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A B S T R A C T   

Over the past few decades, increasing demand for light weight material have grown in various applications 
including aerospace, and other structural applications with added focus on green engineering and sustainability. 
Particularly in aerospace industries, utilisation of carbon fiber composites results in increased rate of pollution 
due to its inability to be repaired and recycled. Therefore, it is envisaged that migrating to biocomposites could 
be the solution forward depending on the manufacturing techniques. This life cycle assessment concentrates on 
understanding the emission rate of vacuum bagged carbon fiber and biocomposites with focus on its recycling 
abilities. In this study, carbon composites indicated a global warming potential (GWP) of 54 kgCO2Eq. whereas 
biocomposites showcased 12 kgCO2Eq. This implies that GWP of biocomposites were approximately four times 
less than carbon composites and if pesticides and fiber spinning are controlled, emission could be further reduced 
along with the overall energy consumption along with other emissions. Although biocomposites showcased lower 
environmental impact in mostly every scenario, the transition towards biocomposites still requires research to 
fulfil gaps with regards to the enhancement of mechanical properties compared to carbon fiber composites.   

1. Introduction 

The number of countries declaring pledges to achieve net-zero 
emissions has been constantly growing [1]. Despite efforts carried out 
by governments to tackle global warming, carbon dioxide (CO2) emis-
sions from energy production and industries have not declined but 
rather increased by 60 % since the United Nations Framework 
Convention on Climate Change in 1992 [2]. Albeit global commitments 
and actions till date, world still fall short of what is needed to limit the 
rise in global temperature to 1.5 ◦C and deter the adverse effects of 
climate change [2,3]. These environmental concerns lead researchers 
and industrials to develop alternatives to reduce the usage of petro- 
sourced materials [1,4–6]. 

In past few decades, transportation, manufacturing and construction 
industries have been the largest contributors to harmful gas emissions. 
Around 30 % of greenhouse gas emissions are from manufacturing 
processes in industries resulting in 44 % of CO2 emissions which are 
contributed either directly or indirectly from the same source [7]. 
Therefore, it is vital to assess the emissions throughout the life cycle of a 
material and evaluate the impact on environment. In manufacturing and 
production industries, major emissions are contributed by choices made 

in supply chain and logistics (SCL), overall energy consumption and 
equipment utilised [8,9]. Environmental impacts from SCL particularly 
from transportation and structural elements like warehouses include 
toxic wastes, water pollution, loss of biodiversity and deforestation 
which causes long-term damage to ecosystems via hazardous air emis-
sions and greenhouse gases (GHG) [10]. The amount of electricity used 
in the industries mainly for manufacturing, lighting, heating, ventilation 
and air-conditioning reflects on the amount of fossil fuels consumed to 
produce electric energy [11]. These fossil fuels emit air pollutants that 
are very harmful to the environment while burning by releasing CO2 into 
the atmosphere along with other greenhouse gases [5,9]. Thus, 
replacement of energy generated from fossil fuels is of prime importance 
to meet Net Zero Emission target in the UK and to tackle other related 
issues like global warming [7,8]. 

Pathways to decarbonization are available and readily implement-
able for many sectors from a technical perspective including conversion 
from fossil fuels to renewable resources and use of more repairable, 
recyclable and biocompatible materials to manufacture transportation 
systems and structures [5]. However, to manufacture these renewable 
sources such as wind turbine blades and transportation systems like 
aircrafts, huge amounts of carbon fiber composites are utilised [11]. For 
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instance, each Boeing 787 Dreamliner contains approximately 23 t of 
carbon fiber [1]. Owing to its multifarious advantages like light- 
weightiness, high strength reliability and aesthetics, carbon fiber often 
supersedes in preference when it comes to composite materials [10]. 
Manufacturing of carbon fiber is an energy intensive process and is 
produced using polyacrylonitrile (PAN) which is a synthetic thermo-
plastic that undergoes polymerisation resulting in high carbon footprint 
[1,12]. The industrial process of thermosetting and treatment adds to 
environmental cost by emitting high levels of carbon-based oxides along 
with other harmful gasses. Compared to stainless steel, carbon fiber has 
40 % more embodied energy [13]. Being a composite, carbon fiber is 
inherently difficult to recycle [9,12]. Recently, environmental regula-
tions and increase in awareness about eco-friendly materials has 
attracted various researchers to shift their focus to green composites or 
biocomposites [5]. Biocomposites materials are formed similar to car-
bon fiber composites by a matrix (resin) and fiber from biological origins 
[14]. The usage of biocomposites in industrial applications have 
enhanced due to their numerous advantages including lightweight, 
flexibility, cost-effectiveness, and the recyclability in nature [12,14]. 
Apart from these advantages, some mechanical properties of bio-
composites particularly of flax fiber composites in terms of energy ab-
sorption have indicated remarkable outcomes. Yan et al. indicated that 
specific absorbed energy (SAE) and crush force efficiency (CFE) of flax- 
based composites were superior to conventional metal energy absorbers 
and close to that of glass/carbon fiber reinforced polymer composites 
making it a good candidate for crashworthy applications [15]. Further, 
flax fiber composites are also recommended as a viable candidate for 
applications that requires good sound and vibration properties as it 
indicated 51.03 % higher damping than the glass fiber reinforced 
composites [16]. Khandai et al. demonstrated that natural fiber is good 
in ductility and bending properties, however it is dependent on the 
lamination structure and environmental footprint particularly from 
moisture as water molecules act as a plasticizer in the cellulosic struc-
ture of natural fibers [17,18]. Hence, hybridisation of bio and synthetic 
composites could be considered as it would not only magnify the 
strength of both the elements but could be beneficial in terms of cost and 
environmental concerns compared to using 100 % synthetic composites 
[15,19]. 

As both type of materials, i.e., synthetic and natural composites 
result into carbon emissions, it is necessary to understand the impact of 
both the composites in environment to determine an alternative 

material/composite for future. Thus, life cycle assessment is required to 
analyse the environmental analysis and energy impact at each stage. 
This paper focuses on understanding the life cycle assessment of carbon 
fiber composites (CF composites) and bio-fiber composites prepared 
through one of the one of the most common manufacturing techniques 
called vacuum bagging. 

2. Methodology 

Composite manufacturing is an energy intense process which emits 
harmful gases at every stage of production [9]. The environmental and 
energy analysis in this paper was developed in compliance with the 
international standards ISO 14040 and ISO 14044 [20,21]. The LCA in 
this study was carried out considering the use-phase as well as end-of- 
life phase i.e., cradle to grave technique involving fiber production as 
well as recycling operations through GaBi [22]. 

2.1. Goal, scope & assumptions 

The functional unit of the paper was defined as the production of 1 kg 
of carbon fiber composites prepared from PAN (Polyvinyl cyanide) fi-
bers and biocomposites of flax fibers from the farms. The system 
boundaries for this paper are illustrated for carbon-fiber composites 
(Fig. 1) and biocomposites (Fig. 2). The locations for this LCA were 
considered in UK as its one of the major producers of flax fibers with 
some industries which manufacture PAN and carbon fibers composites 
as well. In this paper, certain assumptions were made as data for LCA 
were unable to be attained. For instance, CO2 released/absorbed during 
vegetative cycles of plants were not estimated. It was assumed that the 
CO2 was generated from the biomass and is equivalent to amount which 
was withdrawn from atmosphere during growth [4]. Further, the LCA 
results of the epoxy production have been ignored as the bio-based 
epoxy had less than 1.14 kgCO2Eq. per ton and for small production 
quantity, it could be negligible. 

2.2. Inventory analysis & impact assessment 

The inventory for this study included a transportation range of 100 
miles with other data from experimental studies and some from the 
literatures. These inventory data included energy consumptions for 
attaining flax fibers as well as the precursors and processes. Fig. 1 

Fig. 1. Processing of carbon fiber composites from PAN fibers and its waste recovery.  
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showcases the process involved in the carbon fiber composite produc-
tion from the PAN fibers. The vacuum bagging technique details were 
measured at Kingston University London, and some data was attained 
from Groetsch et al. for fiber spinning [23]. Likewise, energy data for the 
flax fiber production were attained from Dissanayake et al. and com-
posite production data were measured in house [24]. The impact 
assessment for this LCA were based on two methodologies including 
TRACI 2.0 (Tool for the Reduction and Assessment of Chemical and 
Other Environmental Impacts) and CML-IA (Centre for Environmental 
Studies, University of Leiden) which analyse variety of emissions 
including global warming potential (GWP), acidification and eutrophi-
cation [25]. 

3. Results & discussion 

The data interpretation part of life cycle assessment as per interna-
tional standards is detailed in this section. The major environmental 
analysis such as GWP, acidification and eutrophication for bio-
composites and carbon-fiber composites are discussed based on the 
attained results. Further effects to minimise these environmental im-
pacts are also detailed. Additionally, the energy consumption of each 
process is detailed and ways to minimise them or sustainable are 
provided. 

3.1. Environmental analysis 

The carbon-fiber composites and flax fiber-based biocomposites 
were analysed for environmental analysis under different categories like 
GWP, acidification, human toxicity (cancer & non-cancer), respiratory 
inorganics, ecotoxicity and eutrophication in marine and freshwater 
environments. Each category was analysed based on a process flowchart 
illustrated in Figs. 1 and 2. Fig. 3 illustrates the results of environmental 
analysis carried for biocomposites and carbon composites. From the 
results it was determined that carbon fiber composites had ~5 times 
more environmental impact than flax-based biocomposites in mostly 
every emission scenario. This emission from carbon fiber composites 
could have been due to the process like carbonisation and graphitisation 
while producing carbon fibers. However, certain area like toxicity 
showcased higher values in biocomposites which could have been due to 
the use of fertilisers like nitrogen and phosphorus for growth of crops. 
The use of nitrogen and phosphorus could also affect the marine as well 
as eco-toxicity ranges as illustrated in Fig. 3. 

Although the Fig. 3 details an overall environmental impact of car-
bon fiber and its counterpart, there is a need to understand effects onto 
the environment in detail to reduce the emissions. Thus, each process in 
the production of composites was analysed. GWP is a commonly known 
environmental concern which is calculated based on amount of CO2 
emitted into atmosphere [26]. Fig. 4 (left) illustrates the GWP of carbon 

Fig. 2. Flax fiber production and biocomposites production along with its waste recovery through pyrolysis.  

Fig. 3. Environmental analysis of carbon fibers composites and biocomposites.  
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Fig. 4. GWP of vacuum bagged preparation of (a) carbon fiber composites and (b) biocomposites.  

Fig. 5. Eutrophication of (a) carbon fiber composites in freshwater (b) biocomposites in freshwater (c) carbon fiber composites in marine and (d) biocomposites 
in marine. 
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fiber composites and it could be said that the carbonisation/graphiti-
zation was mostly responsible for the global warming gases owing to the 
dwell time in maintaining the furnace. Likewise, PAN fibers also indi-
cated over 10.2 kgCO2Eq. which could have been emitted during its 
preparation or release of CO2 while processing. On the other hand, 
biocomposites indicated pesticides and fertilisers as key reason for 
release of GWP along with autoclave process and wet spinning. This 
could be due to the flax cultivation where usage of inorganic fertilisers 
(Nitrogen, Phosphorus, Potassium) could result in nitrogen run off 
causing environmental impacts such as acidification, aquatic toxicity, 
human toxicity and eutrophication. Major sources of greenhouse gases 
which contribute to global warming and climate change are from energy 
used to power agricultural equipment and to produce and apply fertil-
isers and pesticides in flax fiber production. The Henfaes Research 
Centre suggests that for flax grown in UK, the levels of fertiliser are 40 
kg/ha of nitrogen (N), 50 kg/ha of phosphorus (P) as P2O3 and 50 kg/ha 
of potassium (K) as K2O are required. Likewise, in Northern Ireland (NI), 
suggested levels of fertiliser are 20 kg/ha N, 20 kg/ha P2O5 and 80 kg/ha 
K2O respectively. Agricultural lime (CaCO3) may be applied to maintain 
soil pH. The difference in the fertiliser level could affect the quality of 
the flax, and the environmental impact due to utilisation of the flax- 
based materials. Thus, a standardisation is required to support the flax 
production and control the environmental impacts. 

Likewise, processing effects on the environmental factors like 
eutrophication in freshwater and marine environments are also illus-
trated in Fig. 5. The freshwater eutrophication of the carbon fiber 
composites was greater than that of biocomposites. The biocomposites 
affected the freshwater only through pesticides/fertiliser sources. 
However, carbon fiber composites affected the freshwater by emission 
from its original resource i.e., PAN fibers which could decompose by 
releasing cyanide during stabilisation process [17,27]. On the other 
hand, eutrophication emission in marine water was less in carbon fiber 
composites owing to its recyclability through pyrolysis. Also, bio-
composites show exponential emission from wet spinning and autoclave 
processes; this could have been due to the formation of hydrocarbon 
sources which decomposes with increase in temperature. 

Similar to eutrophication, human toxicity index and acidification 
rate of carbon fiber composites and biocomposites along with other 
toxicity values attained through environmental analysis are tabulated in 
Tables 1 and 2. From Table 1, it could be reported that the toxicity of the 
carbon-fiber composites was more dependent on the processing and 
behavior of PAN fibers through carbonisation process. The PAN fibers 
are generally toxic in nature owing to presence of cyanide which are 
formed while processing [28]. The PAN fibers alone without any pro-
cessing had an ecotoxicity value of 1.22 CTUe and respiratory inorganics 
of 1.35. This is due to the chemical composition of PAN which contains 
complex polyamides which also gives a critical effect on cancer [29]. By 
analysing the results of carbon-fiber composite production through 
vacuum bagging, it could be said that the first two steps involving PAN 
processing had the highest environmental effects. Thus, it’s required to 
modify this process to reduce global emissions which could be achieved 

by replacing the PAN fibers with amine or aromatic carboxylic acid- 
based materials which may potentially cut out the greenhouse emis-
sions [30]. Use of these precursors may eliminate stabilisation phases 
which could further support in reducing the emissions. 

On the other hand, From Table 2, it could be said that the maximum 
toxicity was associated with pesticides/fertilisers utilised in preparing 
the fibers which are the matrix of the biocomposites. These results are 
also supported by previous data which showcased that the use of pes-
ticides in consistent way could lead to ecotoxicity up to a scale of 10 
factors through extrapolation [31,32]. Other than pesticide, the toxicity 
values were also visible in use of diesel based non-renewable fossil fuels 
which is well established and research towards its alternatives are being 
carried out [33]. The use of non-renewable energy sources for agricul-
ture could have also been responsible for the GWP increase in the bio-
composites production. The GWP and toxicity of the biocomposites 
could be reduced by using renewable energy sources like solar or wind 
which could reduce in GWP values. Further, limiting or changing to-
wards organic pesticides could also limit toxicity values on the nature. 
This research also excludes the environmental impacts of noise and vi-
bration caused by the operation of large-scale agricultural equipment 
and fiber-processing gear. 

3.2. Energy analysis 

The total energy consumption in manufacturing processes vary 
relative to many factors such as type of process, location of the process, 
conditions assumed, types of requirements, equipment utilised, and 
technology utilised [34]. Fig. 6(a) & (b) show the breakdown of energy 
consumed in fabrication of both carbon fiber and biocomposites. It is 
evident that manufacturing of carbon fibers composites had the highest 
energy consumption of approximately 1100 MJ compared to bio-
composite which consumed only 203 MJ. As clearly visible from Fig. 6 
(a), the carbonisation and PAN fibers had the most energy consumption 
through carbon composite manufacturing followed by PAN treatment 
techniques. On the other hand, wet spinning and autoclave had the 
highest energy consumption in biocomposites. It is also worth 
mentioning that the energy consumed during carbonisation was higher 
than total energy utilised for manufacturing biocomposites. The energy 
consumed while manufacturing of biocomposites was still less than the 
end-of-life cycle assessment of carbon fiber composites including pro-
duction of carbon fiber from PAN. By observing the energy and envi-
ronmental impact of the initial steps like carbonisation and stabilisation 
it is evident that there is a need to develop a one stage thermal process to 
form carbon fibers. Various researchers have tried utilising the single 
thermal stages including pyrolytic recycling technology which have also 
been developed for aerospace applications [35,36]. Although pyrolytic 
techniques consumed high level of energy, it was able to recover over 98 
% in various experimental works making them a more suitable operation 
to recycle carbon fiber composites [37,38]. 

Comparably, biocomposites showcased limited energy consumption 
including its agriculture phases. The energy impact of biocomposites 

Table 1 
Different toxicity emissions from carbon-fiber composites.  

Processing 
technique 

Acidification (SO2 

Eq.) 
Human toxicity cancer 
(CTUh) 

Human toxicity non-cancer 
(CTUh) 

Respiratory inorganics (diseases 
incidence) 

Ecotoxicity 
(CTUe) 

Autoclave  0.00612  0.183  0.12  0.419  0.693 
Finishing/winding  0.00654  0.196  0.128  0.448  0.074 
Prepreg  0.011  0.338  0.215  0.753  0.124 
Pyrolysis  0.0113  0.338  0.221  0.772  0.128 
Sheet moulding  0  0  0.0189  0.0659  0.0109 
Stabilisation  0.0203  0.609  0.398  1.39  0.23 
Surface treatment  0.00115  0  0.0225  0.0786  0.013 
Vacuum bagging  0  0  0  0.003  0 
Carbonisation  0.0539  1.62  1.06  3.69  0.61 
Nitrogen  0  0  0.0135  0.0672  0.0163 
PAN fiber  0.0206  5.2  0.602  1.35  1.22  
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was mostly on the autoclave technique where the composites were 
placed for curing to harden and wet spinning technique where the fiber 
were created. However, the attained energy results were limited as the 
evaluation of harvesting and cultivation of flax fibers related data were 
very limited. The calculation based on direct agricultural area for flax 
fiber may be different than the real area. This indirect land usage may 
have certain tolerance effects on the life cycle assessment methodology 
which could quantify both LCA measurements and results impacts [39]. 

3.3. Waste recovery 

The recovery technique utilised in both the process involve pyrolysis 
which has also shown energy consumption of 8 % from total energy 
consumption by carbon fiber composite. Depending on the temperature 
of fluidized bed, decomposition products may lead to release NOx and 
other chemicals in case of both carbon and flax fiber composites. There 
is also the possibility of dioxins being produced if chlorine is present 
[40]. As a result of NOx, there may be repercussions in terms of acidi-
fication, human and aquatic toxicity, and ultimately eutrophication and 
other environmental impact metrics, such as land use, acidification, 
ozone depletion, human and eco-toxicity, may be included into future 
research [41]. Air emissions are also particularly crucial for the trans-
portation industry, which is why future research might compare the 
emissions from CFRP recycling with reductions during the usage phase 
achieved via lower fuel use. Emissions from the recycling process might 
also be better understood when measurement data is available since the 
study being conducted right now was based on stoichiometric balances 
of carbon [23,42]. 

3.4. Transition to bio-economy 

The negative impact of utilising bio-based materials that could arise 
from transitioning towards new bioeconomy in the future is not 
considered in any aspects of the LCA although use of bio-based material 
may lead to increase in prices of food-based products and land usage. 
There are also several challenges that need to be overcome to properly 
integrate LCA into innovation and development to better understand 
transition to bioeconomy [20]. Although bio-products are environ-
mentally exceptional compared to fossil products in some life cycle 
impact categories, while the scenario is often contradictory in others 
[1,9,43,44]. This could be due to the highly diverse group of bio- 
products and its environmental impacts relative to their fossil counter-
parts is case specific and very much dependent on the feedstock utilised 
[45]. Though, there have been various research on the bio-products, it is 
difficult to gauge the sustainability of biocomposites as these studies 
does not addressed the system holistically and have not considered 
research gaps such as fair share of resources, rates of exploitation that 
are renewable, environmental thresholds and buffering capacity, 
balanced consumption and circularity [42,43,46,47]. The transition to 
bioeconomy requires more than simply replacing carbon as it is a 
complex and irreversible adaptation of the whole system, which in-
volves innovation, new lifestyles, and changes to governance [45,48]. 

4. Conclusion 

The life cycle assessment was carried out for carbon-fiber composites 
and flax based biocomposites to analyse and estimate the environmental 
impact as well as energy impact with certain assumptions. The most 
well-known technique of composite manufacturing i.e., vacuum bagging 

Table 2 
Different toxicity emissions from flax based biocomposites.  

Processing 
technique 

Acidification (SO2 

Eq.) 
Human toxicity cancer 
(CTUh) 

Human toxicity non-cancer 
(CTUh) 

Respiratory Inorganics (Diseases 
incidence) 

Ecotoxicity 
(CTUe) 

Autoclave  0.00617  0.0185  0.121  0.422  0.0698 
Hackling  0.000567  0  0.011  0.0388  0 
Retting  0.000147  0  0  0  0 
Vacuum bagging  0  0  0  0  0 
Wet spinning  0.00605  0.0181  0.118  0.414  0.0684 
Scutching  0.00234  0  0.0459  0.16  0 
Pesticides/fertiliser  0.03182  4.26  1.69  0  0 
Diesel  0  0  0  2.525  8.93  

Fig. 6. Energy consumption analysis of (a) carbon fiber composites and (b) biocomposites.  
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was chosen as a fabrication technique for both the composites. The 
environmental and energy impact was accessed for fabricating 1 kg of 
the composite with bio-resin. The outcomes of analysis indicated that 
biocomposites production consumes about 202 MJ/kg whereas carbon 
fiber composites required over 5 times (1100 MJ/kg) than bio-
composites owing to complex processes as carbonisation. The produc-
tion of carbon-fibers from PAN medium though different techniques 
resulted in 50 % of overall energy consumption. Likewise, in bio-
composites, wet spinning of biocomposites resulted in same amount of 
energy consumption. Carbon fiber composites also resulted in ~54 
kgCO2Eq. total global warming potential (GWP) which was about ~4.5 
times more than biocomposites (12 kgCO2Eq.) and other emissions were 
likewise higher than biocomposites except in certain scenarios. This 
release could have been a direct correlation with release of carbon-based 
oxides while processing the carbon-fibers. Being a bio-carbon itself most 
of the flax-based fiber composites retained its cellulose activities into the 
resin leading to reduced release while processing. This paper provided 
the importance of orienting ourselves to the fibers-based biocomposites 
which may serve as replacement towards carbon-fiber composites to 
reduce emission in future, properties of standalone flax-based compos-
ites are still being explored. This is because of the mechanical stability of 
flax biocomposites is highly vulnerable and dependent on environ-
mental footprints, particularly moisture. 

Hence further work is required to be carried out to strengthen and 
sustain the rigidity of the composite. Furthermore, the amount of fiber 
crop production necessary to replace the carbon fiber industries require 
huge land occupancy with various energy source requirements. Thus, 
changing agricultural needs and energy sources to renewable would be 
another challenge ahead. 
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