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Abstract
The process energy demand and the environmental indicators of two carbon fiber reinforced plastic process chains have 
been investigated. More precisely, the impact of different production set-ups for a standard textile preforming process using 
bindered non-crimp fabric (NCF) and a material efficient 2D dry-fiber-placement (DFP) process are analyzed. Both 2D 
preforms are activated by an infrared heating system and formed in a press. The resin-transfer-molding (RTM) technology 
is selected for subsequent processing. Within a defined process window, the main parameters influencing the process energy 
demand are identified. Varying all parameters, a reduction of 77% or an increase of 700% of the electric energy consump-
tion compared to a reference production set-up is possible, mainly depending on part size, thickness, and curing time. For a 
reference production set-up, carbon fiber production dominates the environmental indicators in the product manufacturing 
phase with a share of around 72–80% of the total global warming potential (GWP). Thus, the reduction of production waste, 
energy efficient carbon fiber production, and the use of renewable energy resources are the key environmental improvement 
levers. For the production of small and thin parts in combination with long curing cycles, the influence of the processing 
technologies is more pronounced. Whereas for a reference production set-up, only 10% (NCF–RTM) and 15% (DFP–RTM) 
of the total GWP are caused by the processing technologies, a production set-up leading to a high process energy demand 
results in a share of 40% (NCF–RTM) and 49% (DFP–RTM), respectively.

Keywords  Carbon fiber reinforced plastics (CFRP) · Life cycle assessment (LCA) · Energy analysis · Dry-fiber-placement 
(DFP) · Resin-transfer-molding (RTM)

1  Introduction

Wherever masses are required to be moved the excellent 
weight-specific performance of carbon fiber reinforced 
plastics (CFRP) results in energy, fuel and emission savings 
during the use phase of a product. The actual sustainability 

benefits of these materials depend on the manufacturing 
chain, the achieved weight reduction and the respective 
application. In the aviation industry, the use of lightweight 
structures leads to significant fuel savings throughout the use 
phase. By a weight reduction of 1 kg for example, the annual 
kerosene consumption can be reduced by 200 l on average 
[1]. Thus, an environmental benefit can be claimed after 
10,000 km using CFRP instead of steel, even though the 
environmental impact in the production phase is increased 
[1]. In another study [2] addressing applications in the field 
of mechanical engineering, a weight reduction of about 
90% compared to an aluminum tool is achieved. Here, an 
environmental benefit of the investigated self-heated CFRP 
curing tool could already be realized in the production 
phase. During the use phase, another 85% of the electrical 
energy demand can be saved. In the automotive industry, 
fuel savings gained through weight reductions are consider-
ably lower than in the aviation industry. Consequently, the 
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environmental impacts of the production phase, the achieved 
weight reduction and the resulting fuel savings have a sig-
nificant impact on the environmental benefit of a lightweight 
design throughout the lifetime. Studies indicate that under 
certain conditions a reduction of the environmental impacts 
is possible over the entire life cycle of a CFRP structure 
[3–8]. Yet, based on different assumptions and varying 
boundary conditions, published results greatly diverge. 
While for example in Duflou et al. [3] the substitution of a 
steel body-in-white (BIW) with a CFRP structure results in 
a lower environmental impact after 132,000 km, in Das [4] 
however, there is no break even, even after 200,000 km com-
pared to the steel version. In a further study [7] the environ-
mental benefit of different lightweight materials (steel, alu-
minum, CFRP) for automotive applications is investigated. 
However due to the large spread of the environmental burden 
in the manufacturing phase of a CFRP structure, no clear 
statement is given. Based on these results, the environmental 
impact of different energy and technology related optimiza-
tion measures in the production phase are explored [9]. It 
is shown that the total environmental impact of CFRPs is 
dominated by the carbon fiber production. Thus, technologi-
cal improvements like the reduction of production waste, the 
recycling of cut-offs, and the use of renewable energies lead 
to environmental benefits.

The present work is a continuation of this study [9], 
focusing on the influence of different part geometries and 
processing parameters on the energy demand and the result-
ing environmental impacts. The aim of these investigations 
is to show, whether the production set-up can have a relevant 
impact on the environmental burden of a CFRP structure. 
First, the investigated process chains, a standard textile pro-
cess and a material-efficient lay-up technology, are briefly 
described. Second, the applied methods as well as all rel-
evant boundary conditions for the energy analysis and the 
life cycle assessment are presented. Subsequently, the results 
are shown and discussed in detail. For each process chain, 
the impacts of different production scenarios are evaluated 
and compared within that specific process chain. In the last 
chapter, all results are summarized and several recommenda-
tions are given.

2 � Overview of the investigated technologies

In the automotive industry, flat bindered textiles are com-
monly used for the production of cupped continuous rein-
forced CFRP parts. Several layers are tailored and stacked to 
a preform. Non-crimp-fabrics (NCF) are often the material 
of choice, due to the better mechanical properties in con-
trast to woven fabrics [10]. The use of flat textiles leads to 
high productivity. But the restricted fiber orientation hardly 
allows load-path adapted designs, which results in a lower 

weight reduction than theoretically possible. Furthermore, 
cut-offs of up to 50% can occur, depending on part size 
and textile roll, even though modern nesting programs can 
reduce the production waste [11].

A load-path adapted and material-efficient lay-up can 
be realized by automated fiber placement (AFP) technolo-
gies. In the aviation industry, AFP processes are already 
applied for a couple of years for the production of primary 
structures (fuselage, frame) [12–14]. In order to realize the 
required production rate for the automotive industry, the 
process chain must be automated in a number of key steps 
and adapted to the processing of cheap semi-finished tex-
tiles. In the last years, various placement technologies were 
developed for low-cost processing of rovings, binder yarns 
and TowPregs. To allow comparability, this study focuses 
on 2D dry-fiber-placement (DFP) technologies. Depend-
ing on the type of lay-up technology, 8–16 binder yarns or 
spread carbon fiber rovings can be fed and cut individually. 
The majority of currently available systems on the market 
are robot-based. The fixation of the tows can be realized 
through continuous activation of the binder either with an 
infrared heating lamp or a laser source during lay-up, and 
the spread rovings are adhesively fixed at the edges of each 
course [11, 15].

To obtain a 3D preform, an additional forming step is 
necessary. The 2D stack is heated up to the softening tem-
perature of the binder using contact or infrared heating sys-
tems. Subsequent forming is conducted in a press where 
the binder is allowed to solidify. Afterwards the preform is 
trimmed using e.g. a stamping tool or a robot-based super-
sonic cutting device.

In the automotive industry, Resin-transfer-molding 
(RTM) is, apart from wet compression molding, the most 
commonly used technology for the production of high-per-
formance composite structures. A resin-hardener mixture 
is injected at pressures of up to 100 bar into a closed cavity 
containing the 3D preform. For a homogeneous compaction 
of the preform and to ensure a tight tooling, the RTM tool is 
clamped together by a press. Injection and curing then usu-
ally take place at isothermal temperatures. Self-heated tools 
(usually with water as heat transfer medium) with curing 
temperatures ranging between 80 and 130 °C are typically 
used [15].

Usually, the parts have to be machine finished, even 
though a near-net shape preforming technology is used. In 
this work, a state of the art milling technology is considered 
to realize the final geometry. All subsequent process steps, 
i.e. surface treatment for painting or bonding are excluded.

Please note that no comparison is drawn between the 
products of the NCF–RTM and DFP–RTM process chains. 
They are used as examples for process chains with high 
and low cut-offs, and both are scaled to 1 kg CFRP part. 
However, these parts are not functionally equivalent as they 
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would have entirely different geometries and purposes in a 
more complex product (e.g. an automobile chassis).

3 � Method

To quantify the resource consumption and the environmental 
impact of the processes, products and services, the method 
of life cycle assessment (LCA) according to DIN EN ISO 
14040 and DIN EN ISO 14044 [16] is often applied. Con-
sidering the life cycle point of view, LCA allows taking into 
consideration all resources used, all emissions released, and 
all related environmental impacts over the entire life cycle 
of a product; beginning with the provision of raw materi-
als through manufacturing and application (use phase) to 
recycling or disposal at the end of life. The quality and reli-
ability of a LCA strongly depend on the underlying data. For 
well-established materials, high quality data sets (provided 
e.g. by PlasticsEurope, International Iron and Steel Institute 
IISI) are available to track the environmental interactions 
across the life cycle of a product. Looking at the manufac-
turing of high-performance composite structures, however, 
only a small fraction of life cycle inventory (LCI) data sets 
exists. In addition, it is not clear on which production param-
eters these data sets are based. In this study, two interrelated 
methods are applied to evaluate the resource efficiency of 
CFRP processing technologies.

3.1 � One‑factor‑at‑a‑time (OFAT) analysis 
for the energy consumption

The goals of the process specific energy measurements are to 
determine all relevant LCI data for different CFRP process 
chains, as well as to develop empirical models, allowing 
energy demand estimations for different production set-ups. 
In addition the results are used for a sensitivity analysis 
pointing out the impact of different process parameters on 
the energy demand.

Measurements were taken with varying part complexities 
and process parameters. The energy data were gained from 
three different power meter devices: the Fluke 1730, Fluke 
435, and the CML 1000, depending on the rated current. 
Compressed air was measured with a paddle-wheel sensor 
from Höntzsch. For the conversion of compressed air con-
sumption into the required energy demand, the GaBi LCI 
data set for a compressor with medium electricity consump-
tion is adopted [17]. An overview of all measured production 
scenarios for each process technology used in the investi-
gated production chain can be found in [15]. The develop-
ment of the empirical models based on the measured data 
is explained in detail in [15] as well. The weight-specific 
process energy demand is related to the respective semi-
finished product produced with the corresponding process 

technology, i.e. for the DFP process the energy consump-
tion per kilogram placed preform and for the RTM process 
the energy consumption per kilogram CFRP is determined. 
To estimate the process energy demand for all production 
technologies of the respective process chain, the material 
flows are considered. For the final energy analysis, more 
than 20 parameters are varied within a defined process win-
dow. Hereby only one factor at a time is changed, while the 
others remained on the medium set-up. Note that the OFAT 
analysis does not consider interactions between specific 
parameters. The maximum fluctuation of the process energy 
demand within the defined process window is determined 
through the empirical model by combining all parameters 
leading to a decrease or to an increase of the process energy 
demand, respectively. In this regard, some of these combi-
nations strongly depend on the used resin system, as this 
usually defines the required temperature, pressure and curing 
cycle. The production set-ups within the process window 
are realistic for industrial production. However, to apply the 
results in practice, a critical check of the underlying pro-
cess parameters and the specific production set-up (applica-
tion, part, material, etc.) is recommended. In this study the 
maximum fluctuation is used as best/worst-case scenario to 
prove whether the production set-up can have an impact on 
the environmental burden and thus has to be considered in 
future assessments.

3.2 � Life cycle assessment to evaluate 
the environmental impacts

For this work, a cradle-to-gate analysis following DIN EN 
ISO 14040 and DIN EN ISO 14044 was performed. The 
LCA study is broken down into four phases, conforming to 
the ISO standards. The first two phases—the definition of 
goal and scope as well as the LCI—are described in the fol-
lowing. The life cycle impact assessment and the discussion 
of the results are presented in separate sections.

Goal and scope contains the specification of all relevant 
boundary conditions for the analysis, as well as the func-
tional unit to which all results refer to. The focus of this 
work is to identify the main influences on the process energy 
demand and the resulting impact on the environmental indi-
cators for the production of 1 kg CFRP. Thus, the functional 
unit is related to a defined mass, i.e. any possible impact 
on the performance due to a different production set-up is 
not considered. Besides that, the environmental burden is 
dominated by the carbon fiber production. The influence 
of the process energy demand in the manufacturing phase 
therefore depends on the required amount of material for the 
production of 1 kg CFRP. This fact is taking into account 
as two process chains with varying cut-off rates are investi-
gated. However a product specific comparison of the process 
chains is not part of the study. The use phase and end of life 
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are excluded from the assessment (this constitutes a “cradle 
to gate”). Also, the transportation of the carbon fibers is 
neglected in the balance.

All other important system boundaries are listed in 
Tables 1 and 2. The LCA was performed using the GaBi ts 
software version 8.1.0.29, data base version 8.6 SP33.

The life cycle inventory contains all material and energy 
flows required to provide the functional unit in the defined 
technical systems. In the resulting mass and energy balance 
(LCI results) all resource extractions from the environment 
are listed on the input side. The occurring emissions to air, 
water and ground are on the output side. For the data provi-
sion the balance model can be divided into a technical fore-
ground and background system, compare Fig. 1 and Albrecht 
et al. [24].

Material and energy flows in the foreground system are 
usually defined through intermediate products, e.g. the 
amount of electricity or resin. The background system links 
those data with the corresponding resources and emissions, 
which are either taken from or released to the environment. 
For all background data (energy supply, PAN-fiber produc-
tion, epoxy resin, etc.) the GaBi Professional database con-
taining all corresponding resources and emissions is used. 
The respective datasets are shown in Table 1.

For the foreground data, both an intensive literature sur-
vey was performed and the mass and energy flows for dif-
ferent process technologies were measured. More than 15 
studies containing relevant data for the production of CFRP 
structures were found in over 50 screened sources [3–5, 8, 
25–36]. Particularly for the carbon fiber (PAN to CF) and 
textile (fabric, NCF) production, as well as the machining 
[15], LCI data representing industry standards were deter-
mined and evaluated in close cooperation with an industrial 

advisory board comprising AUDI, BASF, Benteler-SGL, 
BMW, CarboNXT, SGL-Group and TohoTenax. In addi-
tion to the intermediate products of the background system, 
as shown in Fig. 1, released emissions from carbon fiber 
production were taken into account.

In contrast, reliable data for different preforming, cur-
ing and thermoforming technologies are hardly available. 
Furthermore, the corresponding production scenarios are 
often not documented. Therefore, different process technolo-
gies were investigated and the process energy demand was 
determined by measurements under varying process condi-
tions (OFAT energy analysis). In addition to the energy and 
compressed air demand, the cooling water consumption was 
measured. Possible emissions, including particulate matter, 
occurring in the preforming, curing and finishing steps were 
neglected.

For the life cycle impact assessment the CML method 
by the University of Leiden was selected. A broad range of 
impacts are evaluated. However, only the primary energy 
demand (PED) and the global warming potential (GWP) 
are illustrated and discussed in this paper. GWP is the most 
frequently used indicator in any environmental assessment, 
while PED addresses energy resources, which is arguably 
one of the most relevant issues in CF production. The two 
indicators are related, but not interchangeable. The GWP 
addresses emissions related to anthropogenic climate change 
that are released from the product system, i.e. carbon dioxide 
CO2, methane CH4, and nitrous oxide N2O, among others. 
The (fossil) PED addresses the energy content of (fossil) 
resources fed into the product system, i.e. crude oil, hard 
coal, lignite etc. Where these resources are used for energy 
generation, the PED is closely connected to the GWP. How-
ever, the GWP/PED ratio varies between different resources 

Table 1   Global boundary conditions for the eco-balancing of 1 kg CFRP

Parameter Specification Remarks

PAN-fiber production
 Base country Japan Dataset in GaBi professional database [18], adapted from base country EU-28 to 

Japan Type Polyacrylonitrile (PAN) fiber
Carbon fiber production
 Base country Global For the carbon fiber production a global energy mix is calculated according to 

the global distribution of carbon fiber production capacities as given in [19] 
using the corresponding energy generation datasets in GaBi professional 
database [20]

 Type HT fiber
 Mass losses ~ 50% from PAN to carbon fiber
 Fiber density 1.78 g/cm3

Matrix
 Base country Europe Available dataset in GaBi professional database [21]
 Type Epoxy resin
 Matrix density 1.17 g/cm3

Part production (2D preforming, 3D preforming, RTM)
 Base country Germany Available dataset for electricity mix [22], pressurized air 7 bar (mean consump-

tion) [17] and cooling water in GaBi professional database [23]
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(e.g. electricity from natural gas releases less CO2 per kWh 
than electricity from lignite). Where oil is used as a material 
resource to produce monomers for plastics, the PED is dis-
connected from the GWP (unless the material is combusted 
at its end of life, which is excluded in this study). The PED 
of CFRP parts is related to both energy and material use of 
resources by varying degrees, depending on the specific part 
and manufacturing technology.

4 � Results

For both evaluation methods, the material flow has to be 
considered to evaluate the data and to generate the results. 
An overview for a standard textile preforming process chain 
and a material-efficient lay-up technology is given in Fig. 2. 
In this regard the aim of this study is to prove, whether the 
process parameters and part size, resulting in different pro-
cess energy demands, have an impact of the environmental 
burden of a CFRP structure. To ensure a systematic compari-
son, the material flow for each process chain is fixed. How-
ever depending on part geometry and textile roll width, the 
amount of cut-offs can greatly vary during textile tailoring 
and 3D preform trimming. Therefore an additional sensitiv-
ity analysis is performed. For the final evaluation, an average 
cut-off during 2D and 3D preforming of 20% is used, defined 
through the advisory board. A DFP technology, which ena-
bles an individual feeding and cutting of each roving, can 
significantly improve the material efficiency. Assuming an 
optimal design of the 2D stacking with respect to the form-
ing behavior, only 5% of the material input has to be cut-off 
for the RTM tool.

For each process chain, a finishing step through mill-
ing/assembly is further considered, where a 10% cut-off is 
assumed. Additionally, a marginal difference in the required 
resin amount for both process chains is visible in Fig. 2. 
Explanations can be found in the different materials added 
to the preforms: Whereas a DFP preform contains only a 
binder and the fibers, a NCF preform requires the incorpora-
tion of a binder and sewing thread. A detailed overview of 
all parameters relevant for the material flow and the process 
energy demand is given in Table 2.

4.1 � OFAT analysis for process energy consumption

The OFAT analysis involves the variation of each process 
parameter within a defined process window as well as the 
evaluation of the resulting impact on the weight specific 
process energy demand. Interactions of individual process 
parameters are not subject of this study. The process energy 
demand incorporates electricity and compressed air for the 
processing technologies. The energy consumption required 
for the material production (carbon fiber and resin) is not Ta
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Fig. 1   Technical foreground and background system in the life cycle inventory

Fig. 2   Material flows for both investigated process chains
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considered in the OFAT analysis. Also the fiber volume con-
tent (FVC) and the cut-offs for each process chain remain 
unchanged for the final investigations to ensure a systematic 
comparison of the different production scenarios. To address 
part geometry induced cut-off variations, a separate sensitiv-
ity analysis was performed before. Halving and doubling the 
averaged preforming cut-offs for both process chains leads to 
a change below 10% of the weight-specific process energy 
demand.

An overview of the process window for the final evalua-
tion is given in Table 2. The column labels low, medium and 
high refer to the calculated process energy demand and the 
corresponding environmental impacts.

The times for tool mounting, preform handling and 
demolding is also considered but kept constant for all sce-
narios. Up-scaling effects, e.g. infrared heating for lay-up 
width increase from 100 to 300 mm are not considered. The 
main difference between the NCF–RTM and DFP–RTM 
process chains are the cutting rates, resulting in different 
material flows (compare Fig. 2). The textile/fiber areal 
weight is also varied in a different range. A NCF usually 
consists of at least two layers, with a consistently higher 
areal weight than for one layer placed with a DFP process. 
For the medium set-up the shares of process energy demand 
for the respective process steps are investigated. Even if the 
process parameters for the NCF–RTM and DFP–RTM pro-
cess chains are identical regarding the 3D preforming, cur-
ing and finishing step, a different share of the process energy 
demand is calculated. This is due to two differences between 
NCF and DFP processes: First, the NCF–RTM process chain 
needs more material to be formed due to the higher amount 
of cuttings. Second, the DFP process is a more complex 
and energy intensive process than the textile production. In 
Fig. 3 the shares of the process steps for both process chains 

are presented. As expected, the DFP process has a higher 
energy demand than the NCF production. Therefore, the 
shares of the 3D preforming, RTM, and finishing are slightly 
lower. However, in both process chains the RTM process 
clearly dominates the process energy demand with a share 
of 52–59% of the total process energy demand.

Within both process chains, more than 20 parameters are 
varied and the impact on the weight specific process energy 
demand is investigated. The medium production set-up is 
chosen as a baseline for comparisons (compare Table 2). 
The results of the OFAT analysis for the NCF–RTM process 
chain are presented in Fig. 4. Only the parameters with an 
impact higher than 10% of the energy demand are shown due 
to the large number of parameters.

Combining all parameters resulting in a low process 
energy demand, a total reduction of more than 72% com-
pared to the medium production set-up was calculated 
with the empirical model. The worst-case scenario results 
in around 700% (almost eightfold) increase of the process 
energy demand of 1 kg CFRP. The main influencing param-
eters are part size and thickness, as well as the curing time. 
Possible case specific and individual interactions between 
parameters (e.g. lower part thickness or smaller part size 
might lead to lower curing times) are not considered. How-
ever, as the part size and thickness are usually fixed in a 
production series, the optimization potential is limited. One 
potential point for optimization is the reduction of the curing 
time by increasing the curing temperature as the impact of 
a temperature increase is far below 10%.

The results of the OFAT analysis for the DFP–RTM pro-
cess chain are very similar, see Fig. 5. The weight specific 
process energy demand varies between 77% reduction and 
around 615% (sevenfold) increase compared to the baseline. 
Main influence parameters are again the part size, the part 

Fig. 3   Process step share of the process energy demand for the production of 1 kg CFRP (process energy demand for carbon fibers and matrix is 
not considered)
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thickness and the curing time, followed by the roving type, 
which has a slightly higher impact than the lay-up system. 
In contrast, the influence of the lay-up rate on the total pro-
cess energy demand is marginal (< 10%). The total process 
energy demand of the DFP process is dominated (with over 
60%) by the compressed air consumption. For a medium 
production set-up, an adhesive fixation is chosen. Hereby, 
the compressed air consumption does not depend on the 
process time but on the number of parallel-fed rovings [15]. 
Hence, a higher lay-up rate leads to lower electrical energy 
demand per kilogram placed preform, while the dominating 
compressed air consumption remains unchanged.

4.2 � Life cycle impact assessment

In contrast to the OFAT analysis, the cradle-to-gate LCA 
takes into consideration all material and energy flows 
required for the production of 1 kg of a CFRP part. The 
results for two environmental indicators PED and GWP are 
presented in Figs. 6 and 7. The impact of different produc-
tion set-ups with average cut-off rates for a standard textile 
(NCF) and a material-efficient placement technology is com-
pared in both impact categories. As depicted in Fig. 6, it can 
lead to a total increase of 37% (PED) to 50% (GWP) for the 
NCF process chain.

Fig. 4   OFAT—energy sensitivity analysis for the NCF–RTM process chain (process energy demand for carbon fibers and matrix is not consid-
ered)

Fig. 5   OFAT—energy sensitivity analysis for the DFP–RTM process chain (process energy demand for carbon fibers and matrix is not consid-
ered)
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Furthermore, the environmental footprint of carbon fiber 
production is divided into carbon fiber remaining in the part 
and carbon fiber cut-offs. It can be observed that the cut-off 
rates have a considerable influence on the respective foot-
print. Consequently, the impact of the production set-up is 

higher for lower cut-off rates. Changes induced through part 
geometry, e.g. doubled cut-offs, result in a decreased influ-
ence of the production set-up. For the NCF–RTM process 
chain, only a 37% change of the GWP between the medium 
and the high production set-ups is observed. In contrast, by 
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halving the cut-offs, the GWP varies from 30 to 52 kg CO2eq 
per kg CFRP.

This is enhanced when a material-efficient preforming 
technology is applied. Figure 7 shows a 50% (PED) to 67% 
(GWP) increase related to a medium production set-up.

Furthermore, Figs. 6 and 7 show that the share of process 
steps on the environmental impacts changes. The percentage 
distribution of the GWP for each production set-up is given 
in Table 3. Whereas for a medium production set-up, the 
total carbon fiber production (CF production for the part and 
CF cut-offs) has a share of around 72% for the DFP–RTM 
process chain, a production set-up resulting in a high process 
energy demand leads to an increased share of the process-
ing technologies. Instead of 15%, around 50% of the GWP 
for 1 kg CFRP are attributed to the processing technolo-
gies—preforming, RTM, machining. The influence of the 
carbon fiber production (part and cut-offs) decreases to 43%. 
A similar shift is visible for the NCF–RTM process chain. 
The impact share of the carbon fiber production in the GWP 
for 1 kg CFRP decreases from around 84% for a low energy 
set-up to 53% for a high energy set-up.

5 � Conclusion

In this study, the energy efficiency of two different CFRP 
process chains is investigated and influences on the envi-
ronmental indicators are evaluated. The results show, that 
especially part size and part thickness strongly influence the 
weight specific process energy demand of part manufactur-
ing. Considering all 20 varied parameters the process energy 
demand for the production of 1 kg CFRP fluctuates within 
the process window between a possible reduction of around 
77% and a 700% increase compared to a medium set-up. 
Hereby, only the processing technologies and not the mate-
rial production itself are considered. In both investigated 
process chains, the dominating production step regarding the 
weight specific process energy demand is the RTM process.

The life cycle assessment confirms the huge influence of 
the carbon fiber production on the environmental burden 

of a CFRP structure. Moreover, it is shown that a produc-
tion set-up resulting in a high process energy demand, can 
lead to a significant increase across all considered environ-
mental indicators. However the production set-up induced 
changes depends on the considered cut-off rates. Whereas 
the process parameter variation for a NCF process chain 
with 20% cut-offs at each preforming step results in an 
increase of 50%, the changes for a material-efficient pro-
cess chain leads to 67% higher GWP compare to a produc-
tion set-up with a medium process energy demand. Con-
versely, the carbon fiber production with a share of around 
72–80% for a medium production set-up is less dominant; 
only 43–53% of the GWP for 1 kg CFRP are caused by the 
carbon fiber production. The reduction of the cut-offs and 
the use of renewable energy in carbon fiber production still 
offers the greatest potential to improve the environmental 
impacts of both, carbon fiber and CFRP parts. Taking into 
account that part size and thickness, which have the main 
impact on the weight specific process energy demand, are 
usually defined by the required performance, the highest 
process energy reduction potential lies in the curing time. 
Curing time reductions, e.g. through an increase of tooling 
temperature, could lead to relevant process energy sav-
ings especially for small and thin parts. Nevertheless, the 
study shows that for an environmental evaluation of CFRP 
parts, in particular the part size and thickness need to be 
considered. Therefore, a parametric unit process model, 
taking into account the dominant part features, determin-
ing the impact per kg of output material should be used 
in future LCA studies of CFRP parts. Further studies can 
then focus on the individual interactions between param-
eters for example to quantify the reduction potential of 
different measures processing a small, thin part and the 
resulting environmental impacts.
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Table 3   Distribution of the 
impact category GWP along the 
process chain

GWP NCF–RTM DFP–RTM

Low Medium High Low Medium High

Total CF production 84 80 53 79 72 43
CF production (part) 49 47 31 68 62 37
CF cut-offs 35 33 22 11 10 6
Matrix 11 10 7 15 13 8
Preforming 1 3 12 1 5 15
RTM 1 4 25 1 6 31
Machining/assembly 3 3 3 4 4 3



416	 Production Engineering (2018) 12:405–417

1 3

References

	 1.	 Hodzic A, Soutis C, Wilson C, Scaife R, Ridgway K (2010) 
Advanced composite manufacturing methods and life cycle analy-
sis of emission savings. Seico 10 SAMPE EUROPE 31st confer-
ence proceedings

	 2.	 Arikan E, Hohmann A, Kammerhofer P, Reppe M, Remer N, 
Drechsler K (2016) Energy efficiency and ecological benefits of 
a self-heated CFRP tool designed for resin transfer moulding, 
ECCM17 conference proceedings

	 3.	 Duflou JR, de Moor J, Verpoest I, Dewulf W (2009) Environ-
mental impact analysis of composite use in car manufacturing. 
CIRP Ann Manuf Technol 58:9–12. https​://doi.org/10.1016/j.
cirp.2009.03.077

	 4.	 Das S (2011) Life cycle assessment of carbon fiber-reinforced 
polymer composites. Int J Life Cycle Assess 16:268–282. https​://
doi.org/10.1007/s1136​7-011-0264-z

	 5.	 Scelsi L, Bonner M, Hodzic A, Soutis C, Wilson C, Scaife R, 
Ridgway K (2011) Potential emissions savings of lightweight 
composite aircraft components evaluated through life cycle assess-
ment. Exp Polym Lett 5(3):209–217. https​://doi.org/10.3144/expre​
sspol​ymlet​t.2011.20

	 6.	 Witik RA, Payet J, Michaud V, Ludwig C, Månson JAE (2011) 
Assessing the life cycle costs and environmental performance 
of lightweight materials in automobile applications. Compos A 
42:1694–1709. https​://doi.org/10.1016/j.compo​sites​a.2011.07.024

	 7.	 Anonymous (2012) Leichtbau in Mobilität und Fertigung—Ökol-
ogische Aspekte. e-mobil BW GmbH. http://www.e-mobil​bw.de/
de/servi​ce/publi​katio​nen. Accessed 05 July 2017

	 8.	 Suzuki T, Takahashi J (2005) LCA of lightweight vehicles by 
using CFRP for mass-produced vehicles. https​://www.resea​rchga​
te.net/publi​catio​n. Accessed 05 July 2017

	 9.	 Wehner D, Hohmann A, Schwab B, Albrecht S, Ilg R, Sedlbauer 
KP, Leistner P, Drechsler K (2016) Effect of different technologi-
cal and energy supply related measures on the primary energy 
demand of CFRP production. ECCM17 conference proceedings

	10.	 Flemming M, Ziegmann G, Roth S (2013) Faserverbundbau-
weisen: halbzeuge und bauweisen. Springer, Berlin

	11.	 Schlimbach J (2015) Prozesskette zur ressourceneffizienten 
composite-herstellung für die e-mobilität—PRESCHE. VDI 
fortschritt-berichte reihe 5 Nr. 757. VDI Verlag, Düsseldorf

	12.	 Lorincz J (2006) Composites fly lighter, stronger—tape laying and 
fibre placement systems automate composite structure production 
and reduce costs. http://advan​cedma​nufac​turin​g.org. Accessed 05 
July 2017

	13.	 Schmitt S (2014) High performance composites manufacturing 
using advanced automated fiber placement (AFP), presentation 
on the symposium “A comprehensive approach to Carbon Com-
posites Technology”. Symposium on the occasion of the 5 th anni-
versary of the Institute for Carbon Composites TU Munich

	14.	 Drechsler K, Chatzigeorgiou L, Niefnecker D, Hoffmann J, 
Schießler C, Schmitt S, Wirtz T (2014) Fiber Placement Tech-
nologien für komplexe Luftfahrtstrukturen—Von der anwendung-
sorientierten Forschung bis zum Technologietransfer im indus-
triellen Umfeld. Presentation on the Deutscher Luftfahrt- und 
Raumfahrtkongress, Augsburg

	15.	 Hohmann A, Schwab B, Wehner D, Albrecht S, Ilg R, Schüppel D, 
von Reden T (2015) MAI Enviro—Vorstudie zur Lebenszyklusan-
alyse mit ökobilanzieller Bewertung relevanter Fertigungsprozess-
ketten. Fraunhofer Verlag, Stuttgart

	16.	 International Organization for Standardization (ISO) (2006) Envi-
ronmental management—life cycle assessment—principles and 
framework. International Standard ISO 14040 (ISO 14040:2006)

	17.	 Anonymous (2017) GaBi Professional database: Process 
data set–GLO: Druckluft 7 bar (mittlerer Stromverbrauch) 

ts; UUID of Process data set: 591678EA-DB78-427A-8B62-
F0C2A329C5BB. http://www.gabi-softw​are.com/suppo​rt/gabi/
gabi-datab​ase-2017-lci-docum​entat​ion/profe​ssion​al-datab​ase-
2017. Accessed 5 July 2017

	18.	 Anonymous (2017) GaBi Professional database: Process data 
set–EU-28: Polyacrylnitril Fasern (PAN) ts; UUID of Process 
data set: DB00901A-338F-11DD-BD11-0800200C9A66. http://
www.gabi-softw​are.com/suppo​rt/gabi/gabi-datab​ase-2017-lci-
docum​entat​ion/profe​ssion​al-datab​ase-2017. Accessed 5 July 
2017

	19.	 Kraus T, Kühnel M, Witten E (2015) Composites-marktbericht 
2015. https​://www.carbo​n-compo​sites​.eu/media​. Accessed 12 
Oct 2016

	20.	 Anonymous (2017) GaBi Professional database: Process data 
sets–US: Strom Mix ts; UUID of Process data set: {6B6FC994-
8476-44A3-81CC-9829F2DFE992}. JP: Strom Mix ts; UUID 
6D51656B-A12B-42DB-8B14-3E6E308B335B. CN: Strom 
Mix ts; UUID 124E9246-9E84-4352-86B5-C08837E8CF92. 
TW: Strom Mix ts; UUID 38304AC2-FDCB-4A0B-863E-
8F18A98BD19F. KR: Strom Mix ts; UUID 275A3714-2F49-
4612-A114-46A2BD4EBEB4. HU: Strom Mix ts; UUID 
C3DC3F1F-3641-4BFD-A04A-8E8432FC730E. DE: Strom 
Mix ts; UUID 48AB6F40-203B-4895-8742-9BDBEF55E494.
FR: Strom Mix ts; UUID C8D7F695-1C5B-4F9A-8491-
8C58C20C190F. GB: Strom Mix ts; UUID 00043BD2-4563-
4D73-8DF8-B84B5D8902FC. http://www.gabi-softw​are.com/
suppo​rt/gabi/gabi-datab​ase-2017-lci-docum​entat​ion/profe​ssion​
al-datab​ase-2017. Accessed 5 July 2017

	21.	 Anonymous (2017) GaBi Professional database: Process data 
set–RER: Epoxidharz (EP) PlasticsEurope; UUID of Process 
data set: 49268476-816A-4A86-ABB9-080E730BFF6F. http://
www.gabi-softw​are.com/suppo​rt/gabi/gabi-datab​ase-2017-lci-
docum​entat​ion/profe​ssion​al-datab​ase-2017. Accessed 5 July 
2017

	22.	 Anonymous (2017) GaBi Professional database: Process data 
set–DE: Strom Mix ts; UUID of Process data set: 48AB6F40-
203B-4895-8742-9BDBEF55E494. http://www.gabi-softw​are.
com/suppo​rt/gabi/gabi-datab​ase-2017-lci-docum​entat​ion/profe​
ssion​al-datab​ase-2017. Accessed 5 July 2017

	23.	 Anonymous (2017) GaBi Professional database: Process data 
set–DE: Wasser (entsalzt, deionisiert); UUID of Process data set: 
300E0734-6B74-4225-A078-D64108783DA3. http://www.gabi-
softw​are.com/suppo​rt/gabi/gabi-datab​ase-2017-lci-docum​entat​
ion/profe​ssion​al-datab​ase-2017. Accessed 5 July 2017

	24.	 Albrecht S, Hohmann A (2014) MAI Enviro—Vorstudie zur Leb-
enszyklusanalyse mit ökobilanzieller Bewertung relevanter Fer-
tigungsprozessketten für CFK-Strukturen. Presentation on CCeV 
AG Umweltaspekte

	25.	 Griffing E, Overcash M (2009) Carbon fiber from PAN—con-
tents of factory gate ot factory gate life cycle inventory summary, 
chemical life cycle database. http://crate​l.wichi​ta.edu/gtglc​i/wp-
conte​nt/uploa​ds. Accessed 05 July 2017

	26.	 Patel M (1999) KEA für Produkte der organischen Chemie. Arbe-
itspapier im Rahmen des UBA-F&E-Vorhabens Nr. 104 01 123. 
http://docpl​ayer.org/86008​38-Kea-fuer-produ​kte-der-organ​ische​
n-chemi​e.html. Accessed 05 July 2017

	27.	 Stiller H (1999) Material intensity of advanced composite mate-
rials. Wuppertal papers Nr. 90. https​://epub.wuppe​rinst​.org/files​
/926/WP90.pdf. Accessed 05 July 2017

	28.	 Patel M (2003) Cumulative energy demand (CED) and cumu-
lative CO2 emissions for products of the organic chemical 
industry. Energy 28:721–740. https​://doi.org/10.1016/S0360​
-5442(02)00166​-4

	29.	 Rankine RK, Chick JP, Harrison GP (2006) Energy and carbon 
audit of a rooftop wind turbine. Proc Inst Mech Eng Part A. https​
://doi.org/10.1243/09576​509JP​E306

https://doi.org/10.1016/j.cirp.2009.03.077
https://doi.org/10.1016/j.cirp.2009.03.077
https://doi.org/10.1007/s11367-011-0264-z
https://doi.org/10.1007/s11367-011-0264-z
https://doi.org/10.3144/expresspolymlett.2011.20
https://doi.org/10.3144/expresspolymlett.2011.20
https://doi.org/10.1016/j.compositesa.2011.07.024
http://www.e-mobilbw.de/de/service/publikationen
http://www.e-mobilbw.de/de/service/publikationen
https://www.researchgate.net/publication
https://www.researchgate.net/publication
http://advancedmanufacturing.org
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
https://www.carbon-composites.eu/media
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://www.gabi-software.com/support/gabi/gabi-database-2017-lci-documentation/professional-database-2017
http://cratel.wichita.edu/gtglci/wp-content/uploads
http://cratel.wichita.edu/gtglci/wp-content/uploads
http://docplayer.org/8600838-Kea-fuer-produkte-der-organischen-chemie.html
http://docplayer.org/8600838-Kea-fuer-produkte-der-organischen-chemie.html
https://epub.wupperinst.org/files/926/WP90.pdf
https://epub.wupperinst.org/files/926/WP90.pdf
https://doi.org/10.1016/S0360-5442(02)00166-4
https://doi.org/10.1016/S0360-5442(02)00166-4
https://doi.org/10.1243/09576509JPE306
https://doi.org/10.1243/09576509JPE306


417Production Engineering (2018) 12:405–417	

1 3

	30.	 Pickering S (2010) Alignment of recycled carbon fibre for high 
volume fraction composites. Presentation on the global outlook 
for carbon fibre conference

	31.	 Joshi SV, Drzal LT, Mohanty AK, Arora S (2004) Are natural 
fiber composites environmentally superior to glass fiber reinforced 
composites? Compos A 35:371–376. https​://doi.org/10.1016/j.
compo​sites​a.2003.09.016

	32.	 Song YS, Youn JR, Gutowski TG (2009) Life cycle energy analy-
sis of fiber-reinforced composites. Compos A 40:1257–1265. https​
://doi.org/10.1016/j.compo​sites​a.2009.05.020

	33.	 Suzuki T, Takahashi J (2005) Prediction of Energy Intensity of 
Carbon fiber reinforced plastics for mass-produced passenger cars. 

The ninth Japan international SAMPE symposium. https​://www.
resea​rchga​te.net/publi​catio​n. Accessed 05 July 2017

	34.	 Suzuki T, Hukuyama T, Zushi H, Origuchi T, Takahashi J (2003) 
Evaluation of effects of lightening trucks on environment by LCA. 
Proceedings of EcoDesign2003. http://ieeex​plore​.ieee.org/docum​
ent/13226​89/. Accessed 05 July 2017

	35.	 Morgan P (2005) Carbon fibers and their composites. Taylor & 
Francis, London

	36.	 Drechsler K (2016) Flexible intelligente Bearbeitungstechnologien 
für komplexe Faserverbund-bauteile. Fraunhofer Verlag, Stuttgart

https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1016/j.compositesa.2009.05.020
https://doi.org/10.1016/j.compositesa.2009.05.020
https://www.researchgate.net/publication
https://www.researchgate.net/publication
http://ieeexplore.ieee.org/document/1322689/
http://ieeexplore.ieee.org/document/1322689/

	Resource efficiency and environmental impact of fiber reinforced plastic processing technologies
	Abstract
	1 Introduction
	2 Overview of the investigated technologies
	3 Method
	3.1 One-factor-at-a-time (OFAT) analysis for the energy consumption
	3.2 Life cycle assessment to evaluate the environmental impacts

	4 Results
	4.1 OFAT analysis for process energy consumption
	4.2 Life cycle impact assessment

	5 Conclusion
	Acknowledgements 
	References


