the values where 
material is not considered, carbon fibre cost accounts 
for almost all the cost that was being considered in 
the fibre placement block (16041€).  

 

Figure 19 – ATL costs per process block with and without 
accounting for material cost 

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 (see Figure 20 and Figure 21). 

The red line represents the way costs are being 

calculated to obtain the data for this work. 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. The blue line for its turn represents a 

possible situation where the uptime would be equal 

to the available time. This is the desired situation, 

since it would mean that the line has always work to 

be performed and therefore the capacity of the line is 

being completely exploited. 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. 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. 

 

Figure 20 – Aluminium model cost boundaries for the 
global process

 

Figure 21 - ATL model cost boundaries for the global 
process 
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Since carbon fibre accounts for great part of the 
composite models part cost, it is of extreme need to 
understand its future perspectives. 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 [22]. 

Therefore, if in the future, due to the growing use of 

composite materials not only in aviation but also in 

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. The potential for the use 

of composites would then be tremendous. 

6.4 LCA application and environmental 

results 

The LCA application is performed in four main steps. 

First, 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. A cradle-

to-gate approach is then applied. 

The two alternatives (production of parts in 

aluminium and composite) that were considered and 

then assessed with the support of SimaPro are the 

same considered for the cost comparison. For 

simplification only the ATL data is specified for this 

study. The functional unit in this analysis is the 

production of one part, and the specification of the 

inventory (LCI) for each process was obtained from 

the cost model. For both the alternatives, the 

inventory comprises the quantity of material used and 

wasted to produce each part. 

Regarding the LCIA, which is the third step of the 

LCA framework, both midpoint (Figure 22) and 

endpoint analysis (Figure 23) were performed. In the 

midpoint analysis the environmental impacts are 

assessed through 18 categories, whereas in the 

endpoint analysis only three categories are 

considered.  

 

 

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 results that were obtained are driven by 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.  

According to L. Scelsi et al. [23], which performed an 

LCA for the total lifecycle of aluminium and Carbon 

Fibre aircraft panels, composites use phase can lead 

to a reduction in the environmental impact in 

comparison to aluminium. 

7 Conclusions and future work 

The main focus of this study was to assess the 

economic performance regarding the production of 

parts in aluminium and composite for the aerospace 

industry. 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 understand how the cost 

of the part is affected by several parameters. 

The results were obtained for a test part designed 

especially for comparisons to be possible regarding 

the three production processes. 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 

Figure 22 - Midpoint analysis for both alternatives 

Figure 23 - Endpoint analysis for both alternatives 
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other parameters. 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 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. 

Although results showed that the composite parts 

represent a significantly higher cost, the future 

perspectives of the carbon fibre market show a 

tendency regarding the decrease and posterior 

stability in the price of this material. This could lead 

to a significant competiveness between aluminium 

and composites in the production cost of airplane 

parts.  

From the environmental impact it was possible to 

observe that, 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.  

One of the suggestions for future work is to create 

databases with some of the information that is 

required, like machining tools, parts or materials 

data. Another suggestion is to broaden the scope of 

the analysis. Therefore it could be considered 

assembly, and even operational costs. 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.  

8 References 
[1] S. K. Mazumdar, Composites Manufacturing. 2002. 

[2] C. Soutis, “Carbon fiber reinforced plastics in aircraft 
construction,” vol. 412, pp. 171–176, 2005. 

[3] G. Marsh, “Composites flying high,” Reinf. Plast., vol. 
58, no. 3, pp. 14–18, 2014. 

[4] T. Dursun and C. Soutis, “Recent developments in 
advanced aircraft aluminium alloys,” J. Mater., vol. 56, 
pp. 862–871, 2014. 

[5] V. Songmene, “Machining and Machinability of 
Aluminum Alloys,” 1983. 

[6] A. Warren, “Developments and challenges for 
aluminum--A boeing perspective,” Mater. Forum, vol. 
28, pp. 24–31, 2004. 

[7] J. P. Immarigeon, R. T. Holt, A. K. Koul, L. Zhao, W. 
Wallace, and J. C. Beddoes, “Lightweight materials for 
aircraft applications,” Mater. Charact., vol. 35, no. 1, 
pp. 41–67, 1995. 

[8] J. Hinrichsen and C. Bautista, “The Challenge of 

Reducing both Airframe Weight and Manufacturing 
Cost,” vol. 3, pp. 3–5, 2001. 

[9] G. Marsh, “Automating aerospace composites 
production with fibre placement,” Reinf. Plast., vol. 55, 
no. 3, pp. 32–37, 2011. 

[10] L. F. Cabeza, L. Rincón, V. Vilariño, G. Pérez, and A. 
Castell, “Life cycle assessment (LCA) and life cycle 
energy analysis (LCEA) of buildings and the building 
sector: A review,” Renew. Sustain. Energy Rev., vol. 
29, pp. 394–416, 2014. 

[11] T. R. Hawkins, B. Singh, G. Majeau-Bettez, and A. H. 
Strømman, “Comparative Environmental Life Cycle 
Assessment of Conventional and Electric Vehicles,” J. 
Ind. Ecol., vol. 17, no. 1, pp. 53–64, 2013. 

[12] I. Ribeiro, “Comprehensive Life Cycle Framework 
Integrating Part and Tool Design,” 2012. 

[13] M. Albertí, J. Ciurana, and C. A. Rodriguez, 
“Experimental analysis of dimensional error vs. cycle 
time in high-speed milling of aluminium alloy,” Int. J. 
Mach. Tools Manuf., vol. 47, no. 2, pp. 236–246, 2007. 

[14] P. Debout, H. Chanal, and E. Duc, “Tool path 
smoothing of a redundant machine: Application to 
Automated Fiber Placement,” CAD Comput. Aided 
Des., vol. 43, no. 2, pp. 122–132, 2011. 

[15] K. Croft, L. Lessard, D. Pasini, M. Hojjati, J. Chen, and 
A. Yousefpour, “Experimental study of the effect of 
automated fiber placement induced defects on 
performance of composite laminates,” Compos. Part 
A Appl. Sci. Manuf., vol. 42, no. 5, pp. 484–491, 2011. 

[16] R. Umer, S. Rao, J. Zhou, Z. Guan, and W. J. 
Cantwell, “The low velocity impact response of nano 
modified composites manufactured using automated 
dry fibre placement,” Polym. Polym. Compos., vol. 24, 
no. 4, pp. 233–240, 2016. 

[17] U. K. Singh and M. Dwivedi, “Manufacturing 
processes,” in Manufacturing processes, 2009, pp. 1–
60. 

[18] F. Field, R. Kirchain, and R. Roth, “Process cost 
modeling: Strategic engineering and economic 
evaluation of materials technologies,” JOM, vol. 59, 
no. 10, p. 21, 2007. 

[19] R. Kirchain and F. R. Field, “Process-based cost 
modelling: Understanding the economics of technical 
decisions.,” Encycl. Mater. Sci. Eng., vol. 2, pp. 1718–
1727, 2001. 

[20] Sandvik, “Milling Formulas.” [Online]. Available: 
http://www.sandvik.coromant.com/en-
us/knowledge/milling/formulas_and_definitions/formu
las. [Accessed: 01-Apr-2017]. 

[21] D. H. A. Lukaszewicz, “Optimisation of layup 
automated of preimpregnates thermoset carbon-fibre 
Dirk Hans Joachim Adrian A dissertation submitted to 
the University of Bristol in accordance with the 
requirements of,” 2011. 

[22] M. Holmes, “Carbon fibre reinforced plastics market 
continues growth path,” Reinf. Plast., vol. 57, no. 6, 
pp. 24–29, 2013. 

[23] L. Scelsi, M. Bonner, A. Hodzic, C. Soutis, C. Wilson, 
R. Scaife, and K. Ridgway, “Potential emissions 
savings of lightweight composite aircraft components 
evaluated through life cycle assessment,” Express 
Polym. Lett., vol. 5, no. 3, pp. 209–217, 2011. 

 


