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Abstract 

Environmental issues such as climate change are leading to important sustainability challenges 

in the aerospace industry. Composites are light materials that are extensively used to replace 

metals and reduce the aircraft weight, the goal being to decrease the fuel consumption in flight 

and limit the emission of greenhouse gases. However, these high performance materials are 

associated with a complex supply chain including energy-consuming processes. Most of the 

decommissioned composite products are currently landfilled and nothing proves that the weight 

reduction allowed by these materials compensates those negative aspects. 

The purpose of this master thesis is to determine if the introduction of composites in aero-

engines can be sustainable and how it can be achieved. To do so, three polymer-matrix 

composite components from GKN Aerospace have been studied and compared with their 

metallic baseline from environmental, social and economic perspectives. Several options for 

materials selection, manufacturing processes and recycling possibilities have been investigated 

in the same way. 

The assessment on GKN Aerospace’s components showed that the weight savings provided by 

composites have a strong and positive influence on their sustainability. Component B shows 

the best results: with 16% of weight savings with composites versus the titanium baseline, it 

appears clearly that the composite version is the most sustainable one. Component A2 

composite version also provides interesting weight savings (14%) but has an aluminum 

baseline, which makes the composite component more sustainable in some aspects but not all 

of them, especially economically speaking. Finally, for component A1, the composite version, 

which does not provide weight savings, is more economically feasible, but quite tight with the 

titanium baseline on environmental and social aspects. Therefore, it appears that composite 

components are more likely to be sustainable if they provide significant weight reduction and 

if the baseline is titanium. 

A few strategies would merit attention to make future composite components more sustainable. 

On the one hand, using thermoplastic composites have potential to reduce the environmental, 

social and economic impact. In fact, these materials can be fully recycled and reused, present 

less risks to handle and can be produced for a lower cost. Nevertheless, the knowledge on these 

materials is more limited than on thermoset composite and the implementation of such a 

solution will take time. On the second hand, introducing composite recycling processes in the 

products lifecycle can increase a lot the sustainability of composite components. The 

manufacturing scrap and the decommissioned products can both be recycled in order to reduce 

the environmental impact and generate benefits by re-using or selling the recycled material.  
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1 Introduction 

1.1 Background 

Environmental issues such as climate change and global warming are leading to sustainability 

challenges for the aeronautic industry. By 2050, the targets currently agreed by the European 

Union and the aviation industry are to reach a 75% reduction in CO2 emissions per passenger 

kilometer [1]. Each year, the technology development of aircraft engines leads to approximately 

2% reduction of fuel consumption per passenger, but these improvements do not balance the 

4% market growth of aviation. Hence, new technologies with objective to reduce overall 

environmental impact of aeronautic industry are under development in response to these 

challenges. Two strategic technology streams with potential to reduce the greenhouse gas 

emissions deserving attention are the use of sustainable energy source and component weight 

reduction. 

Although CO2-neutral energy sources (biofuels, electric and hybrid engines…) are already in 

the market for the automotive industry, this is not the case for commercial aviation. Research 

has recently started but for aerospace application, the fuel used should have a high energy 

density and a good combustion quality. These two criteria are essential to operate long-flights 

and maintain the lower weight possible and make the development of sustainable aviation fuels 

very challenging [2]. 

Weight reduction approaches are also investigated in the field of commercial aircrafts. Low-

density composites are extensively used to replace heavier materials, mainly in the body and 

the wings. The main laminated composites in use for the aircrafts’ fuselage are either carbon, 

glass or aramid fibers reinforced polymers, or so-called glass laminate aluminum reinforced 

epoxy (GLARE). The latest aircraft designs take advantage of the high strength- and stiffness-

to-weight characteristics of these reinforced materials, allowing composites to be a key strategy 

in fuel savings [3]. 

 
Figure 1-1: Importance of composites in commercial aircrafts over time [4] 

As shown on Figure 1-1, the trend in commercial aviation is an exponential increase of the 

composite percentage in the aircrafts. The aerospace industry is thus moving forward towards 

further vehicle weight reduction. After the primary structure, parts of the aero-engines are also 
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starting to be produced using composite materials. For example, General Electrics and Rolls-

Royce are currently developing composite fan blades for the front part of the engine [5].  

However, this high performance material is associated with a complex supply chain including 

energy-consuming processes. Half of the CO2 emitted during a composite fabrication is due to 

the carbon fiber production; therefore, classical materials such as steel or aluminum can be less 

energy consuming to produce. Another major drawback of using fiber-reinforced polymers is 

their limited recyclability. They are comparably expensive to recycle and typically only a 

fraction of the original material is recovered with reduced properties [6]. 

Hence, the introduction of composite in the aero-engines is not only a matter of reducing weight 

but is part of a bigger picture. Are the environmental impacts of their comparably complex 

production compensated by the fuel savings during operation? Are there impacts, positive or 

negative, on work environment and workers in the production chain and on other people coming 

in contact with the components in their daily life? Can the composite components be cost-

competitive compared to current aero-engines components? These questions are all connected 

to a very wide concept called sustainability, which has been first defined in 1987 during the 

World Commission on Environment and Development:  

“Sustainable development is the development that meets the needs of the 

present without compromising the ability of future generations to meet their 

own needs” [7] 

As the concept developed, it has been shifted to three main ideas to protect the future 

generations. As shown on Figure 1-2, sustainable development takes place where 

environmental, social and economic development meet. There are different visions of 

sustainability, the first one stating that social and economic aspects should be limited by the 

environmental boundaries, the economic being also within the social limitations. In the other 

vision, the three dimensions of sustainability have the same importance. There is no right way 

to represent this concept and, in any case, the environmental, social and economic impacts of a 

product all contribute to sustainability and should be considered. 

 

Figure 1-2: Two schematic visions of sustainable development 
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GKN Aerospace is one of the world’s largest independent first tier suppliers to the global 

aviation industry.  With over 100 years’ aerospace experience, the company designs and 

manufactures products within three areas of expertise: aero-structures, engine systems and 

special technologies. The company uses its expertise to design and produce high-value metallic 

and composite assemblies that bring improved performance at lower weight and the cost. Every 

product that GKN Aerospace engineers is designed to perform better than its predecessors: they 

may be lighter, more efficient or made with less waste. This ensures that the company and their 

customers limit the impact of their products on the environment. 

1.2 Goal 

The replacement of metals by composite materials is growing in the aerospace industry due to 

their lower weight and high performance. Even though these advantages lead to a lower fuel 

consumption while in use, composite usually involves complex material architectures with 

extra costs, potentially chemically hazardous products and hence potential negative working 

environmental impact. The future aircraft engines designers have very little information on 

these consequences, and it is essential to understand the overall sustainability challenges that 

composite involve to make sure that these materials are a good lightweight solution. 

The goal of this sustainability assessment is to determine if the introduction of composites in 

aero-engines is sustainable and investigate if and how their sustainability can be improved. To 

do so, the study will be based on three composite aero-engine components currently designed 

and produced by GKN Aerospace. All components are made from polymer matrix reinforced 

composite and are in the cold part of the commercial aircraft engine. This study has also the 

objective to answer some sustainability questions for future composite design by comparing 

different scenarios for composite materials, production and recycling. The problem can be 

summarized by the following research question: 

How can the introduction of composite components in aero-engines 

contribute to the development of sustainable aircrafts? 

1.3 Components definition 

In the aero-engines, each component is unique and the number of components to study in this 

project must be minimized in order to respect the time limitations. Therefore, the selection of 

the right components was a crucial step for this project. After the literature review (see part 3), 

several parameters have been identified as interesting to study: 

- Weight savings: some composite components might be lighter than their metallic 

version, however this is not always the case and these possibilities can be compared; 

- Baseline material: an aero-engine contains a lot of different metallic alloys that are more 

or less sustainable. Hence, it will be interesting to see the sustainability impact of 

composite compared to these materials and eventually different manufacturing 

processes (additive manufacturing casting, forging…); 

- Composite materials: there is a wide range of resins, fiber types and manufacturing 

processes possibilities and some scenarios might be more sustainable than others; 

- Location in the engine: the components can be located in various places, from cold to 

hot temperatures with high to low pressure ranges and many different load cases. It 
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influences the three parameters mentioned before, leading to different materials and 

geometry. 

- Engine type: the components can be located in large or small engines and the 

contribution of a lighter component will be different according to the aircraft size. 

Table 1-1 shows the chosen components for the study. They cover the five parameters cited 

above with at least two possibilities for each of them, with various aircraft sizes, weight 

reduction, location in the engine, baseline and composite materials. 

Table 1-1: Summary of components definition (CF stands for carbon fiber) 

Component A1 A2 B 

Aircraft type Regional Short-haul Medium-haul 

Weight diff. composite/metal 0.00 kg 20.32 kg 18.58 kg 

Temperature in engine Cold Cold Intermediate 

Baseline material Titanium Aluminum Titanium 

Composite material 
CF/Epoxy 

GF/Epoxy 

CF/Epoxy 

GF/Epoxy 

CF/PI 

CF/BMI 

 

Component A1 

The component A1 composite version is made of epoxy and carbon fiber composite 

(CF/Epoxy), epoxy and glass fiber composite (GF/Epoxy), titanium and steel. It is designed for 

low thrust engines (15-20 klbf) for regional aircrafts and is located in the cold part of the engine 

(see part 3.2.1 for more information on aero-engines). The baseline material is aerospace-grade 

titanium. Since this component is located on a small engine, the composite and metallic version 

are estimated to have the same weight. This estimation is rather pessimistic since metallic 

components are usually heavier [90]. 

Table 1-2: Weight composition of component A1 

 Composite version  Titanium version 

(baseline) 

Material/weight kg % kg % 

CF/Epoxy 10.05 20% 0.00 0% 

GF/Epoxy 5.03 10% 0.00 0% 

Steel 5.59 11% 0.00 0% 

Titanium 29.43 58% 50.54 100% 

Others 0.44 1% 0.00 0% 

Total 50.54 100% 50.54 100% 

 

As it is shown in Table 1-2, in total, this component contains 30% of composite with 2/3 being 

CF/Epoxy and 1/3 GF/Epoxy. The metallic materials represent 69% of the component weight. 

Finally, “others” regroup all kind of adhesives or elastomers used to manufacture the product. 

Component A2 

The component A2 composite version is made of the similar materials than the previous 

component with epoxy-based composite, steel and titanium. It is designed for intermediate 

thrust engines (30-50klbf) for short-haul aircrafts and is located in the cold part of the engine. 
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The baseline material for this component is aerospace-grade aluminum. Both metallic and 

composite versions of have a core incorporated, which allows more weight savings [90]. 

Table 1-3: Weight composition of component A2 

 Composite version  Aluminum version 

(baseline) 

Material/weight kg % kg % 

CF/Epoxy 24.26 20% 0.00 0% 

GF/Epoxy 11.95 10% 0.00 0% 

Steel 22.07 18% 0.00 0% 

Titanium 57.46 48% 0.00 0% 

Aluminum 0.00 0% 140.80 100% 

Others 4.95 4% 0.21 0% 

Total 120.69 100% 141.01 100% 

Weight reduction with composite/Ti scenario 20.32 kg (-14%) 

As it can be seen in 1-3, the composite version of this component weights 85% of the metallic 

baseline, which corresponds to 20.32 kg of weight savings. In total, the composite component 

has 34% of composite materials (both core and laminates).  

Component B 

The component B composite version is made of carbon fiber reinforced bismaleimide resin 

(CF/BMI) and carbon fiber reinforced polyimide (PI/CF) composites to replace the aerospace-

grade titanium baseline. This component is designed for intermediate thrust engines (30-50klbf) 

for medium-haul aircrafts and is located in the cold/intermediate part of the engine, which 

means that this component has to stand higher temperature than A1 and A2 [90]. 

Table 1-4: Weight composition of component B 

 Composite version Titanium version 

(baseline) 

Material/weight kg % kg % 

CF/BMI 20.01 21% 0.00 0% 

CF/PI 2.51 3% 0.00 0% 

Titanium 73.96 76% 115.50 100% 

Others 0.43 0% 0.00 0% 

Total 96.92 100.00% 115.50 100% 

Weight reduction with composite scenario 18.58 kg (-16%) 

Table 1-4 shows the weight composition of this component and its baseline product. The 

composite product contains 24% of composites and weights 84% of the metallic baseline 

providing a weight reduction of 18.58 kg.  
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2 Methods and models 

2.1 Approach and scope 

The first approach has been to understand the terms in the research question. The composites 

have been studied by reviewing a wide range of documents from handbooks with basic 

knowledge to recent papers on composite materials possibilities, their sustainability challenges 

and their place in the aviation industry. In the meantime, several interviews have been 

conducted within GKN to gather information on several composite components. With these two 

outcomes, three components cases have been chosen as described in part 1.3. Then, the 

methodology of sustainability assessment has been studied through a literature review (part 

2.2). It appeared that the whole lifecycle of the product has to be considered and the most 

efficient way to conduct this study is to divide sustainability in environmental, social and 

economic impact. Finally, with the goal of the project clearly understood, the scope of the study 

has been defined. 

The study takes place in 2019 with a scope approach from cradle-to-grave, considering that the 

products will be produced in 2019, mounted on an aircraft and decommissioned after a certain 

number of flight hours (between 20 and 35 years in the future). When the information is 

available, geographical data is according to current GKN suppliers. When it is not, the supply 

chain it located in Europe boundaries. The level of technology considered is the current in 2019 

for materials production, manufacturing processes and end-of-life management. The aero-

engines will use the technology level of 2019 as well in their current state of development, 

knowing that some of the components might be already in use in current flying engines while 

some others will fly in more than 10 years. Finally, the level of sophistication will be detailed 

for each assessment separately. 

2.2 Sustainability assessment 

2.2.1 Life cycle assessment 

The first method that approaches sustainability from a life cycle perspective is the Life Cycle 

Assessment (LCA) defined by ISO 14040. It is “the compilation and evaluation of the inputs, 

outputs and potential environmental burdens of a product system throughout its life cycle”. 

LCA can be used for several process situations, from comparison between two existing products 

to strategy determination and product development [8]. When it emerged in the 1970s, LCA 

was first in opposition with the methods that consider only few steps of the life cycle (for 

example from cradle-to-gate). LCA has also been extended to social impact assessment, 

becoming a sustainability tool that is recommended by governments all over the world [9]. 

Theoretically, LCA has four basic stages which are constantly interacting with each other as 

shown on Figure 2-1. Every step leads to an interpretation, and sometimes it is required to step 

back and modify previous statements to get more accuracy in the results. 

The choices made during the Goal and scope definition phase will determine the working plan 

for the entire LCA and are described in part 0 for this project. According to the LCA 

methodology, the goal has to be formulated clearly, including the main reason, the target of the 

study and the intended application. The scope includes temporal, geographical and 

technological limitations and the level of sophistication of the study. The Life Cycle Inventory 

(LCI) is the phase in which the product system is defined, including the system boundaries and 

the unit processes that constitute its life cycle. For each assessment in this study, the inventory 
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contains the list of activities occurring during the product lifecycle. The three assessments have 

different inventories depending on the data available and the level of sophistication and are 

described in parts 2.4, 2.2.3 and 2.2.4. The Life Cycle Impact Assessment (LCIA) part consists 

of interpreting the inventory and are described in parts 1, 2.2.3 and 2.2.4 for each assessment 

since the methods differs once again. Finally, during the Interpretation phase, the results of the 

analysis, choices and assumptions are evaluated in terms of consistency, completeness, and 

relevancy [8, 12, 13]. 

  

Figure 2-1: Framework of Life Cycle Assessment according to ISO standards [10, 11] 

The Life Cycle Sustainability Analysis (LCSA) broadens the scope of current LCA to cover the 

three dimensions of sustainability (people, planet and prosperity). Due to its transdisciplinary 

framework, it is considered as the future of LCA, however the concept needs further 

development to be fully implemented at various scales. Several models exists for product-level 

study but sustainability analysis get more complicated when the scale is broaden to meso (group 

of products and technologies) or economy level (states, geographical entities, eventually the 

world…) [9]. In this project, the sustainability assessment will be held on the product level by 

comparing different versions of a component. The outcome of the three products analysis will 

be merged in order to assess the sustainability of composite components in general.  

2.2.2 Environmental impact 

Inventory 

The environmental assessment is done following the LCA method as described in part 2.2.1. 

with the software OpenLCA 1.7 with the European life cycle database (ELCD) v3.2 (October 

2015). This data set has been created by the European Joint Research Center and gather LCI 

data from various sources for energy carriers, transport and waste management in Europe, 

which fits the scope of this study. 

The model for the fuel burn of environmental impact is determined with the tier 1 method using 

the default International Civil Aviation Organization (ICAO) database values. This method uses 

a simple approach where the emissions are directly proportional to the quantity of fuel burned 

as shown in Table 2-1. This model is applied to each component studied using the lifetime fuel 

consumption during use phase. The European Environmental Agency also suggest tier 2 and 3 

methods to determine the fuel burn emissions of aviation. These are more accurate since they 

allow to determine the emissions for a specific engine or specific flight conditions, while the 

Tier 1 method is an average of most common aircraft emissions. Most of the components of 
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this study being for the next generation of engines, there is no available data yet and therefore 

the tier 1 model have been applied instead [14]. 

Table 2-1: Emissions associated to 1 kg of aircraft fuel combustion in service [14] 

Emissions Quantity 

CO2 (kg) 3.15000 

NOx (kg) 1.38229E-2 

SOx (kg) 8.40001E-4 

H2O (kg) 1.23000 

CO (kg) 1.01037E-2 

HC (kg) 2.00433E-3 

Particulate matter (kg) 8.09359E-5 

The Table 2-2 shows the different data that have been used to model the life cycle of the 

different components. The ELCD have been used as much as possible to have more coherence 

and accuracy in the results. All sources from literature have been compared to similar work to 

make sure that the value is accurate and realistic. 

Table 2-2: Data sources for environmental assessment inventory 

Process Data sources 

Metallic materials manufacturing [15, 90] 

Composite manufacturing [16] 

Resins production [17, 18] 

Use phase See model above 

End of life recycling energy savings [18] 

Titanium, steel, aluminum, carbon fiber, 

glass fiber, kerosene and energy production, 

incineration, landfill… 

ELCD database v3.2 

The life cycle of the products is modelled using the following assumptions: 

- Material production: titanium and aluminum supply comes from 23 and 43% of 

recycled materials [18]. Steel, composite materials and others are newly produced 

materials (*); 

- Manufacturing: waste due to machining is estimated to be 5% of the material for casted 

metals and composites. For forged parts, it goes up to 30-40% [90]. Cutting of prepregs 

or woven fibers generates 25% of waste [19]; 

- Use: only the fuel burn is considered, estimating that the component will not need to be 

repaired or replaced during its lifetime (*); 

- End of life: composite and polymeric wastes are incinerated. Metallic scrap is 100% 

recycled. Other waste flows are landfilled; 

- Others: all the transports phases between the life stages and all the packaging are 

neglected (*). 

The assumptions marked with (*) have been made mainly due to a lack of data and might have 

an influence on the assessment results. Therefore, it is important to notice that this study can be 

deepened and completed especially if the goal is to study one component in particular. Since 

the purpose of this study to give a general idea about composites compared to metallic materials, 
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the focus of the environmental assessment has been more focused on the materials and their 

processes than the other secondary steps like transportation. 

Impact assessment 

The LCIA method chosen is ILCD Midpoint v1.0.10 (2011) due to its compatibility with the 

chosen database and to its large number of impact categories. ILCD stands for International 

Life Cycle Data. The choice of a Midpoint instead of an Endpoint method allows a deeper 

understanding of the environmental effects with a higher number of impact categories which 

are related to certain type of emissions. Annex A regroups these 16 impact categories and 

display the type of emissions or substances associated to each of them. As an example, both 

CO2 and CH4 contribute to climate change but methane has a greater impact in equal quantities. 

Therefore, each flow is normalized with a common unit. In this case, the impact method states 

that 1 kg of CH4 is equivalent to 25 kg of CO2. The normalization factor can also be zero if the 

substance does not contribute directly to this specific impact. In Endpoint method, these 16 

impacts would be gathered in three main categories which are natural environment (NE), natural 

resources (NR) and human health (HH) as shown in Table 2-3.  

Table 2-3: List of the ILCD impact categories and their consequences [20] 

Impact category Unit Consequences 

Acidification molc H+ eq NE: decreased biodiversity and bio productivity of 

soils, freshwater and oceans 

Climate change kg CO2 eq NE: decreasing biodiversity, wildfires, net primary 

production 

HH: malnutrition, flooding, infectious diseases, heat 

stress 

Freshwater ecotoxicity CTUe NE: various toxicological exposure on various species 

due to chemicals release 

Freshwater eutrophication kg P eq NE: decrease of the biodiversity 

Human toxicity, cancer 

effects 

CTUh HH: cancer 

Human toxicity, non-

cancer effects 

CTUh HH: respiratory diseases, other non-cancer effects 

Ionizing radiation E  CTUe NE: damages on freshwater and sediment ecosystems 

Ionizing radiation HH kBq U235 eq HH: cancer, severe hereditary effects 

Land use kg C deficit NE: biodiversity loss, change in soil quality 

NR: reduction of available land 

Marine eutrophication kg N eq NE: decrease of the biodiversity 

Mineral & fossil resource 

depletion 

kg Sb eq NR: decreased availability of natural resources for 

human wealth 

Ozone depletion kg CFC-11 eq NE: decrease of wood, crop and fish production 

HH: skin cancer, immune suppression  

Particulate matter kg PM2,5 eq HH: increase of the mortality and morbidity 

Photochemical ozone 

formation 

kg NMVOC eq NE: disappearance of plant species 

HH: mortality cases 

Terrestrial eutrophication molc N eq NE: damages to forestry, crops and ecosystems 

Water resource depletion  m3 water eq NR: decreased availability of clear liquid water 
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Interpretation 

To simplify the result analysis, the processes have been grouped according the life phase they 

belong to. These phases are Raw materials, Manufacturing, Use, End-of-life and Life cycle 

residues, which regroups the processes that could not be put in one category only. 

2.2.3 Social impact 

Inventory 

The LCI has been made in order to keep a certain balance between different versions of a 

component. For example, if the component contains 30% of composite, then the number of 

composite-specific activities should be lesser than the number of metallic activities. Similar 

level of sophistication has been applied by considering the component production from cradle 

to gate with different end-of-life managements, neglecting various transportation steps. The 

social impact of the activities has been based on several sources and articles: 

- Polymers production and composite manufacturing [21, 22]; 

- Carbon Fiber production [23]; 

- Titanium production and manufacturing [90]; 

- Aluminum production and manufacturing [24]; 

- Others: personal assumptions. 

The score is then summed or averaged for a life phase or for the lifetime. The objective of that 

scoring is to differentiate the composite and the metallic components. A good example is the 

impact of the use phase: the metallic version will have an impact of 3 for air quality while 

composite will have 2. In reality, the composite version has also a very high social impact, but 

it is still reduced compared to the metallic baseline since weight savings lead to less emissions, 

so in that case, a core of 2 means also a high social impact but lower than the other version of 

this component. 

Definition of the impact categories  

For Social Impact Assessment, as long as it is unquantified data, the method is generally to take 

in account every social consequence that might have the product [25]. Mesquita et al. 

highlighted the immaturity of a methodological support for social sustainability in the product 

innovation process and proposed a novel process to identify sustainability criteria. The study 

has been held by BTH University and tested collaboratively with GKN Aerospace as a case 

company. The approach of this method is to consider first a wide range of criteria covering a 

full socio-ecological sustainability perspective, include the decision aspects concerning the 

product life-cycle phases, be in line with the company requirements and finally reduce the 

number of criteria to a manageable and applicable lit to ease the use [26]. Gould et al. continued 

this work by focusing the social assessment on the extraction lifecycle phase [27]. 

The model developed for this thesis project is based on the methodology of the studies 

mentioned previously and on current methods for sustainability assessments held at GKN 

Aerospace Sweden. Among a very wide number of criteria, several impacts seemed more 

important regarding the scope of this study. First, the health and safety is a key criterion since 

the company is a product manufacturer and constantly need to improve it. In addition, it is the 

company’s duty to choose suppliers who respect certain social standards. Then, another major 

criterion is regarding the social impact of a product over the populations: land occupation, noise 
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and pollution are examples of impacts that can influence people’s lifestyle and health especially 

in long-term. Other aspects such as influence, competence, impartiality and meaning-making 

have not been selected since the main purpose is to compare metallic and composite versions 

of a similar products and the lack of data regarding the early steps of the product life. The final 

criteria for the social impact assessment are the following: 

- Impacts on workers: 

o Risk of physical injuries: is higher when the process uses irritant chemicals, high 

temperature processes and machines; 

o Risk of toxic exposure: is higher when the production involves chemical or 

volatile particles than operators can breathe; 

o Risk of non-respect of human rights: the risk is higher if the producer does not 

treat the employees correctly or uses children labor, depends mostly of the 

geography. 

- Impacts on populations: 

o Noise and land: is higher when the production involves landscape modification 

or noise disturbances to the nearby populations; 

o Air quality: is higher when the process produces toxic gases or particles that the 

nearby population may breathe; 

o Water quality: is higher when the process generates polluted water that the 

population may drink; 

Each category is then graded from one to three (one being the lowest impact) for each process 

of the lifetime of each component. The score is then summed or averaged for a life phase or for 

the lifetime. The objective of that scoring is to differentiate the composite and the metallic 

components. A good example is the impact of the use phase: the metallic version will have an 

impact of 3 for air quality while composite will have 2. In reality, the composite version has 

also a very high social impact, but it is still reduced compared to the metallic baseline since 

weight savings lead to less emissions, so in that case, a core of 2 means also a high social impact 

but lower than the other version of this component. 

Interpretation 

First, to simplify the result analysis, the processes have been grouped according the life phase 

they belong to. These phases are Raw materials, Supplier, Manufacturing, Use and End-of-life. 

Second, the composite and metallic processes have been evaluated separately in order to 

determine if there are more critical steps in the production chain of the product. The processes 

evaluated are not specifically related to a component but are general steps that occurs when 

composite or metallic materials are produced. The focus has been made on the manufacturing 

step and the supplier step since there are close the GKN’s field of influence and competence. 

The processes have been then classified in three categories according to their score: 

- 6 to 8: low social impact. The process is easy to control and does not represent a danger 

for the operators or the populations. 

- 9 to 11: medium social impact. The process can have an impact on people and needs to 

be watched regularly. 

- 12 to 18: high social impact. The process can be very dangerous and have huge impacts 

on the populations and their environment. It is required to watch the process carefully 

and carry regular evaluations of the social consequences. 
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Even though this assessment is based on articles and papers, it is important to keep in mind the 

result of this grading system is not objective and could be much more accurate with a more 

complex grading system and the intervention of experts in the social sustainability field. 

2.2.4 Economic impact 

The economic impact of the components will be evaluated per life cycle since every stage needs 

different considerations as described below. The costs are expressed in US dollars (written $). 

Purchase and production 

The economic impact for the components production has been calculated according to GKN 

cost modelling guidelines. The following costs are considered: 

- The purchase of raw materials, that can be either raw or already final products; 

- The cost of manufacturing, which can be divided in several categories as well: 

- the cost of labor, which depends on the numbers of hours spend per process, it 

includes also the eventual transport between different stages; 

- the cost of investment, which grows in importance when the production series is 

smaller (tooling, facility…); 

- the cost of scrap, which is necessary for waste management (landfill tax, sending 

waste to a recycling company…); 

- the cost of energy, which depends mostly on what type of process are necessary. 

- The benefits when the component is sold to a customer. When the component is lighter, 

the customer is usually ready to pay more since this is an additional feature. The trade 

value which is about 1,200 – 1,500$/kg reduced on the component. 

From a composite cost perspective, the cost of scrap and energy are often negligible. Indeed, 

these materials are not particularly toxic or dangerous and do not require high temperature 

processes compare to most of the metals or ceramics. The raw material cost is estimated 

according to several suppliers and intern studies [90]. 

Use phase cost 

The model to evaluate the use phase economic impact depends on different factors: first, the 

maintenance costs, which might differ from one engine to other and represents 60% of the 

yearly cost. The remaining 40% are due to fuel consumption and is strongly linked to the weight 

of the aircraft. In this economic assessment, it is assumed that the maintenance cost of one 

engine will be the same regardless of the materials used in the components and therefore only 

the cost of fuel will be considered [90]. 

When it comes to predict the cost of jet fuel over the next 30 years, several models show 

different estimations. Figure 2-2 shows the historical crude oil price [29] with the Boeing 

predictions of 2017 low and high [30]. The predicted cost of 2019 (67 $/bbl, with 1 blue barrel 

equals 169 liters [28]) has been extrapolated until 2030. This extrapolation is still between the 

two Boing predictions in 2030 which means that the oil price is likely to stay around this value 

in the next decade. A wide range of factors influence the crude oil price and this model might 

be obsolete in the coming years in case of another world crisis, a war, a new carbon tax, etc. 

Considering this model, it is possible to determine the cost of jet fuel that will be used for the 

economic assessment. The jet fuel is approximately 1.2 times more expensive than the crude 

oil which leads to a cost of 80 $/bbl or 0.50 $/L of jet fuel. 
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Figure 2-2: Historical, Boeing 2017 predictions, and personal estimation of crude oil cost  

End of life costs 

The costs of end-of-life management have been found from different sources as shown in Table 

2-4. Only the materials management have been taken in account without the disassembly and 

sorting. Composite have a negative impact on the cost since they cannot be recycled and need 

to be incinerated which costs money to compensate the process emissions. In the case of metals, 

the aerospace alloys having a high quality and a particular composition, it is possible to recycle 

them completely. Therefore, it is possible to make a lot of benefits especially for titanium which 

has a high value. 

Table 2-4: Costs of end-of-life scenario per kg treated 

Process Cost/benefits Source 

Landfill tax (UK) -135$/t WRAP Gate fees report 2018   

Epoxy incineration (Sweden) -80 to -120$/t [90] 

Other resins incineration (Sweden) -150$/t Approximation 

Titanium (Sweden) +3 to 4 k$/t [90] 

Aluminum (Sweden) +0.7 to 1 k$/t Approximation (1/4*Titanium) 

 

2.3 Model for fuel consumption of an aircraft 

The following model has been developed internally at GKN Aerospace Sweden and contains 

confidential data from various aircraft companies [90]. The model to measure the fuel 

consumption of an aircraft is based on the number of hours in flight, which is usually between 

50,000 and 60,000 hours. Within one mission, there are several phases: taxi, take-off, cruise, 

approach and landing as shown on Figure 2-3 below. The altitude, mass, speed and power mode 

of the aircraft are parameters that influences the fuel consumption. With the knowledge of each 

flight phase, it is possible to model precisely the fuel consumption for a typical mission and 

extrapolate it to lifetime. 
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Figure 2-3: Flight cycle of a regular commercial aircraft [31] 

The mass of the aircraft used in this model is an average since the aircraft mass varies along the 

flight when the fuel is burned. Therefore, the aircraft weight is approached by considering that 

the fuel tanks are half-full and that the aircraft is loaded like in regular conditions (which is less 

than the maximum takeoff weight). The baseline weight of the aircraft is including the weight 

of the composite component. Therefore, the metallic components are modelled by adding twice 

the weight savings of the composite version (since there are two engines per aircraft). Table 2-5 

below show the results obtained for the lifetime fuel consumption of the aircraft in which the 

components are located. The results have been approved by the model developer. 

Table 2-5: Lifetime fuel consumption of the aircrafts in which the components are located 

Component Aircraft type Lifetime fuel 

consumption 

Lifetime fuel saving 

with composites 

A1 Regional From 4 to 8 x107 kg 0 kg 

A2 Short-haul From 9 to 12 x107 kg From 40 to 60 x103 kg 

B Medium-haul From 14 to 17 x107 kg From 40 to 60 x103 kg 

 

To compare this model with public sources, the fuel savings due to 1 kg of weight reduction 

have been compared with results from different studies as shown in Table 2-6. The model is in 

the same range of magnitude than Kara and Manmek study while the results of Lufthansa’s 

study is much more optimistic with fuel savings 100 times higher. Hence, the model used in 

this study appears to be rather pessimistic. 

Table 2-6: Fuel savings as a function of the weight reduction from various sources 

Source Fuel saved per kg reduced on the aircraft 

Model From 1 to 2 x103 kg 

Lufthansa Group [32]  6.00 x105 kg (30 t per year over 25 years) 

Kara and Manmek [33] 5.63 x103 kg 

 

2.4 Survey to composite recycling companies 

Various companies were contacted to gather information about the composite recycling process 

and understand its benefits towards sustainability. In order to have the most information 

possible, the companies have been contacted regardless their location, size, capabilities and 

recycling process. 2-7 shows the list of companies who answered the questionnaire with their 

location and the type of recycling involved. 
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Table 2-7: List of the surveyed recycling companies 

Company name Contact date Company country Recycling 

process 

ELG Carbon Fiber 20-03-2019 USA, Europe Pyrolysis 

Carbon Fiber Remanufacturing 20-03-2019 USA Pyrolysis 

Adherent Technologies 20-03-2019 USA, Europe Chemical 

Carbon Fiber Recycling 21-03-2019 USA Pyrolysis 

Hadeg Recycling 25-03-2019 Europe Mechanical 

Zoltek (Toray group) 28-03-2019 USA, Europe Mechanical 

 

The following questions have been addressed to the companies: 

1. Can you recover the fibers from different resin types (Epoxy, Polyimide, PEEK…)? 

Can you recycle decommissioned products with attached metallic parts? 

2. How do you determine the cost for your services? Do you have a minimal amount to 

have an agreement on a general contract? 

3. Do you have other aerospace clients? 

4. Are you aware of any environmental impacts of the recycling process? (Carbon 

footprint, toxic emissions, energy consumption...) 

5. How do you handle health and safety in the recycling workshop? 

The results of the survey are presented in the environmental (part 4.3, corresponds to question 

4), social (part 5.3, question 5) and economic assessment results (part 6.3, question 1 to 3). 

Among the surveyed companies, ELG accepted to share the results of an environmental study 

realized in 2015 with Fraunhofer Umsicht to assess the benefits of recycling various materials 

based on data from their site in Coseley (England). ELG Haniel Group is a company that trades, 

processes and recycles high performance materials such as carbon fibers, titanium, Inconel and 

stainless steel [34]. The results of this study are also presented in part 4.3 of this report. 
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3 Literature review 

3.1 Fiber reinforced polymer composites 

3.1.1 Reinforcement and matrix materials 

Composite materials are made of at least two materials with significant physical or chemical 

properties. Fiber reinforced polymers are made of two components: the polymeric matrix and 

the reinforcements, which are usually fibers in order to reinforce the properties in a specific 

direction.  

Fibers  

Typically, fiber reinforcements in polymers has three basic forms [35] as shown on Figure 3-1. 

The choice of the fiber length depends on the targeted properties but are also strongly linked 

with the resin type in which the reinforcement will be incorporated. Fibers are arranged in 

different ways to obtain the required properties: they can be randomly oriented, aligned or 

woven [35].  

 
Figure 3-1: Overview of the fibrous reinforcement types 

The reinforcement fibers need high properties, low density and good adhesion with the matrix. 

The most relevant high performance fibers are showed in Table 3-1 below with their pros and 

cons. Other existing types are ceramic, boron, and quartz fibers. Natural fibers are also under 

development but are currently not suitable for aerospace applications [36].  

Table 3-1: Pros and cons of different fibrous reinforcements for polymer composites 

Type of fiber Advantages Drawbacks 

Glass ▪ Low cost 

▪ Wide range of possibilities 

▪ High strength 

▪ High density 

▪ Low tensile modulus 

Carbon ▪ Low density 

▪ High stiffness 

▪ High service temperature 

▪ Non eco-friendly production 

Aramid ▪ Low density 

▪ Impact resistant 

▪ Very high cost 

▪ Susceptibility to stress rupture 

▪ High sensitivity to UV radiations 

 

The glass fibers are widely used in a large variety of industrial fields. Different compositions 

are available, allowing the glass fiber to cover a wide range of prices and qualities. Therefore, 

it can be a low cost material for non-critical applications and also a high performance 

reinforcement [37]. The most spread type of glass fibers is E-glass, with good electrical 

insulation properties and about 80 to 90% of the overall production. S-glass fibers are the most 

expensive  and mechanically performant GF; thus, they and are essentially used in the aerospace 
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industry [38]. Compare to other fibers types; glass fibers have a higher density, a lower cost, 

lower tensile modulus, a good corrosion resistance and a rather eco-friendly fabrication [39]. 

Among the existing reinforcements, Carbon Fibers exhibit the highest specific strength and 

stiffness. They also have high fatigue, creep and chemical resistance. To reach these 

performances, the fibers required a complex manufacturing process [37], most of the time from 

a precursor called PAN. This process is very energy-intensive and is the main challenge that 

carbon fibers have to face for economic and environmental reasons. Carbon fibers are also 

available in several grades, from standard to ultra-high modulus [38].  

Thanks to their low density, toughness, tenacity and fire retardants properties, Aramid Fibers 

are used in various application areas such as bullet protection, transportation and aerospace 

industry. Their major drawbacks are their long-term strength, sensitivity to UV radiations and 

low compressive strength [38]. In addition, their fabrication process is difficult and induces a 

very high cost, which narrow their field of application to very specific ones when special 

properties are required [39].  

Matrix polymers 

There is a wide variety of thermoset polymers matrixes for fiber reinforced composites. The 

choice of a matrix depends on their performance and costs but is also driven by the temperature 

requirements of the targeted application, the polymers being very sensitive to heat.  

The Epoxy Resins are the most used polymers for composites, both for traditional applications 

and high-technology areas as it is the case for the component A1 and A2 [40]. They are 

generally used in structural applications with high requirements in terms of strength, stiffness, 

service temperature and durability [38]. Therefore, CF/Epoxy composites are extensively used 

in the aerospace industry for the aircraft core structure [4]. They have a rather low cost among 

the high performance resins, but like most of the polymers, they cannot be used at high 

temperatures due to the thermal degradation [18].  

The thermoset polyimides have one of the highest temperatures of use among the polymers. The 

PI and BMI resins found in the component B version belong to this family [41]. The 

development of such high performance materials has been motivated by their thermal and fire 

retardant properties. Their good impact resistance is also an important advantage that led to 

their use in aircrafts interior to prevent fire damage in case of an accident. Besides their 

particular chemical composition, their fabrication requires high-temperature shaping and 

curing, which explains why these resins is both expensive and non-environmental-friendly [37]. 

The thermoplastic matrixes are also emerging in the composite technology and have several 

significant advantages compared to thermoset matrixes. They increase the design flexibility, 

allow to use multiple post-forming methods, are faster and cheaper to manufacture for certain 

applications and finally are very promising regarding recycling possibilities and reuse of the 

material. Polyketones (PEEK, PEK, PEKK), polysulfones (PSU, PPSU, PESU, PPS) and 

thermoplastic polyimides (PAI, PEI, PISO) are examples of ultra-high performance resins of 

this category [42]. 

See Annex B for a more detailed list of high performance polymer matrixes with pros, cons and 

application areas. 
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3.1.2 Manufacturing processes 

The manufacturing of a composite can be considered as the step when all the raw materials are 

mixed and shaped to obtain the final product. All processes are not suitable for every type of 

composite structures. The selection of appropriate manufacturing method depends on a variety 

of parameters such as: matrix viscosity, processing temperature, the fiber length and 

architecture, geometrical size and complexity and number of components in a series. Table 3-1 

below shows the main techniques classified by categories. After forming the composite part, 

the product is trimmed and machined, assembled (by adhesive or mechanical joining), treated 

and cleaned if necessary and finally inspected. 

 
Figure 3-2: Diagram of manufacturing processes for fiber-reinforced polymer composites 

The processes for continuous fibers composite forming can be divided in two categories: the 

resin transfer (direct) and pre-impregnated (intermediate) methods. The main differences 

between them are the production rate and the geometrical limitations. 

In the resin transfer processes, fibers and matrix are impregnated and cured at the same time 

thanks to resin transfer. These processes are mainly used for thermoset matrix [43]. As an 

example, RTM, is a closed-mold process that can be held at low and high pressure to increase 

the production rate. The resin is injected in the mold where the fibers are already placed. It 

allows to produce complex shapes with a high level of automation compare to other processes. 

It allows to reach high fiber contents and to manufacture high quality parts [37]. 

Pre-impregnated methods pre-mix the fibers and the matrix before the actual shaping. For 

example, Hand Layup methods use an intermediate product called prepreg. These intermediates 

are usually thin sheets of unidirectional pre-impregnated fibers. The layup of several 

unidirectional layers can be held in order to reach different properties. Even though this process 

leads to high quality composite, its major drawback is the cost of production. Indeed, the 

production rate and cost per part are lesser than for most of the direct manufacturing methods 

[37].  
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3.1.3 End-of-life alternatives 

As seen before, the carbon fiber composites are present in growing content in the aircraft 

industry, with the new Boeing 787 and Airbus A350 having 50% of their weight in composites. 

Within 30 years, these new generation aircrafts will be decommissioned and each vehicle is 

representing at least 20 t of composite waste [44]. Unfortunately, among the different existing 

materials, the composite family is one of the most difficult to recycle. Presently, most of the 

composite waste is landfilled because recycling is not economically viable or need further 

research as it is the case in the UK [45]. However, there are more papers about composite 

recycling every day and several companies are starting to produce recycled carbon fibers. There 

are several reasons to this interest: 

- Environmental impact: the increasing production of carbon fibers produces raises 

concerns on waste disposal and consumption of non-renewable resources 

- Legislation: the EU legislation oblige each country to have a limited amount of landfill 

waste [46] 

- Costs: composites have a high production cost, landfilling cost is also increasing in each 

country  

- Economic opportunity: the demand of CF is rising and usually surpasses the supply 

capacity [44] 

When it comes to end of life treatment, the European Union established a hierarchy to classify 

the end-of-life (EoL) scenarios from the most preferable to the less one. The most favorable 

option is prevention (non-generation of waste), followed by Object recovery (re-use), matter 

recovery (recycling), energy recovery (incineration), and finally the least preferable option is 

disposal [47]. 

Recycling techniques for thermoset composites  

There are a lot of different recycling processes for thermoset composites. As shown in Figure 

3-3, most of the recycling routes include a “fiber reclamation” step, which means that the matrix 

is not reclaimed and is destroyed during the process. These techniques are applicable for glass, 

carbon and aramid fibers [48].  

The technique of mechanical recycling consists of finely grinding of the composite after it has 

been already crushed into smaller pieces. This method allow to recover any type of fibers of 

various length still embedded in resin (which can be later used as reinforcement) and resin-rich 

powders (can be used ad fillers) [48]. This process requires to input only the composite waste 

and energy to grind or mill the material: therefore, the energy demand is very low [49, 50]. 

However, the materials recovered are variable and their mechanical performance decreases 

which limits their remanufacturing possibilities. Several companies use mechanical grinding as 

a recycling technology across Europe and North America [51]. 

The oxidation in fluidized bed process consists in combusting the polymer matrix in a hot 

oxygen-rich flow (for example air at 500°C). The composite scrap is fed into a bed and the hot 

air stream decomposes the resin. Both oxidized molecules and the fiber filaments are carried 

up with the air stream, while the metallic components stay in the bed. This segregation makes 

this technique particularly suitable for contaminated EOL components [51]. It has the reputation 

to damage the fibers (strength, length, architecture) and exists only in lab-scale manufacturing 
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composites [48]. The oxidized polymer can be incinerated for energy recovery, thus the energy 

demand of such a process is relatively low [52]. 

 
Figure 3-3: Overview of carbon fiber reinforced polymer recycling processes [51]  

CFRP stands for “Carbon Fiber Reinforced Polymer” and rX stands for “recycled X”  

The chemical recycling consists of the decomposition of the resin in a reactive medium. This 

process produces oligomers that can be reused as chemical feedstock and carbon fibers, which 

remain inert and keep good mechanical properties [51]. This method is applicable to many types 

of resins and fiber types if the right solvents temperature, pressure and catalysts are chosen. A 

few technologies are starting to emerge in the industry to globalize this type of recycling [48]. 

This process requires some energy to heat the system but generates chemical waste due to the 

use of solvents and catalysts. Novel techniques for green chemical recycling are investigated 

such as the Connora recycling [53] but exists only in laboratory scale.  

Finally, the pyrolysis technique is based on the thermal decomposition of the polymer in an 

inert atmosphere. With mechanical recycling, they are the two most widespread recycling 

processes for carbon fiber composites. The calorific energy of the resin can be recovered to 

make the pyrolysis process self-sustained [51]. This process is more suitable for carbon than 
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glass fibers due to their lesser sensitivity to the temperature.  However, they can be 

contaminated by the remains of the degraded resin, which prevents a good bond with a new 

resin. A higher purity can be obtained by treating the fibers at higher temperatures (at least 

450°C) but often decreases the mechanical properties. Thus, the fiber quality sensitively 

depends of the process parameters [48]. The exhaust of the system needs to be after treated to 

prevent the release of combustion products in the atmosphere [46]. Witik et al. (2013) proved 

that pyrolysis is the most environmentally favorable option for carbon fibers compared to 

incineration and landfilling [54]. 

The Table 3-2 below summarizes the pros and cons of each recycling technique described 

previously. In terms of Energy Demand and Global Warming Potential, the more 

environmental-friendly option is Fluidized Bed, followed by pyrolysis and chemical, 

mechanical recycling allowing the lesser savings [52]. Some works state the chemical recycling 

is the best option and needs to be more investigated [53, 55], while other states that pyrolysis 

is a more viable option [56]. There is currently no consensus on what is the most sustainable to 

treat composite scrap; all of them have their advantages depending on what kind of waste is 

treated and what quality is necessary for the application after recycling. 

Table 3-2: Pros and cons of different composite recycling processes [51] 

Recycling 

technique 

Advantages Drawbacks 

Mechanical ▪ Simple process 

▪ Recovery of fibers and resin 

▪ No use or production of hazardous 

▪ Existing commercial implementations 

▪ Modest mechanical performance 

▪ Unstructured coarse and variable fiber 

architecture 

▪ Limited remanufacturing possibilities 

Fluidized 

Bed 

Process 

▪ High tolerance to contamination 

▪ No residual products on fiber surface 

▪ Large degradation of fiber strength 

▪ Fiber length degradation 

▪ Unstructured fiber architecture 

▪ No material recovery from the matrix 

Chemical ▪ Very high retention of fiber properties 

▪ Potential recovery of matrix products 

▪ Reduced adhesion recycled fibers/matrix 

▪ Low tolerance to contamination 

▪ Environmental impact due to solvents 

▪ Reduced scalability of most processes 

Pyrolysis ▪ High retention of fiber properties 

▪ Energy recovery from the resin 

▪ Good adhesion recycled fibers/matrix 

▪ Existing commercial implementations 

▪ Possible contamination on fiber surface 

▪ Quality of fibers is sensitive to process 

parameters 

▪ Need off-gases treatment unit 

 

There are different ways to remanufacture the recycled carbon fibers, depending on their 

quality. [51, 57]: 

- Direct molding: the rCFs are incorporated in the polymer by processes such as Injection 

Molding or Bulk Molding Compound. Fiber volume fraction: 10%. Suitable for the 

lowest quality recycled fibers. 

- Impregnation of Nonwoven preforms: the rCF are preformed into a nonwoven dry 

product, followed by their impregnation trough resin infusion or resin transfer molding. 

It produces composites with discontinuous fibers and random orientation. Fiber volume 

fraction: 10-40%. Suitable for the highest quality fibers. 

- Impregnation of Aligned Preforms: This method allows better mechanical properties 

and has better specific properties than aerospace-graded aluminum and virgin woven 

CFRP. Further improvements will allow rCFRPs to compete with the virgin ones. Fiber 

volume fraction: 20-40%. Suitable for the highest quality fibers. 
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- Impregnation of Woven Fabrics: when the reinforcement architecture is preserved from 

the waste, the material can be re-impregnated and keeps very good mechanical 

properties. Fiber volume fraction: content (30-60%). Suitable for unused prepregs or 

fabrics. 

Recycling techniques for thermoplastics  

Fiber recovery can be reached by mechanical or thermochemical processes like for thermoset 

composites. However, more than the fibers can be recovered since thermoplastics can be re-

melted and re-shaped. There are a few studies focusing on this remanufacturing process with 

slightly different results. Carbon fiber- PEEK thermoplastic composites have been recycled by 

thermoforming and the resulting material kept the same mechanical properties [58]. Another 

study showed the reproducibility of a thermoforming process on CF/PEEK short fiber 

composites. The injection molding has been made up to 10 times, and the mechanical properties 

decreased less than 10%. Fibers are damaged during the process, but properties are good enough 

for some specific uses [59]. Mechanical recycling have been successfully held on CF/PEEK 

composite, The mechanical properties are 60% lower compared to aligned fibers [60] but are 

similar to virgin chopped tapes [61]. Chemical recycling in organic solvent have also been 

investigated and the resulting material showed similar properties than the virgin one [62]. 

Recycling of thermoplastics is starting to gather interest and will know improvements in the 

following decades. 

Energy recovery 

Energy recovery is a less favorable scenario than recycling according to the European Union 

[47] (see part 1.2.1). However, it allows recovering energy by burning the composite and 

transforming it into energy. The main source of heat is the matrix itself: the polymer being 

derivate from petroleum, it has a great energy capacity. The calorific value of a thermoset 

composite is commonly considered as being linearly linked to its content of incombustible 

materials, such as the carbon fibers. Same type of equation can be used to determine the amount 

of CO2 generated by the combustion [63]. 

Conclusion 

Current fiber recycling techniques are not cost-competitive compared with landfill or 

incineration. Mechanical recycling is often not viable due to the low quality of the products, 

but chemical, fluidized bed and pyrolysis recycling are economically possible for carbon fibers. 

Also, some recycling technologies are already mature while others are only lab-scale processes. 

Pyrolysis has the highest industrialization maturity level and is already used by several 

companies across the world while fluidized bed and mechanical recycling are ready to be 

industrialized and might grow in importance in the next decades. 

3.1.4 Previous work on composites sustainability 

Since composites have a great potential for weight reduction, numbers of studies have evaluated 

their sustainability in the automotive industry. In this application, the weight savings obtained 

by replacing a component of steel or aluminum with composite are not always enough to 

compensate the high manufacturing costs. To reach more weight savings, it is necessary to use 

high performance composites such as carbon/epoxy laminates. Most of the other matrixes 

(Vinylester, Unsaturated Polyester) and fibers (glass) have either lower mechanical properties, 
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either a higher density than CF/EP, which induces heavier components and less savings while 

in use [47, 54, 64-66].  

Back to the aerospace industry, Chua et al. studied the composite supply chain for composite 

and highlighted that the two largest sources of greenhouse gas emission come from the carbon 

fiber production (51%) and the composite part manufacturing (35%). The electricity 

consumption is the major contributor to these emissions, which can be reduced by two by 

moving the production to a country with a lower intensity of greenhouse gas like Sweden [6]. 

Scelsi et al. investigated the potential emission savings by replacing aluminum panels with 

GLARE and fiber/polymer composite. They showed that despite being more energy intensive 

to manufacture and more difficult to dispose of, CFRP lead to substantial decrease in the overall 

environmental impact due to the high fuel consumption during flight. However, the fuel 

consumption model is not very detailed and is very simplified since it is only based on the 

distance flight by the aircraft over lifetime [67].  

S. Kara and S. Manmek calculated the embodied energy over life cycle of titanium (weight of 

22 kg) and CFRP (20 kg) aircraft hinges fittings. Over lifetime, the composite component 

provides significant energy and CO2 savings. Looking at the results for the raw material, 

manufacturing and end-of-life phase, it appears that metallic solution is more environmental-

friendly due to their recyclability. However, the lower weight of composite during usage stage 

leads to more significant reduction of the energy consumption and CO2 emissions and creates 

a gap between the two scenarios favorable for composites [33]. 

The number of scientific papers on the environmental impact of aircraft weight reduction is 

very limited and are more focused on aero-structures than aero-engines. In addition, these 

researches do not take in account the other aspects of sustainability, which are the social and 

the economic aspects. Hence, there is a research gap in composite sustainability in the aviation 

industry and especially regarding engine components. 

3.2 Aero-engines and metallic materials 

3.2.1 Generalities on turbofan engines 

The simplest gas turbine, a turbojet, is essentially a tube, open at both ends, with air 

continuously passing through it. The air enters through the intake, is compressed, mixed with 

fuel and heated in a combustor, expanded through a turbine, and finally the combustion gases 

are expelled from a rear nozzle to provide thrust. The thrust of an engine is usually expressed 

in kilo Newton (kN) or kilo Live-force (klbf). The engine cycle has four basic stages: 

compression, combustion expansion and exhaust. Among the aero-engine types, the most used 

in civil aviation is called turbofan engine as shown on Figure 3-4 [68].  

When air enters the engine, it passes through the fan, and splits into two separate paths. Some 

of it flows around while the rest is drawn into the engine for the gas generator is the core airflow. 

The amount of air that bypasses the core compared to the amount drawn into the gas generator 

determines a turbofan’s bypass ratio. The cool, low-velocity bypass air produces between 30 

and 70% of the thrust produced by a turbofan engine. The engines are designed to minimize 

fuel consumption for a certain speed and altitude, which corresponds to the aircraft’s cruise 

conditions [69]. 
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Figure 3-4: Schematic view of a turbofan engine with air flows [69] 

Engine design is a complex process that is mostly driven by several criteria: performance, 

weight and costs. Material-wise, performance can be reached by using materials with very high 

mechanical and thermal properties and is the most important requirement for a component. 

Superalloys and ceramic matrix composites are examples of super high temperature materials. 

Weight is more affected by the specific stiffness and strength and can be reduced by using light 

materials such as Polymer Composites, Titanium or Magnesium. Finally, the cost can be 

lowered by using cheaper materials such as aluminum or steel but is also connected to 

performance and weight. A product with more features will be more expensive to produce but 

will have a higher value on the market. Therefore, innovation in aero-engines might be either 

initiated by the manufacturer or motivated by a customer request because starting to producing 

higher value products can be a risk if the market does not follow the same trend [70]. 

 
Figure 3-5: Schematic view of a turbofan engine with materials and temperatures. The indicated 

temperatures are those of the actual structural part; not the gas temperature [70] 
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Figure 3-5 gives an example of what kind of materials can be found in an aero-engine and 

where. Every engine can be divided in two parts: the cold part, near the inlet, and the hot part, 

near the outlet. Polymer composite and aluminum are more often found in the engine front 

while titanium is preferably used nearer to the hot part [70]. 

3.2.2 Previous work on metals sustainability 

Steel, aluminum, magnesium and titanium are the metal types most widely applied in the 

realization of lightweight structures. However, unlike steel, aluminum and magnesium, the 

application of titanium is underrepresented in the literature considering aspects of life cycle 

engineering [71]. New technology developments for both existing and alternative metal 

production processes can be expected to reduce the environmental impacts of metal production, 

a criterion that is increasingly being used to assess new technologies. These new technologies 

will be particularly important for the high energy intensive metals such as aluminum and 

titanium [72]. 

Among all metals production in year 2008, Titanium was the 5th with the most contribution to 

Global Warming and 11th in terms of human and ecosystem damages. Even if it is one of the 

most abundant metals on the earth crust, titanium is complicated to refine and requires very 

energy-intensive processes which also explains why it is so expensive. In the same ranking, 

aluminum is second behind iron. This position is due to the very high volumes of production of 

this material but also on the energy required for the process [73]. 

Despite its high environmental impact, aluminum is a low cost lightweight material that is 

extensively used in various industrial areas besides transportation industry. Titanium provides 

higher mechanical properties than aluminum and can stand higher temperature conditions, 

however its growth in the industry is limited by its very high cost. Therefore, titanium is only 

used in very high performance applications sur as aerospace engines where the conditions do 

not allow to use aluminum alloys [18]. 
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4 Environmental assessment 

4.1 Life cycle study on the components 

4.1.1 Component A1 

Figure 4-1 below shows the results obtained for the environmental impact assessment for the 

component A1 over the whole lifecycle and for the raw material phase only (model described 

in part 2.4). The other life cycle phases and numbered results can be found in Annex C of this 

report. As a reminder, this component metallic version is in titanium weight the same that the 

composite version which means that their use phase environmental impact are the same (see 

part 1.3). The results have been normalized by the highest score between composites and 

metals. It appears that the composite and the metallic components have very similar life cycle 

result with a maximum difference of 0.3%.  

Several impact categories on 4-1 are most favorable for the metallic component, the most 

relevant one being ionizing radiations on both ecosystems and human health and the ozone 

depletion. These emissions come from the energy mix used to produce the raw materials (liquid 

resins and carbon fibers) and this higher impact can be seen on the raw materials impact diagram 

as well. 

 
Figure 4-1: Environmental impact results for component A1 (lifecycle and raw materials) 

Some impact categories on Figure 4-1 are also more favorable for composites and this 

difference can be seen both on the life cycle and the raw materials graph. Those categories are 

freshwater eco-toxicity and eutrophication and mineral, fossil and water resource depletion and 
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land use. Therefore, the metallic version impacts are more important on soils and water quality 

and contributes also to the depletion of natural resources. 

The impact assessment for the manufacturing phase shows a two times greater impact for the 

composites which is mostly due to the component manufacturing process which generates both 

metallic and composite scrap. However, the value of these impacts is a lot lower that the raw 

materials impacts and does not influence a lot the overall life result. The environmental impact 

of the use phase is exactly the same for both components since they have the same weight. 

Finally, the life cycle residues are very similar as well with less than 1% of difference. 

Composite and metallic A1 components are hard to differentiate from the environmental 

perspective. The choice of one version for this component will depend on the environmental 

priorities and what type of pollution should be avoided the most. For the climate change impact 

category, the composite version generates 2 t of CO2 more than the baseline. This difference is 

smaller than 0.01% of the CO2 eq emitted over the product life, hence it can be considered that 

composite and metallic version have a similar impact on climate change. 

4.1.2 Component A2 

Figure 4-2 shows the results obtained for the environmental impact assessment for the 

component A2 over the whole lifecycle and for the end-of-life phase only (model described in 

part 2.4). The results for the other life cycle stages can be found in Annex D. The composite 

version of this component is compared with the aluminum metallic version, which is 20.32 kg 

heavier (see part 1.3). As in the previous part, the impact results have been normalized by the 

highest score for each impact category between composite and metallic version.  

As for component A1, there is no clear shift between the two versions of the component and 

the highest difference between the two versions is about 0.5%. On one hand, the metallic 

version has a smaller impact regarding freshwater eutrophication, ionizing radiations, mineral 

and fossil resource, ozone and water resource depletion. On the other hand, composites are 

more favorable regarding acidification, climate change, human toxicity, particulate matter, 

photochemical ozone formation, marine and terrestrial eutrophication and land use.  

By looking into the life cycle of the component into details, it stands out that the raw materials 

impact is much more important for the composite version. The impact of the aluminum baseline 

is between 0 and 8% of the composite version. This result is plausible knowing that aluminum 

is a material produced in very high volumes with a relatively low energy-consuming production 

process. In contrary, composites and especially carbon fiber are very energy-demanding which 

is the reason why there is such a huge gap between the two materials. 

For the manufacturing stage, the results are slightly similar than for component A1. The 

composite impact is twice greater than the metallic component impact due mostly to the 

process. During the use phase, the composite version reduces the score for each impact category 

by 0.05% thanks to the fuel savings (167 t of CO2 avoided). This result is logic since the use 

phase emissions in the chosen model are linearly connected to the quantity of fuel burn over 

lifetime. 
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Figure 4-2: Environmental impact results for component A2 (lifecycle and end of life) 

The end-of-life stage results on Figure 4-2 shows that the composite product allow more savings 

that the aluminum baseline. This is due to the high content of titanium in the composite 

component (58%) which allow more savings that aluminum when it is recycled. Finally, the 

life cycle residues are very small and are less than 1% different for the composite and metallic 

versions of the component. 

Like in the case of component A1, it is hard to decide whether composite or aluminum are more 

environmentally friendly. For A2, the weight savings allow important reduction of the 

environmental impact during the use phase. However, composites are very energy consuming 

to produce and balances the savings provided by the use phase for some impact categories. For 

the climate change impact category, the composite component saves 165 t of CO2 over lifetime 

and it is mostly due to the use phase. It is a reduction of 0.05% of carbon dioxide emitted 

compared to the metallic baseline which makes the composite component more 

environmentally friendly regarding climate change.  

4.1.3 Component B 

Figure 4-3 shows the results obtained for the environmental impact assessment for the 

component B over the whole lifecycle and for the end-of-life phase only (model described in 

part 2.4). The results for the other life cycle stages can be found in Annex E. The composite 
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version of this component is compared with the titanium metallic version, which is 18.58 kg 

heavier (see part 1.3). As in the previous parts, the impact results have been normalized by the 

highest score for each impact category between composite and metallic version.  

The results of this component are slightly different from A1 and A2. The life cycle results show 

a clear gap of approximately 0.05% between the composite and the metallic version, which 

means that the composite component is more environmentally-friendly for each of the impact 

categories. 

 
Figure 4-3: Environmental impact results for component B (lifecycle and raw materials) 

As it can be seen on figure 4-3, the raw materials production is also mostly favorable for the 

composite version. The ionizing radiation and ozone depletion impact categories are most 

favorable for the metallic version but the gap between them is smaller than for the component 

A1. This difference is due to the lower weight of the composite component, which therefore 

requires less materials in mass that the baseline to be produced. 

Partly for the same reasons, the manufacturing environmental impact is also lower for the 

composite component (-35%). This composite product also uses different manufacturing 

processes, which lead to this reduction in the impact. The use stage of the composite product 
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has a reduction of 0.03% of the environmental impact compared to the metallic baseline (170 t 

of CO2 avoided). This is less than for component A2 because B takes place on a bigger aircraft 

which has a higher environmental impact over lifetime and since both components have similar 

weight savings, A1 will proportionally lower the impact more in percentage. The end-of-life 

stage is as expected more favorable to titanium version since it is fully recyclable. The life cycle 

residues are once again very little and are similar between the two component version. 

Replacing titanium by composite appears to be environmentally friendly for this component. 

The environmental impacts are slightly reduced for the composite version, which is lighter and 

allow important reduction of the emissions during the raw materials production and the use 

phase. Regarding the climate change impact category, the composite saves 171 t of CO2 over 

lifetime which reduces the baseline environmental impact about 0.03% and is mostly due to the 

use phase contribution.  

4.1.4 Weight breakdown 

In this section, the minimum weight reduction necessary to make composite components more 

environment-friendly has been determined. This weight breakdown has been determined for 

the climate change impact category, which means that the composite component with this 

weight savings emits as much CO2 as the metallic baseline over lifetime. 

Table 4-1: Weight breakdown for the climate change impact category 

Component 
Weight 

breakdown (kg) 

Weight 

breakdown (%) 

Current weight  

reduction (kg) 

Current weight 

reduction (%) 

A1 0.20 0.39% 0.00 0.00% 

A2 0.36 0.25% 20.32 14.41% 

B -0.02 -0.02% 18.58 16.09% 

As shown in Table 4-1, each component has a very low weight breakdown. Component A1 

needs to be 0.2 kg lighter which is not the case since it has been considered that there are no 

weight savings with composite materials. However, this weight reduction should be easily 

achieved in a more realistic situation since only 0.39% less weight is required. Component A2 

needs to be 0.36 kg lighter to me more environmental-friendly, which is the already the case 

with the current composite design, which explains why the composite component allows such 

a high reduction of the CO2 emissions (165 t). Finally, component B has a negative weight 

breakdown which means that the composite component could be heavier, it will still provide 

environmental savings. It shows that the manufacturing process of this component is very 

interesting on the environmental perspective since it generates less CO2 than the titanium 

component production. 

4.1.5 Consequences of weight reduction 

The environmental impact of the components have been determined for 20 kg of weight 

reduction from metal to composite and normalized in order to be visualized together on the 

same plot as shown on figure Figure 4-4. A positive percentage means that the composite 

component reduces the environmental impact while a negative score shows that the metallic 

version is more environmental-friendly. 

Components A1 and B have similar behavior on this graph, the A1 impact being about 50% 

less important than B. This result is linked to the fact that the components have a similar 



31 

 

baseline (titanium) but the components are placed on different aircrafts. Therefore, the 

composite component reduces the environmental impact compared to the titanium component 

and this reduction is even more significant when the component is placed on a larger aircraft. 

The small differences between A1 and B are probably due to the fact that component B has a 

different type of composite material (polyimide instead of epoxy) and a different manufacturing 

process. Finally, A2 has a slightly different behavior since the baseline is in aluminum. The 

percentage is positive in most impact category which means that the composite component has 

potential to reduce the impact. 

 
Figure 4-4: Normalized metallic-composite difference of components environmental impacts for 1 kg 

weight reduction 

4.2 Potential improvements 

4.2.1 Selection of raw materials 

A solution to reduce the environmental impact of the raw materials production of composite 

could be to use other types of polymer or fibers. In the thermoplastic resin family are several 

high performance polymers such as PEEK, PEKK or PSU. As shown in  

Table 4-2, the embodied energy (energy required to make 1 kg of the material from its ores or 

feedstock) of PEEK is 20% higher than Epoxy and rather similar to BMI. It significates that 

most of the high performance polymers have rather similar embodied energy and there is no 

big difference in the environmental impact of those materials However, the choice of a matrix 

material will affect the other life cycle stages more since they will lead to different 

manufacturing processes and end-of-life management solutions. 

Table 4-2: Embodied energy of composite prepregs [18] 

Prepreg material Embodied energy (MJ/kg) 

CF/Epoxy 276 

CF/BMI 328 
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CF/PEEK 331 

CF/PI 340 

4.2.2 Selection of manufacturing process 

The energy demand of different processes for thermoset composite manufacturing are shown 

in Figure 4-5. Hand layup and wet layup have both the highest impact due to the preliminary 

step of prepreg production, which requires the energy of 20 MJ/kg. The less energy-consuming 

processes are pultrusion and filament winding which are very limited by the component 

geometry. The case of composite production, the choice of a manufacturing process is usually 

driven by the desired properties and geometry considerations. This is why it is not possible to 

state which process is the most environmentally friendly among these since every application 

will have different manufacturing possibilities. 

 
Figure 4-5: Energy demand for different composite manufacturing processes [16, 18, 57, 65, 74] 

Even though these energy values can look very different from a process to another, the 

manufacturing process does not influence the environmental impact this much. If the whole life 

cycle of the product is considered, it appears that the manufacturing contribution is very small. 

This is what showed the U.S Department of energy with a comprehensive study on CF/epoxy 

composite production and showed that the manufacturing step, when the fibers and the matrix 

are mixed together, has a very small contribution to the overall production energy demand 

(~1%) [43].  

Each manufacturing generates different types of waste as well. Processes using prepreg 

generates about 25% waste during cutting of pre-impregnated fibers, while direct molding like 

RTM creates 25% of carbon fiber waste during cutting plus some resin residues after molding 

[19]. As it has been seen previously in the literature review (part 3.1.3), non-contaminated 

carbon fibers have a higher value since they can be recycled easily with less degradation of 

their properties. Therefore, direct mixing such as RTM have some potential to reduce due 

environmental impact more that indirect processes. 

4.2.3 Selection of end-of-life management 

Alternatives for thermoset composites  

In Table 4-3, studies on thermoset composite recycling have been sorted from the most recent 

(2018, left) to the oldest one (2005, right). On the one hand, half of the papers (4, 5, 6, 7, 8, 9, 

0
5

10
15
20
25
30
35
40

P
ro

ce
ss

 E
n

er
g

y
 (

M
J/

k
g

)



33 

 

10) focus on showing the benefits of recycling compared to the use of virgin carbon fibers or 

landfill the decommissioned composite products. On the other hand, other studies (1, 2, 3, 11, 

12, 13) attended a more comprehensive approach by comparing different recycling routes and 

tried to figure out which might have the most significant reduction of the composite 

environmental impact. A lot of papers are missing some data on sustainability: it can be 

economic data on the recycled fiber value, considering that 1 kg of rCF can replace 1 kg of vCF 

or not considering the remanufacturing processes. A few studies attempted to consider the 

quality of recycled fibers and took in account this impact on the energy savings in EOL and on 

the benefits of rCF (1, 2, 7). 

Table 4-3: Summary of the studies of composite recycling sorted from the most recent (2018, on the left) 

to the oldest ones (2005, on the right). 

Ref [75] [52] [49] [76] [77] [78] [79] [80] [81] [50] [56] [82] [83] 

Number 1 2 3 4 5 6 7 8 9 10 11 12 13 

Landfill/virgin material X X X X X X X X X X X X X 

Incineration X 
   

X 
 

X 
   

X 
 

X 

Mechanical X X X 
   

X 
  

X 
  

X 

Pyrolysis X X 
        

X X 
 

Fluidized bed 
 

X 
 

X X 
       

X 

Chemical (solvolysis) X 
      

X X 
    

Chemical (solvent) 
 

X X 
  

X 
     

X 
 

 

Among the recycling routes, mechanical recycling has the lowest impact on the environment. 

Chemical, pyrolysis and fluidized bed techniques have almost similar impacts, but the studies 

disagree on which one has the lesser environmental impact. As shown on Figure 4-6, all 

recycling routes are not energy-consuming and can provide important environmental savings 

compared to the production of virgin fibers. Fluidized bed and chemical recycling with solvent 

are the less energy-consuming processes. It would be interesting to compare the emissions 

associated to these processes to determine which one would be greener.  
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Alternatives for thermoplastic composites  

Compared to thermoset matrixes, there is a lower number of scientific papers on thermoplastic 

composite recycling. Since the polymer matrix is not cross-linked, it can be melted and re-

shaped to form a new product. The initial fiber length will lead to more or less degradation of 

the composite properties and will lead to different remanufacturing processes as well (see part 

3.1.3).  There is no environmental study on the topic yet, but it is easy to estimate that the 

reduction of the environmental impact will be more important than for thermoset composites. 

Indeed, both the matrix and the fiber can be recovered and can be reused for less high-

performance applications. In case of short fiber composites, the mechanical properties of the 

recycled fibers is very similar to the virgin material which this type of material especially 

suitable for recycling [61].  

4.3 Survey to CF recycling companies 

All the surveyed companies (part 2.4) stated that their recycling process does not generate a lot 

of pollution: the toxic gases and used water are treated before being released in accordance with 

the environmental agency they relate to. According to the environmental study by ELG, the 

recycling plant (pyrolysis process) input is 77.2% dry fibers, 22.6% prepreg and 0.2% laminate. 

The products are short (milled) and long (chopped) carbon fibers (see Figure 4-7) which can 

replace virgin CF produced from polyacrylonitrile (PAN). The company states that the material 

is largely unaffected by the process and the stiffness characteristics are unchanged. 

Figure 4-7: Chopped and milled recycled carbon fibers from http://www.elgcf.com/products 

The study showed that primary CF generates 29.45 t of CO2 against only 4.65 t for recycled 

products, which is almost twice less CO2 emitted than for of an aluminum ingot production 

(8.176 t of CO2). The emissions of the recycling process are due to the input energy necessary 

to the matrix combustion (33%) and to the exhaust gases (66%), which are treated according to 

their environmental agency permit. ELG also compared the benefits of carbon fibers recycling 

to their other recycling areas with metallic materials. The results show that the highest specific 

greenhouse gases (GHG) reductions can be achieved by recycling carbon fibers [34]: 

- CF saving: 24.8 tons of GHG/tOutput 

- Titanium savings: 13.7 tons of GHG/tOutput  

- Inconel 718 Savings: 6.9 tons of GHG/tOutput  

- 304/316 stainless steel: 3.9/4.5 tons of GHG/tOutput 

Hence, the introduction of carbon fiber recycling in the composite lifecycle has a great potential 

to reduce the environmental impact of this material. It can intervene in the early life stage by 

http://www.elgcf.com/products
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using recycled fibers as a raw material or can be a sustainable solution to manage manufacturing 

scrap and decommissioned composite products. 

4.4 Interpretation 

The environmental assessment on the composite components shows that they need to be lighter 

in order to be more environmentally friendly than metallic materials, especially when the 

baseline is aluminum. Indeed, the avoided emissions of light components during the use phase 

largely compensate the non-eco-friendly production and end-of-life of the composite materials. 

For the climate change impact category, the two lighter composite components A2 and B 

provide significant reduction of the CO2 emitted over lifetime while component A1 metallic 

and composite have similar results – more than 0.40% of weight reduction would be necessary 

to make the composite version eco-friendlier. This assessment also showed that despite some 

differences (manufacturing processes, aircraft size, composite material…), component A1 and 

B have a similar trend in the environmental impact due to their common baseline in titanium. 

The results showed that weight reduction would involve higher environmental savings on a 

larger aircraft over lifetime. 

Hence, the most sustainable component among the three studied from the environmental 

perspective is component B which composite provide weight savings and which baseline is 

titanium. Component A1 composite version should provide more weight savings in order to 

reduce the environmental impact; however, this should be easily reachable since the necessary 

weight reduction is less than 1% of the baseline weight. Component A2 provide a reduction of 

the environmental impact in most of the evaluated impact categories. The use phase of the 

lighter composite component balances the negative effects of this material during the other life 

cycle stages which makes composite component A2 more environmentally sustainable in most 

of the cases. 

Regarding what can be improved to make composite more sustainable, it has been found that 

using thermoplastic composites can have a very positive impact on the end-of-life of the 

product. This can be achieved without compromising the others with similar environmental 

impacts than the thermosets for raw materials production and composite manufacturing. It has 

also been showed that the most common processes to manufacture composite in aerospace 

generates a lot of waste from cutting before layup. Therefore, using a process like RTM can 

limit the environmental impact of this phase since this is a rather high quality waste than can 

be recycled more easily than pre-impregnated fibers. If thermoset is used, it is also important 

to recycle as much as possible the production waste and decommissioned products since 1 t of 

recycled CF generates 25 t less CO2 to be produced than virgin ones. 
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5 Social assessment 

5.1 Life cycle study on the components 

5.1.1 Impacts on workers and population 

The social impact has been evaluated with the method described in part 2.2.3. Figure 5-1 shows 

the average scores for each component with detailed scoring and on the impact target 

(populations and workers). To simplify the result analysis, the processes have been grouped 

according the life phase they belong to. These phases are Raw materials, Supplier, 

Manufacturing, Use and End-of-life. It appears that the composite component A1 and the 

metallic components A2 and B are the versions that lower the social risk. Since both scores are 

very close, it is necessary to look mode in detail at the social results for each life phase. 

 
Figure 5-1: Social results of the components in metallic (M) and composite (C) version 

Raw materials is the most critical step for both metals (with mining and refining) and composite 

(with oil extraction and refinement). There is a larger impact on populations than on workers 

since this resource extraction and transformation can cause a lot of damages and pollution in 

addition to a certain risk regarding human rights. The score is lower for the composite A1 and 
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A2 since it contains glass fibers that come from sand extraction and lower the average impact. 

Regarding the supplier impact, the social risk is higher for composite components due to the 

production of carbon fiber and chemical products (hardeners, liquid resins…). In general, this 

life cycle step is more critical for the workers with risks of injuries and inhalation of toxic 

vapors. 

The manufacturing has a relatively low score compare to the previous phases. The aluminum 

baseline has the lowest score because its production does not require use of chemicals. 

Titanium’s higher score is mainly due to etching and composite due to the molding phase where 

polymers are heated and can generate toxic vapors. Like the supplier life phase, the impact is 

more severe on the workers than on the populations. 

During the use phase, the social impact is slightly lower for the composite since they allow fuel 

savings and emit less potentially dangerous gases in the air. The impact on the operators is 

lower than on the populations and is similar for all components. Finally, the end of life impact 

is more severe for composite because parts need to be separated and then landfill or incinerated 

which does not correspond to the societal expectations compared to metals that can be recycled.  

When looking at these results, it is important to remember that the social impact will have more 

importance if it affects more persons and also if it lasts more through time. Considering this, it 

appears that two life cycle steps are the most critical: first, the raw materials extraction can 

involve large populations. It includes the use of nonrenewable resources, landscape 

modification and potential contamination of air and water. The second critical step is the use 

phase, knowing that commercial aircrafts emit continuously toxic gases such as NOx and 

contribute to global warming. Therefore, composite components are socially more sustainable 

when they are lighter. Also, these results show that the choice of a supplier for a manufacturer 

like GKN Aerospace is crucial. If the supplier cares about social aspects, it will ensure that the 

earlier life phase of the product are more sustainable. 

5.1.2 Identification of the hotspots 

Table 5-1 shows metallic and composite processes categorized in high or medium social impact 

categories. On the one hand, the processes with the higher impact are the ones involving 

chemicals use (etching and prepreg production) or chemicals production (resin, adhesives and 

CF production). On the second hand, product shaping, joining and cleaning are in the medium 

impact category. In both impact categories are processes related to composite and metallic 

components which significates that they both have similar social severity. 

Table 5-1: High and medium impact processes for composite and metallic components production 

 Metallic processes Composite processes 

High impact etching descaling 

 

resins/hardeners production 

carbon fiber production 

adhesives production 

prepreg production 

Medium impact casting 

shaping/forming 

machining 

cleaning 

molding 

machining 

adhesive joining 
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5.2 Potential improvements 

5.2.1 Selection of raw materials and manufacturing process 

In this section, different scenarios of composite components are compared in order to determine 

which type of materials and manufacturing process is most likely to lead to social sustainability. 

The components are considered to be made of continuous carbon reinforced polymer 

composites. On the one hand, two manufacturing processes are investigated: RTM (as a direct 

process) and Hand lay-up (as an indirect process, see part 3.1.2). On the second hand, two 

possibilities for the raw materials are investigated as well: thermoplastic (TP) or thermoset (TS) 

resins. These two parameters lead to four different scenarios as showed Table 5-2, where 

thermoplastic and thermoset composite can be manufactured by direct and indirect processes. 

The life cycle study focuses on the Supplier, the Manufacturing and the End-of-life step, 

assuming that the Raw materials and the Use phases are similar among the scenarios. 

Table 5-2: Inventory of the different scenarios investigated. The processes specific to indirect and direct 

techniques are marked in black italic and grey italic. 

direct/indirect Thermoplastic composites Thermoset composites 

Supplier - Polymer Production 

- CF production 

- Prepregging 

- Polymers storage/transport 

- Liquid resin production 

- Hardener production 

- CF production 

- Prepregging  

- Polymers storage/transport 

 

Manufacturing - Cutting (prepreg or CF rovings) 

- Layup 

- TP molding (autoclave or RTM) 

- Machining 

- Cleaning acetone 

- Dimensional inspection 

- Cutting (prepreg or CF rovings) 

- Lay-up 

- TS molding (autoclave or RTM) 

- Machining 

- Cleaning acetone 

- Dimensional inspection 

End of life - Dismantling, sorting 

- TP composite management 

- Dismantling, sorting 

- TS composite management 

 

The social impact results for the four scenarios are showed in  

Figure 5-2. Although the average life scores are pretty close among the scenarios, it can be 

observed that the thermoplastic have a lower impact for both manufacturing processes. At the 

supplier stage, TP do not need a hardener and can be stored and transported more safely in a 

granulate form. In the manufacturing stage, there are less risks of toxic emissions since there is 

no curing or crosslinking that occurs during molding. Finally, the end-of-life is also more 

favorable for thermoplastics since the thermoset are incinerated and generate air pollution. The 

manufacturing processes show an important difference in the social impact for the 

manufacturing phase mostly as expected. Direct processes have a higher risk since they require 

to manipulate un-impregnated carbon fibers and liquid resin for thermosets. For these reasons, 

it appears that the scenario with less social risk is the use of thermoplastic prepregs with a 

reduction of the impact at every life stage. 
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Figure 5-2: Social results of various raw materials and manufacturing processes scenarios 

5.2.2 Selection of end-of-life management 

Several end-of-life scenarios have been compared in order to determine which path will lower 

the social risk for thermoset composites among landfill, incineration, pyrolysis and mechanical 

recycling. The inventory and the results are displayed in Table 5-3. It appears that the activities 

including heat (incineration and pyrolysis) have a higher overall impact: they represent a rather 

high risk both for operators (risk of injuries and toxic inhalation) and the populations (risk of 

air pollution with combustion particles). Mechanical recycling has the lowest impact and 

landfilling is intermediate because it can eventually contaminate soils after a long time of 

disposal. In conclusion, all of these scenarios are rather similar average social score but some 

of them are more pronounced on workers or on populations. Choosing mechanical recycling as 

end-of-life management is a good solution to reduce both impact on workers and populations. 

Table 5-3: Inventory and social results of different end-of-life scenarios for thermoset composites 

Scenario Landfill Incineration Pyrolysis 

recycling 

Mechanical 

recycling 

Process 

inventory 

- Dismantling, 

sorting 

- Composite 

landfill 

- Dismantling, 

sorting 

- Composite 

grinding 

- Composite 

incineration 

- Ashes landfill 

- Dismantling, 

sorting 

- Composite 

grinding 

- Composite 

pyrolysis 

- Fibers treatment 

- Dismantling, 

sorting 

- Composite 

grinding 

- Resin 

incineration 

Impact on 

workers 

1.17 1.42 1.58 1.44 

Impact on 

populations 

1.67 1.50 1.33 1.33 

Score 2.83 2.92 2.92 2.78 
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5.3 Survey to CF recycling companies 

The questionnaire addressed to composite recycling companies (part 2.4) gave some guidelines 

about how health and safety is handled in a recycling plant which are listed below: 

- The operators must wear safety equipment and be trained; 

- Standard air filtration in the room is required; 

- It is necessary to carry out regular air quality assessment inside the factory to check the 

exposure to particulates or toxic gases than can be emitted from the plant. 

It appears that composite recycling processes are well controlled and should not represent a 

high social risk. 

5.4 Interpretation 

The social assessment held on aero-engine components showed that metallic and composite 

components have very similar results. The outcome of this assessment is that both materials can 

have risks especially when chemical products are involved in an activity.  It is it is important to 

be aware those critical stages and set special health and safety rules for these. In addition, it is 

crucial for a manufacturer like GKN Aerospace to choose a supplier who cares about social 

sustainability as well in order to make the whole life cycle of the product more sustainable. 

The investigation of other possibilities to improve composite sustainability showed that 

thermoplastics composites have good chances to reduce the social risks during composite 

production and recycling. The choice of a manufacturing process depends on what material is 

used: the risk is lowered with indirect process for thermosets, but it is lowered with a direct 

process for thermoplastics. Regarding the end-of-life of a product, the processes including heat 

seems to increase the social risk while mechanical recycling is the one with the lowest score.  
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6 Economic assessment 

6.1 Life cycle study on the components 

6.1.1 Components production 

Figure 6-1 below show the cost breakdown of the components in their composite and metallic 

version. The cost has been normalized by the composite component cost for confidentiality 

reasons. As it has been explained in the economic model (see part 2.2.4), the lighter products 

have a trade value which corresponds to the potential benefits the manufacturer could make 

while selling the product to the customer. Hence, the trade value is marked as a negative 

percentage which lowers the economic impact. 

  

 
Figure 6-1: Normalized cost of production of the composite and metallic components 

In the case of A1, the composite product is cheaper to produce than the metallic component. 

Both raw materials and manufacturing costs are increased for the titanium A1 which leads to 

an increase about 1.5 in the cost breakdown. 

The component A2 in composite is opposed to the aluminum baseline, which is lowers the cost 

for both materials purchase and manufacturing cost. The trade value will allow to increase the 

selling cost up to 16% of the original composite product cost. In overall, the composite version 

costs 84% while the metallic version costs 45% which is 39% cheaper. 
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The component B opposes composites to titanium. Unlikely the component A1, the composite 

product has a higher production cost. Indeed, this component uses more expensive polymer 

resins, which raises the raw material cost from 37% for A1 to 55% for B. In addition, the ratio 

between the product cost and the trade value is about 38% which is much higher than 16% for 

A2. This difference is due to the composite manufacturing process, the component complexity 

and the joining method, which differs from A2 to B. 

6.1.2 Use and end-of-life phases 

The use and the end-of-life phases of the components have been modelled as described in part 

2.2.4. The economic assessment has been held on components and the results obtained for the 

use and the end-of-life phases are displayed in Table 6-1 below: 

Table 6-1: Economic impact of the components during use and end-of-life phases 

Component Cost of fuel 

over lifetime 

(USD) 

Cost of end-of-life 

composite (USD) 

Cost end-of-life 

metallic (USD) 

A1 2 to 4 x107 90-110 160-180 

A2 4 to 6 x107 190-210 110-130 

B 7 to 9 x107 230-250 370-390 

 

The fuel cost over lifetime decreases of approximately 650$ per kg reduced in the aircraft. This 

value is twice lower than the trade value range (1200-1500$/kg). In case the fuel price increases 

and reaches 0.6USD/kg (95$/bbl), the savings will reach 750$ per kg reduced per engine. 

Lifetime fuel savings do not cover the extra cost of the product. Therefore, the higher cost of 

composite components is probably not attractive for every customer depending on how much 

they care about the other aspects of sustainability. 

Also on Table 6-1 and despite their non-recyclability, composite parts have a positive end-of-

life economic impact due to the sale of metallic parts. However, these end-of-life benefits are 

very low compared to the previous life cycle steps costs and will not influence a lot the overall 

economic impact. 

6.2 Potential improvements 

6.2.1 Selection of raw materials and manufacturing process 

A solution to reduce the cost of composite materials can be to select another type of raw 

materials. Therefore, different types of materials have been compared, both metal and 

composites from cold to intermediate temperatures as shown on Figure 6-2. It shows that 

continuous-fibers composites (brown area) have a rather high cost and a rather limited 

temperature of use. Among them, PEEK can be used at higher temperatures than BMI but has 

a similar cost- it can also compete with PI composites with a much lower cost. Therefore, this 

thermoplastic could be a suitable material for a component similar as component B. 
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Figure 6-2: Cost of different materials according to their service temperature [18] 

Short fibers thermoplastic composite (blue area on Figure 6-2) are relatively low cost materials 

that can compete with metals for low-temperature and non-load-bearing applications. L. 

Brunnacker showed that this type of composites is especially suitable to replace additive 

manufactured components due to the high shape complexity that allow thermoplastics and can 

reduce significantly the component production cost [84]. 

Figure 6-3 shows the cost per unit to produce composite with different manufacturing processes. 

For high series of production, compression molding appears to be the option with the lower 

cost, but it is only suitable for short and long fiber composites. Wet Lay-up, Automated fiber 

placement and RTM are the lower cost manufacturing processes that are suitable for 

continuous-fiber composites. It is also important to notice that these processes lead to different 

quality of product and one process is not suitable for every type of application. The component 

design (shape and material) will also influence the manufacturing cost. Therefore, this graph 

indicates that RTM provide a lower cost for continuous fiber manufacturing, but this might vary 

according to the product considered in the cost assessment.  
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Figure 6-3: Costs of composite manufacturing processes as a function of the number of units products 

[85] 

6.2.2 Selection of end-of-life management 

Table 6-2 shows the costs of composite incineration and recycling and also the commercial 

value of recycled carbon fibers. The cost of incineration is very low, which is a reason why 

recycling processes for composite have not been so much developed in the industry so far (see 

part 3.1.3). However, it appears that the cost of composite recycling has an even lower cost 

according to the company Carbon Fiber Recycling. In addition, the recycled carbon fibers keep 

a rather high value on the market which is about 5,000 $/t. The value can go higher if the fibers 

have better properties. Therefore, running a recycling plant can involve high benefits when the 

recycled product is sold again. 

Table 6-2: Costs and benefits of different end-of-life scenarios 

Process Cost/benefits Source 

Epoxy incineration (Sweden) -107$/t [90] 

Other resins incineration 

(Sweden) 

-150$/t Approximation 

Composite pyrolysis 

recycling (USA) 

-50$/t Personal communication with Carbon 

Fiber Recycling (March 2019) 

Recycled CF sales +5,000$/t Personal communication with Torek & 

Carbon Fiber Recycling (March 2019) 

 

6.3 Survey to CF recycling companies 

All of the surveyed companies stated that it would not be complicated to handle the components 

if metallic parts are attached to the composite parts. Some companies can be very selective and 
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only take cutting scrap from carbon fiber fabric since prepreg cuttings contain fibers that are 

already impregnated and need more treatments. It is preferred to treat one resin type at a time, 

because each matrix will generate different toxic gases when incinerated and involves the 

installation of a different air filter. Therefore, some of the surveyed companies only treat epoxy-

based composites. For thermoplastic resins, the best recycling path would be to grind the 

material in smaller pieces before re-melting them together to shape a new product in order to 

save the matrix and the fibers.  

Generally, the companies prefer to treat composite scrap in large volume. The cost of composite 

recycling depends mostly on the purity and the size of the waste stream. A general contract can 

be established in case of a regular high-volume composite waste production. Most of the 

interrogated companies already work with the aerospace industry (Boeing has been mentioned 

several times). Some already have an industrial production of recycled fibers, while some other 

are smaller capacity but want to grow.  

6.4 Interpretation 

The results of this assessment do not show the composites as very economically sustainable. 

The composite components are usually more expensive to produce than the metallic baseline 

and would be not competitive if the trade value were not considered. Therefore, it is important 

that the composites in aero-engines add new functionalities that could be lighter design but also 

better performance to balance their much higher cost. 

Some composite materials can have a competitive cost with aluminum and titanium, but they 

are generally more expensive. However, the composites can be a great source of benefits in the 

end-of-life of the product if the carbon fibers are recycled and hopefully this market will grow 

in the future. For now, recycling composites is not very suitable for aerospace applications since 

very high performance materials are used in rather small quantity compared to the automotive 

industry, with big volumes and cheaper materials. However, the survey to recycling companies 

showed that Airbus and Boeing already collaborate with them which indicates that the recycling 

market can also expand to the other phases of an aircraft lifecycle. 
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7 Discussions and conclusions 

Discussion of the results 

The environmental assessment showed that composite and titanium components have rather 

similar environmental footprint when they are produced, while aluminum components have a 

much lower impact. Besides, the use phase is contributing the most to the environmental impact 

of the components. Hence, the composite component showing the largest improvements in 

terms of environmental sustainability is component B, because its composite design provides 

weight savings and its baseline is titanium. The social assessment held on aero-engine 

components pointed out that metallic and composite components have similar results. Both 

materials have a certain social risk, and, in any case, the early life cycle stages are the most 

severe. It highlights the importance for a manufacturer like GKN Aerospace to choose suppliers 

who cares about social sustainability as well to ensure a more sustainable life cycle for their 

products. The economic assessment showed that composite components are usually more 

expensive to produce than the metallic ones and the fuel savings during the use phase with the 

lighter products do not compensate this high cost.  

It is important to remember that the aircraft fuel consumption model used in this project is rather 

pessimistic compared to other studies. If the fuel savings models from airlines companies were 

considered, the importance of weight reduction would increase significantly, and any type of 

lighter component will be more sustainable. In addition, the jet fuel price might increase a lot 

in the next decades if new taxes are settled. Therefore, the three components studied have a 

good potential to be environmentally, socially and economically sustainable because their 

lighter weight have a very positive influence on their sustainability over lifetime. 

A few ideas have emerged to make composite components more sustainable. On the one hand, 

using thermoplastic composites have potential to reduce the environmental and social impact. 

In fact, these materials present less risks to handle and can be fully recycled and reused. 

Thermoplastic composite can also reduce the economic impact with a lower cost of production. 

Nevertheless, the knowledge on these materials is more limited than on thermoset composite 

and the implementation of such a solution will take time. On the second hand, composite 

recycling is a growing industry, which can increase the sustainability of composite components 

over many life cycle stages. If the manufacturing scrap and the decommissioned products were 

recycled, the economic and the environmental impact of the components will significantly 

decrease without compromising the social aspects either.  

This thesis project contributes to fill the research gap regarding composite sustainability in 

aviation and especially in aero-engines, by assessing social and economic impact in addition to 

the environmental impact which is usually the primary focus in this research area. 

Future work 

This project on composite components sustainability can be extended to other component types 

such as thermoplastic composites or components located in the hot part of the engine with 

ceramic matrix composites. It would also be interesting to have a closer look at different 

alternatives to produce carbon fiber and contact suppliers to have more alternatives to handle 

composite manufacturing scrap. The environmental assessment can be refined by considering 

the transportation between each activity with localized geographical data and improve the 
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model for material recycling and incineration. In addition, it would increase the reliability of 

the assessment to look for more accurate data on manufacturing processes and raw materials 

production. The social assessment could use a more complex grading system and it would be 

interesting to apply it to various suppliers to have real examples. Finally, the economic impact 

can be refined by considering the cost of maintenance, which contributes a lot to the use phase 

costs and probably differs from composite to metallic components. 

Final word 

Composite components have a great potential to contribute to sustainable aviation and this 

project highlighted the importance of life-cycle thinking when developing new composite 

products. The weight reduction has a main role to play, but it is important to consider the other 

life steps of the component and try to work with sustainable raw materials, manufacturing 

processes and components that can be recycled or reused, because these details matter and 

contribute to make composites stand out from metallic materials.  
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9 Annexes 

Annex A. EU-27 global inventory 

Abbreviations Impact category Substance groups in the International reference Life Cycle Data system 

GWP Climate change CO2, CH4, N2O both from direct emissions and those associated to LULUCF 

(land use, land-use change and forestry)  

HFCs, PFCs and SF6  

HCFC-141b, HCFC-142b  

1.1,1-trichloroethane  

ODP Ozone depletion 

potential 

CFCs, HCFCs, etc.  

HCFC-141b, HCFC-142b  

1.1,1-trichloroethane  

HTOXC, 

HTOXNC, 

FRWTOX 

Human toxicity 

(cancer, non-

cancer) and 

ecotoxicity 

Air emissions  

Heavy metals (HMs)  

Organics (non-NMVOC): e.g. dioxins, PAH,, HCB, etc.  

NMVOC  

Water emissions  

Industrial releases of HMs + organics  

Urban WWTP (HMs + organics)  

Soil emissions 

Industrial releases (HMs, POPs)  

Sewage sludge (containing organics and metals)  

Manure  

Pesticides  

Active ingredients (AI) breakdown  

RIPM Particulate 

matter/respiratory 

inorganics 

CO, NOX (as NO2)  

SO2, NH3  

PM10, PM2.5  

PM0.1  

IR Ionising radiations emissions of radionuclides to air and water from energy production (nuclear and 

coal)  

emissions of radionuclides to air and water from nuclear spent-fuel reprocessing  

discharge of radionuclides from non-nuclear activities (radio-chemicals 

production and research facilities)  

discharge of radionuclides from oil & gas industry  

emissions to air and water from the end-of-life scenario of gypsum boards  

POF Photochemical 

ozone formation 

NMVOC  

NOX (as NO2)  

SO2  

AC Acidification NOX (as NO2)  

SO2, NH3  

EUTT Terrestrial 

eutrophication 

NOX (as NO2)  

NH3 

EUTF Freshwater 

eutrophication 

Phosphorous (total) to soil and water, from agriculture  

Phosphorous (total) to soil and water, from sewages  

EUTM Marine 

eutrophication 

NOX (as NO2)  

NH3 

Nitrogen (total) to water, from agriculture  

Nitrogen (total) to soil and water, from sewages  

LU Land use “Land occupation” and “land transformation” : forest, cropland, grassland, 

settlements, unspecified  

WD Water depletion Gross freshwater abstraction  

RD Resource depletion Metals 

Minerals 

Energy carriers 

 

Source [86]
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Annex B. Properties of high performance polymer matrixes 

 

  Advantages Drawbacks Aerospace 

applications 

Ref. 

TP Epoxy (EP) ▪ Low cost 

▪ High durability and 

mechanical 

properties 

▪ Limited 

temperature of 

use  

▪ Aircraft core structure 

▪ Aero-engines (cold 

part) 

[4, 18, 38, 40] 

Phenol 

formaldehyde 

(PF) 

▪ Low cost 

▪ Fire retardant 

▪ Balanced properties 

▪ Limited 

temperature of 

use 

▪  

▪ Thermal protection in 

commercial aircrafts 

[38, 40, 87] 

Cyanate Esters ▪ High temperature of 

use 

▪ Resistance to 

flammability 

▪ High cost ▪ Satellites 

▪ Increase fire-

resistance of other 

resins 

[88] 

Bismaleimide 

(BMI) 

▪ High temperature of 

use 

▪ High chemical 

resistance 

▪ Low thermal 

expansion 

▪ High cost ▪ Aero-engines 

(intermediate part) 

and nacelles 

▪ Adhesives and 

protective films 

[89] 

Polyimides 

PMR (PI, 

PBMI, PBI) 

▪ Very high 

temperature of use 

▪ Good impact 

resistance 

▪ Fire retardant 

▪ Very high cost ▪ Aero-engines 

(intermediate part) 

▪ Aircraft interior  

▪ Structural parts of 

spacecraft 

[37, 41] 

TP Polyketones 

(PEEK, PEK, 

PEKK) 

▪ High and low 

temperature of use 

▪ Low flammability 

▪ Good chemical and 

radiation resistance 

▪ High cost ▪ Space [40] 
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Annex C. Environmental assessment results of component A1 

Annex C1. Normalized environmental impacts of component A1 
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Annex C2. Results of the environmental impact of component A1 

 

Impact category ILCD 2011 

Midpoint 

Reference unit Metallic Composite Metallic - 

Composite 

Acidification molc H+ eq 8.921E+05 8.921E+05 -7.444E+00 

Climate change kg CO2 eq 1.984E+08 1.984E+08 -1.030E+03 

Freshwater ecotoxicity CTUe 4.279E+06 4.278E+06 1.165E+03 

Freshwater eutrophication kg P eq 3.640E+01 3.640E+01 4.334E-03 

Human toxicity, cancer 

effects 

CTUh 1.435E-01 1.435E-01 1.132E-07 

Human toxicity, non-cancer 

effects 

CTUh 1.964E+00 1.964E+00 -3.149E-05 

Ionizing radiation E 

(interim) 

CTUe 2.946E+00 2.954E+00 -8.482E-03 

Ionizing radiation HH kBq U235 eq 2.024E+05 2.026E+05 -1.886E+02 

Land use kg C deficit 3.372E+05 3.371E+05 7.890E+00 

Marine eutrophication kg N eq 3.246E+05 3.246E+05 -1.158E+00 

Mineral, fossil & ren 

resource depletion 

kg Sb eq 9.475E+01 9.474E+01 1.239E-02 

Ozone depletion kg CFC-11 eq 5.251E-02 5.266E-02 -1.512E-04 

Particulate matter kg PM2,5 eq 1.318E+04 1.318E+04 -3.378E-01 

Photochemical ozone 

formation 

kg NMVOC eq 9.022E+05 9.022E+05 -3.675E+00 

Terrestrial eutrophication molc N eq 3.552E+06 3.552E+06 -1.258E+01 

Water resource depletion  m3 water eq 1.742E+07 1.741E+07 5.923E+03 
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Annex D. Environmental assessment results of component A2 

Annex D1. Normalized environmental impacts of component A2 
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Annex D2. Results of the environmental impact of component A2 

Impact category Reference unit Metallic Composite Metallic - 

Composite 

Acidification molc H+ eq 1.62E+06 1.62E+06 7.35E+02 

Climate change kg CO2 eq 3.61E+08 3.61E+08 1.65E+05 

Freshwater ecotoxicity CTUe 7.78E+06 7.78E+06 1.37E+03 

Freshwater eutrophication kg P eq 6.61E+01 6.62E+01 -5.12E-02 

Human toxicity, cancer effects CTUh 2.61E-01 2.61E-01 1.09E-04 

Human toxicity, non-cancer 

effects 

CTUh 3.57E+00 3.57E+00 1.65E-03 

Ionizing radiation E (interim) CTUe 5.35E+00 5.37E+00 -1.92E-02 

Ionizing radiation HH kBq U235 eq 3.68E+05 3.68E+05 -4.30E+02 

Land use kg C deficit 6.13E+05 6.13E+05 1.94E+02 

Marine eutrophication kg N eq 5.90E+05 5.90E+05 2.71E+02 

Mineral & fossil resource 

depletion 

kg Sb eq 1.72E+02 1.72E+02 -4.62E-02 

Ozone depletion kg CFC-11 eq 9.54E-02 9.58E-02 -4.47E-04 

Particulate matter kg PM2,5 eq 2.40E+04 2.39E+04 1.00E+01 

Photochemical ozone formation kg NMVOC eq 1.64E+06 1.64E+06 7.56E+02 

Terrestrial eutrophication molc N eq 6.46E+06 6.45E+06 2.97E+03 

Water resource depletion  m3 water eq 3.16E+07 3.16E+07 -6.24E+04 
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Annex E. Environmental assessment results of component B 

Annex E1. Normalized environmental impacts of component B 
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Annex E2. Results of the environmental impact of component B 

Impact category Reference unit Metallic Composite Metallic - 

Composite 

Acidification molc H+ eq 2.52E+06 2.52E+06 7.31E+02 

Climate change kg CO2 eq 5.61E+08 5.61E+08 1.71E+05 

Freshwater ecotoxicity CTUe 1.21E+07 1.21E+07 5.30E+03 

Freshwater eutrophication kg P eq 1.03E+02 1.03E+02 7.44E-02 

Human toxicity, cancer effects CTUh 4.06E-01 4.06E-01 1.32E-04 

Human toxicity, non-cancer 

effects 

CTUh 5.55E+00 5.55E+00 1.76E-03 

Ionizing radiation E (interim) CTUe 8.33E+00 8.33E+00 3.69E-03 

Ionizing radiation HH kBq U235 eq 5.73E+05 5.72E+05 3.02E+02 

Land use kg C deficit 9.54E+05 9.53E+05 3.51E+02 

Marine eutrophication kg N eq 9.18E+05 9.18E+05 2.56E+02 

Mineral & fossil resource 

depletion 

kg Sb eq 2.68E+02 2.68E+02 1.63E-01 

Ozone depletion kg CFC-11 eq 1.49E-01 1.48E-01 1.51E-04 

Particulate matter kg PM2,5 eq 3.73E+04 3.73E+04 1.15E+01 

Photochemical ozone formation kg NMVOC eq 2.55E+06 2.55E+06 7.18E+02 

Terrestrial eutrophication molc N eq 1.00E+07 1.00E+07 2.80E+03 

Water resource depletion  m3 water eq 4.93E+07 4.92E+07 6.05E+04 

 

 


