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Abstract
Composite materials are demonstrating the ability to face the challenge of competitive markets where high-performance, low
costs, and reduced manufacturing time are mandatory. Vacuum bagging with autoclave curing is one of the most used
manufacturing methods for carbon fiber composite parts. However, it shows some limitations, mainly due to manual operations
and long processing time. Out-of-autoclave (OOA) methods, such as pressure bag molding (PBM), can lead to a strong reduction
of the manufacturing time through the simplification of lay-up and curing phases. In this paper, a comparative analysis between
the autoclave and the PBM processes has been performed, jointly considering both the economic and environmental aspects. An
evaluation of the environmental impacts has been carried out following the standardized life cycle assessment (LCA) method-
ology. In addition, costs related to these two manufacturing techniques have been estimated through a parametric approach and
successively compared. Different scenarios have been considered to take into account various production batches, mold
manufacturing techniques, and end of life alternatives. The analyses show conflicting results demonstrating that a global
optimum scenario does not exist and, depending on the chosen indicator and production batch, the best alternative varies.
Considering only the environmental indicators, the autoclave process can be considered the most sustainable option, due to
the lower consumption of energy.
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1 Introduction

The market of composite materials is continuously growing
due to the increasing number of industrial applications [1]. In
the past, composite materials were limited to high-
performance uses because of their high production cost, while
nowadays, the advancement in manufacturing techniques has
widened the application of such materials in several light-
weight constructions [2]. As reported in literature [3], carbon
composites are becoming cost effective alternatives in com-
parison to other standardmaterials. One of the driving markets
for composites, especially carbon fiber reinforced polymers
(CFRP), is the automotive industry [4]. Recently, the

increasing interest in the development of more efficient cars,
high-range electric vehicles (EVs), and hybrid electric vehi-
cles (HEVs) has forced companies to adopt composites for
balancing the heavy battery weight. However, from a life cy-
cle perspective, the relevant quantities of energy required dur-
ing the manufacturing of raw materials (carbon fibers and
matrices) nullify the beneficial effects of fuel savings [5, 6].

In the mass production sectors (e.g., automotive), costs and
times of the traditional long fiber CFRP manufacturing pro-
cess (i.e., autoclave) are not adequate [7]. Several out-of-
autoclave (OOA) processes have been identified as the most
promising solutions to overcome these limitations [8]. They
can be divided in two main groups: (i) processes based on dry
fibers, and (ii) processes based on prepregs.

Concerning the first group (i.e., based on dry fibers), the
most common methods are resin transfer molding (RTM),
resin infusion (RI), and their variants. RTM techniques, which
exploit very high injection pressure, in face of high investment
costs, can be used for producing high-performance compo-
nents with a reduced lead time [9]. RI methods exploit a dis-
tribution media instead of a metallic counter-mold to
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compensate the low injection pressure. If compared to high-
pressure RTM, this technique generally requires less expen-
sive tools but leads to the production of parts with lower per-
formances [10].

Concerning the second group (i.e., based on prepregs),
vacuum bag only (VBO) methods exploit the atmospheric
pressure for the compaction of laminates, while typically the
prepreg cure takes place in an oven. The main weakness is
related to the long processing time, needed for extracting gas-
es from the laminate [11, 12]. Self-resistance electric (SRE)
heating is another method conceived as an alternative to out-
of-autoclave technology due to its characteristics of uniform
heating, fast heating/cooling, low energy consumption, and
low equipment investment [13]. In another family of methods,
called pressure bag molding (PBM) [14], pressure is applied
through the inflation of a flexible bag positioned over the
prepreg preform and a heated metallic mold is used as a means
to cure the resin [15]. As reported in Park et al. [16], PBM
technique can be satisfactorily considered to replace the auto-
clave process and can be applied to manufacture low cost
CFRP products. This makes the process very attractive from
an industrial point of view even if the environmental impacts
must be deeply investigated [17].

Given the increasing interest on sustainability themes,
several recent literature studies are focused on the econom-
ic and/or environmental assessment of CFRP manufactur-
ing methods. Concerning the environmental sustainability,
Duflou et al. [18] estimated that the production of raw
materials (fibers and matrices) represents more than 90%
of the total impacts of a CFRP component. Suzuki et al.
[19] reported that the impregnation phase for producing
prepreg is the most energy-intensive phase in autoclave
methods. Song et al. [20] carried out a cradle to grave life
cycle assessment (LCA) of composite materials and esti-
mated that the autoclave process requires two times the
energy of the RTM process. Witik et al. [21], instead, pre-
sented the economic and environmental performances of
different production methods (autoclave vs VBO and con-
ventional RI vs microwave curing RI). Results show that
autoclave is the most expensive and impacting process,
while VBO is a useful solution to jointly reduce environ-
mental impacts (10–20%) and manufacturing costs (6%).
Other improvements can be obtained through the adoption
of RI that leads to lower costs and lower impacts related to
base material production (dry fibers vs prepreg). Similarly,
a reduction of about 30% of total manufacturing costs has
been observed by Tong et al. [22] who analyzed the pro-
duction of an L-shape CFRP component by using OOA
methods. In this case, the economic savings for smaller
and simpler equipment balance the relevant cost of base
mater ia l s . RTM and i t s var iants (convent iona l ,
compression, and high-pressure) have been investigated
by other authors [23, 24] who demonstrated that

compression RTM leads to a strong reduction of produc-
tion costs and environmental impacts while maintaining
good product performances.

Despite the abovementioned potentialities of PBM produc-
tion processes, the scientific literature highlights a lack of
quantitative analyses on the performances of such methods.
In this context, this study aims to contribute to the state of the
art by analyzing the PBM process from both economic and
environmental points of view. An automotive part is consid-
ered as a reference case study to assess the process perfor-
mance and compare it with the traditional autoclave process-
ing. Different scenarios are considered in the analysis to in-
clude several combinations of processes (autoclave and
PBM), molds (aluminum and composite), masters (polyure-
thane—Ureol and medium density fiberboard—MDF) and
end of life (EoL) alternatives (landfill and incineration).
Economic and environmental indicators are evaluated by con-
sidering different production scenarios in terms of available
equipment and production volumes. More specifically, a para-
metric approach has been used to estimate production costs,
while the environmental assessment has been conducted by
using the well-known LCA methodology, as described in the
ISO 14040-14044 standards. This study has been conducted
in collaboration with an Italian company, leader in the produc-
tion of CFRP components, mainly for the automotive sector.
Outcomes of the present study can be used by manufacturing
companies of the CFRP sector as a guide to select the most
sustainable production technique, on the basis of the consid-
ered driver (environmental sustainability and/or production
costs) and production volume.

The rest of the paper is organized as follows. After this
Introduction, Section 2 describes the two analyzed
manufacturing technologies. Section 3 illustrates the analysis
methods used for the purpose of comparison. Section 4 de-
scribes the reference part, the goal and scope of the analysis,
the system boundaries and the considered scenarios. Section 5
illustrates the full details about the inventory data. Section 6
reports the quantitative results obtained with the environmen-
tal and economic analyses. Section 7 critically discusses the
outcomes of the study. Finally, Section 8 concludes the paper
and proposes some directions for future research.

2 Manufacturing technologies

2.1 Autoclave processing

The autoclave processing, or vacuum bag process, is very
common in all those markets where costs and production rate
are not as important drivers as performances, such as aero-
space or racing sector [8]. It is an open-molding process where
the lay-up phase is conducted by skilled operators. This phase,
especially in case of complex components (e.g., car frame),
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requires longmanufacturing time and it can be object of place-
ment errors. To avoid this, researchers are focusing on devel-
oping automated lay-up systems which, however, require fur-
ther improvements to demonstrate their effectiveness [25].
The raw material used in this kind of process is a prepreg that
contains fibers in a B-staged epoxy resin.

The vacuum bag process can be divided in four main
phases (Fig. 1): cutting, lay-up, molding, and de-molding.
More in detail, during the cutting phase, the prepreg is taken
from a refrigerator and it is kept at room temperature for
defrosting. Then, it is laid on the cutting table to be cut in
templates of desired shape, size, and orientation. Typically,
prepregs are trimmed by means of a simple mat knife; how-
ever, laser beams, high-speed water jets, or trimming dies can
be also used.

Backing paper is removed from the prepreg and the prepreg
is laid down on the mold surface (lay-up phase). After the
deposition of each prepreg ply, the entrapped air between
layers is removed by means of a preliminary debulking oper-
ation. Once the designed stacking sequence is reached, the
vacuum bag is created. Figure 2 shows in detail the schematic
of a vacuum bag, highlighting the consumable materials typ-
ically used: release agent, release film, bleeder and/or breather,
and vacuum bag. The release agent is employed to avoid ad-
hesion in the mold surface on which the prepreg layers are laid
up. The release film is a perforated film, applied on top of all
the plies, to allow entrapped air, excess of resin, and volatiles
to escape. The breather/bleeder is a porous fabric applied on
top of the release film. The function of this layer is to absorb
the excess of resin that flows out during the molding phase
and to allow air and volatiles to escape from the laminate. The
final layer is the vacuum bag that is generally a polyamide

(PA) film. After lamination and bagging, the entire assembly
is placed inside an autoclave for curing and consolidation
(curing phase). This process is reached out through the com-
bination of external pressure, vacuum, and heat. The vacuum
has the aim to eliminate air and volatiles while the external
pressure to consolidate the laminate. The heat increases the
velocity of the polymerization reaction until the complete cure
of the matrix. The curing temperature and the pressure are
maintained for 2 h or more, as function of the kind of resin
and laminate, until the desired curing level is achieved. Once
the curing process is completed, a cooling phase is needed for
the de-molding of the part. The cooling occurs inside the au-
toclave using a dedicated cooling system. Then, the compo-
nents are left outside the autoclave until they reach the room
temperature.

The autoclave processing allows to have consistent mate-
rial properties, high fiber volume, flexibility in fiber orienta-
tion, outstanding mechanical performances, and to produce
complex shapes (rounded or with undercuts) without void or
resin excesses. However, vacuum bagging presents also some
limitations: it is a time intensive operation, especially for pro-
ducing large components, and a lot of effort is necessary for an
efficient seal of the bag (special tools may be used for detect-
ing air leaks such as ultrasonic leak detecting device).
Moreover, for the complete debulking of the uncured prepreg

Fig. 1 Main phases of the
vacuum bag process

Fig. 2 Schematic of the vacuum bag process
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laminate, components are maintained under vacuum at room
temperature for a very long time, depending from their geom-
etry and dimensions [26]. For complex and high-performance
components, the debulking phase can take more than 20 h
[27]. The heating inside the autoclave is not efficient due to
convective heat transfer process involved. Indeed, a large
amount of gas needs to be heated for increasing the tempera-
ture of the components and of the relative molds. In addition,
the airflow in the autoclave is not uniform and it is difficult to
predict the exact time for the full polymerization avoiding
extra time [28].

2.2 Pressure bag molding

The pressure bag molding (PBM) technique is similar to the
well-known method called bladder molding [29] where an
inflatable bladder (typically realized in latex) is used to pro-
duce hollow composite structures such as bike frames. The
PBM exploits an inflatable counter-mold to replicate the com-
paction behavior proper of the autoclave, thus allowing the
production of various-shaped components [30]. This
counter-mold is typically made of silicon rubber and its thick-
ness is appropriate to withstand pressure up to 10 bar [14]. The
idea behind this process is to replicate the physical conditions
that occur in the autoclave (e.g., hydrostatic pressure)
avoiding the complications associated with the vacuum bag-
ging and the typical long cycle time for the cure of the B-
staged matrices.

Some similarities between the PBM and the autoclave pro-
cess can be found. Indeed, also for this technique, the same
four main phases can be identified (Fig. 3). Moreover, the
cutting and the hand lay-up phases are analogous. However,

a less intensive and time-consuming debulking phase is typi-
cally required in case of PBM due to the higher compaction
pressure which can be provided during the curing phase
exploiting the inflatable counter-mold.

Considering the consumable materials necessary for this
process, a perforated release film is placed over the prepreg
preform and then a breather fabric is applied over this film to
allow the escape of air and volatiles during the consolidation
and to absorb resin excess coming from the stack of prepregs.
Then, a plastic film is used between the breather and the
counter-mold to avoid chemical attacks of the matrix to the
silicone pressure bag. In Fig. 4, the scheme of the consum-
ables used in case of PBM is reported.

The molding process is typically performed in a vertical
press equipped with hot platens. This system allows to heat
the prepreg stack at the curing temperature and to guarantee
the counter-pressure necessary for maintaining the inflatable
bag in the correct position.

The mold is typically realized in machined aluminum alloy
and can present vents in different configurations for keeping
the component under vacuum during the curing process. This
metal mold allows to heat the laminate in an efficient way
through conduction from hot platens. Moreover, by using vir-
tual thermal simulations and dedicated heaters (such as car-
tridge heaters), it is possible to design the mold for obtaining
uniform and rapid heating of the mold cavity [31]. In this way,
a better monitoring of the curing process can be achieved,
increasing the swiftness and the repeatability of the polymer-
ization process.

Other potential advantages come from the cooling and de-
molding phases. In the PBM process, the cooling can be faster
with respect to the autoclave process thanks to the use of

Fig. 3 The main phases of the
PBM process
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optimized cooling systems. For example, cooling channels
which exploit thermal fluids (e.g., ethylene glycol) can be
provided inside the mold to remove heat efficiently. Indeed,
the same fluid used as cooler can be directed to another mold
for the pre-heating process.

3 Methods

Two different analysis methodologies have been used to esti-
mate and compare the economic and environmental impacts
of the two considered CFRP manufacturing processes. The
next sub-sections introduce the life cycle assessment method-
ology (section 3.1), used to assess the environmental impacts,
and the parametric approach (section 3.2), used to estimate the
production costs of the different process alternatives.

3.1 Life cycle assessment

Life cycle assessment is a framework for assessing the envi-
ronmental impact related to products, processes, and services
activities throughout their whole life cycle (i.e., from cradle to
grave). The method is standardized according to the ISO
14040-14044 [32, 33], which define respectively the frame-
work and the guidelines for implementation.

LCA is a systematic tool which could support the decision-
making process for new product and process design and guide
the optimization of energy and resource consumption in a life
cycle perspective. According to the standardized methodolo-
gy, four different phases must be completed:

1. Goal and scope definition: during this phase, the objec-
tives of the analysis need to be clarified, the considered
functional unit must be univocally defined, and the spatial
and temporal system boundaries must be identified;

2. Life cycle inventory: this is a key phase of an LCA study
in which the system under analysis is subdivided in ele-
mentary steps. Successively, for each identified step, an
input-output analysis is conducted to collect and classify
all the relevant flows;

3. Life cycle impact assessment: during this phase, the input-
output flows are translated in midpoint and/or endpoint
impact categories through the application of an impact

assessment methodology, based on characterization and/
or weighting factors;

4. Results interpretation: the last phase foresees the analysis,
interpretation, and critical review of the obtained results,
as well as the definition of possible improvement
strategies.

Among the different available LCA software tools, the
SimaPro 8.0.5.13 has been used to carry out the present study.
This tool integrates the Ecoinvent 3.1 database [34] used as
source of secondary inventory data.

3.2 Cost analysis

A cost estimation analysis for the comparison of the different
scenarios has been carried out through a largely used paramet-
ric approach. This method involves the segmentation of a
process into unitary activities and the use of specific formulas
perceived as black boxes that combine parameters to estimate
costs for each unitary activity [35]. The parameters taken into
account in the present study are raw materials, consumables,
labor, energy, and equipment. In this cost model, only direct
costs are considered which means that overheads, mainte-
nance, and machine amortizations do not contribute to the
determination of the final cost. The component production
cost can be calculated as sum of costs of each unitary activity
by considering the production volume for the allocation of
equipment and tools. Finally, a breakdown of the cost can be
drawn to evaluate the contribution of each activity (e.g., cost
of a single manufacturing step) and production parameter
(e.g., cost related to the consumption of electric energy, cost
of labor). Input data are typically derived from industrial
sources and purchases made directly.

4 Goal, scope, and system boundaries

4.1 Description of the analyzed part

The component studied in this research is a CFRP rear diffuser
of a luxury car. Since the manufacturing steps needed to real-
ize this part are the standard ones needed to produce every
non-structural automotive CFRP part, this component can be

Fig. 4 Materials, tools, and
consumables required for the
PBM process
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considered representative for the purpose of comparing two
different manufacturing techniques. The considered rear dif-
fuser is made of high-strength carbon fiber fabric and epoxy
resin. In addition, a polyurethane foam is used as core in the
parts where higher stiffness is required. The latter weighs
around 0.3 kg. The stacking sequence and the detail of the
materials used cannot be reported due to confidentiality rea-
sons. The final weight is around 8 kg, while the surface is
around 3 m2. The total perimeter of the prepreg cutting tem-
plates, realized using a computer numerical controlled (CNC)
cutting machine, is around 13 m.

4.2 Goal, functional unit, and scenario description

The goal of this study is to quantify and compare the environ-
mental and economic performances of the two different pro-
cesses for CFRP component manufacturing described in
Section 2: standard autoclave processing and pressure bag
molding.

The functional unit has been defined as the production of
the part previously described in section 4.1 (i.e., rear diffuser
of a luxury car). The following eight different scenarios have
been considered to simulate different realistic cases:

& Scenario 1.1: autoclave processing with aluminum mold
and landfill as EoL scenario for all the non-recyclable
materials;

& Scenario 1.2: autoclave processing with aluminum mold
and incineration as EoL scenario for all the non-recyclable
materials, except those ones that are not incinerable;

& Scenario 2.1: autoclave processing with composite mold,
plastic master, and landfill as EoL scenario for all the non-
recyclable materials;

& Scenario 2.2: autoclave processing with composite mold,
plastic master, and incineration as EoL scenario for all the
non-recyclable materials, except those ones that are not
incinerable;

& Scenario 3.1: autoclave processing with composite mold,
medium density fiberboard master, and landfill as EoL
scenario for all the non-recyclable materials;

& Scenario 3.2: autoclave processing with composite mold,
medium density fiberboard master, and incineration as
EoL scenario for all the non-recyclable materials, except
those ones that are not incinerable;

& Scenario 4.1: PBM processing with aluminum mold and
landfill as EoL scenario for all the non-recyclable
materials;

& Scenario 4.2: PBM processing with aluminum mold and
incineration as EoL scenario for all the non-recyclable
materials, except those ones that are not incinerable.

In addition, different production volumes (from a mini-
mum of 25 pieces to a maximum of 3250 pieces) have been

simulated to analyze the influence of process variables (e.g.,
molds, masters, workers) on costs and environmental impacts.

4.3 System boundaries

In this study, the life cycle assessment is carried out consider-
ing three phases: raw materials, manufacturing, and end-of-
life. The first phase concerns the extraction of the raw mate-
rials and the production of both CF and epoxy resin, consid-
ering also the prepregging operation. The manufacturing of
consumable materials used in each process is also considered
as well as their disposal, assumed to be through incineration
with energy recovery or landfilling. The EoL is only consid-
ered for aluminum molds (recycling) and for consumables,
CFRP molds, counter-molds, and masters (incineration or
landfilling). The use and the disposal phases of the analyzed
CFRP rear diffuser are not took into account due to fact that
they produce similar impacts both for vacuum bag and PBM
processes. Moreover, the uncertainty in the recycling method
and the long lifespan of the part can lead to an incorrect eval-
uation of the impacts associated to the EoL of the component.

The investigated scenarios for the vacuum bag process (six
different alternatives) are reported in Fig. 5. The carbon fibers
are realized starting from the polyacrylonitrile precursor and
then prepregged with the epoxy resin through a hot melt pro-
cess. Then, the cutting machine realizes the templates used in
the lay-up process, producing scraps of prepreg and of back-
ing paper (polyethylene terephthalate—PET). In the lay-up
phase, aluminum or CFRP molds can be used. The latter can
be realized starting from a polyurethane (commonly called
Ureol) or MDF master model. In this phase, core material is
added to the prepreg for realizing a sandwich panel and con-
sumables such as release film, breather, and vacuum bag are
used. Then, the curing occurs in an autoclave following the
prescribed curing cycle. After that, the component is
demolded and, in accordance with the respective lifespan,
the molds can be reused, recycled (Al molds), or disposed
(CFRP molds). The dotted line in Fig. 5 represents the system
boundary, highlighting that the use and EoL phases of the
analyzed part are not considered.

Similarly, Fig. 6 reports the scenarios (two alternatives)
related to the PBM process. The raw materials phase is equal
to that of the vacuum bag process as well as the cutting phase.
The difference concerns the lay-up phase where less consum-
ables are used and where a silicone counter-mold is produced.
The curing phase occurs in a press heated by hot platens and
the de-molding takes into account also the chilling operation
to reduce the temperature of the molds. Also in this case, two
EoL alternatives (incineration and landfilling) are considered
for consumables, prepreg scraps, and counter-molds. The alu-
minummolds, after their useful life, are considered recyclable.
The use and EoL phases of the produced component are not

Int J Adv Manuf Technol (2019) 105:1967–19821972



included in the system boundaries, as in the case of the vacu-
um bag process.

5 Inventory data

Since the manufacturing of CFRP and carbon fibers are not
currently modeled in the Ecoinvent and in any other commer-
cial Life Cycle Inventory (LCI) database (GaBi planned to
release an LCI database for carbon composites during 2019),
data from relevant literature studies have been considered to
build a as reliable as possible model for the prepreg manufac-
ture. In particular, the inventory for the production of the pre-
cursor, i.e., polyacrylonitrile (PAN), is based on the study of
Duflou et al. [5] who detailed the polymerization process of
the acrylonitrile (AN) basic monomer that involves the use of
electric energy, steam, and a solvent. The successive step

consists in the production of carbon fibers, whose process
has been modeled according to the inventory reported by
Khalil [36]. This study reports one of the most recent and
updated inventories for carbon fibers production. Finally, ac-
cording to the technical data sheet of the analyzedmaterial, the
prepreg has been modeled by considering a content of carbon
fibers and epoxy resin of 64% and 36% (in weight), respec-
tively. The prepregging process has beenmodeled on the basis
of literature data derived from Song et al. [20].

Concerning the cutting phase, the electric energy consump-
tion has been measured directly from the cutting machine
(Nominal power 7 kW), using the PQA824 power analyzer
by HT Instruments.

The quantities of materials needed, as well as the scraps
generated, during the manufacturing of masters and molds
have been calculated on the basis of the available 3D models.
The CFRP molds used in scenarios 2.1, 2.2, 3.1, and 3.2 has

Fig. 5 System boundaries of the
scenarios 1.1–3.2

Fig. 6 System boundaries of the
scenarios 4.1 and 4.2
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been modeled as a standard CFRP part realized with the au-
toclave process (from PAN production to de-molding).

Regarding consumables, the quantities and materials typol-
ogies have been derived by weighing each item and/or con-
sulting their data sheets.

The electric energy consumptions for the different phases
of the PBM process have been measured through the afore-
mentioned power analyzer. Again, with regard the PBM pro-
cess, the compressed air needed during the inflation has been
calculated on the basis of the inflatable counter-mold volume.
The electric energy consumed during the curing phase in the
autoclave process, instead, has been estimated on the basis of
literature data [20].

As explained in section 4.3, the EoL of the analyzed part
(after its useful life) is out of scope of the present study, while
the EoL of scraps generated during the processes and consum-
ables has been considered. To model the landfill and inciner-
ation treatments, secondary data have been used. Concerning
the aluminum molds (both in case of autoclave and PBM
scenarios), the EoL has been modeled by considering a
recycling scenario. Considering that the molds have a mono-
lithic structure composed by a single material, thus they are
very easy to recycle; the recycling rate has been set to 80%, a
slightly higher value than the standard rate (about 70%) of the
aluminum recycling chain in developed countries [37].

Table 1 summarizes the full details of the inventory data
about the material and energy flows for the eight analyzed
scenarios.

The Ecoinvent 3.1 system model “allocation, default” ver-
sion has been used as source of secondary LCI data [34].

Concerning the cost analysis, secondary cost data have
been assumed on the basis of historical data provided by the
involved company (Table 2). The autoclave and the PBM
processes also differ for the processing time. In the vacuum
bag process, the hand lay-up phase, considering also compac-
tion and debulking phases, lasts 360 min. Then, for the curing
cycle and for the chilling in the autoclave, 240 min is required
for a total of 600 min. Differently, the hand lay-up of the PBM
requires less time due to a faster debulking and compaction
phases. In particular, the lay-up lasts 240 min. In addition, the
curing cycle is faster in the press due to a more efficient
heating based on metal conduction instead of air convection,
resulting in a curing time of 105 min. However, a chilling
station is required to decrease the temperature of the mold,
accounting for 60 min. The total cycle time for the PBM is
405 min.

Since the goal of the present study also includes the simu-
lation of different production volumes, the calculation of the
needed equipment has been carried out. The following hy-
potheses have been considered:

& The modeling considers endless equipment and human
resources, i.e., the number of PBM lines, autoclaves,

masters, molds, counter-molds, and operators increases
with the production volume. In this way, it is always pos-
sible to start the production of a new piece and the waiting
time between the different phases is always null;

& The autoclaves are assumed to work in full load condition;
& According to the indications provided by the involved

company, the following durations of the useful life before
replacement have been assumed: (i) CFRPmolds: produc-
tion of 99 pieces, (ii) aluminum molds: 999 pieces, (iii)
counter-molds: 99 pieces, and (iv) masters: 5 pieces.

The simulation includes all the production volumes from
250 pieces per year to 3250 pieces per year with a step of 250.
In addition, a more detailed simulation has been carried out for
low production volumes, by considering a step of 25 in the
range 25–250 pieces. As explained in the next sections, this
was necessary for the purpose of identifying the breakeven
points among the different alternative technologies in the cost
analysis. Table 3 reports the number of masters, molds, and
counter-molds needed for each production volume of each
scenario. As can be seen comparing the scenarios 1 and 4,
the number of aluminum molds required for high production
rate is different. This is due to the fact that cycle time in the
autoclave process is higher than in the PBM, resulting in a
higher number of molds necessary to guarantee the same pro-
duction rate.

6 Results

6.1 Life-cycle assessment

A large variety of environmental impact assessment methods
(e.g., CML, ILCD Midpoint) and indicators (e.g., climate
change, ozone depletion potential) can be used to quantify
the life cycle environmental impacts of any product or pro-
cess. In this study, the ReCiPe 2008 LCIA methodology has
been used [38] to take into account the different typologies of
impacts (e.g., depletion of fossil resources, human toxicity)
and to have a comprehensive view on the potential environ-
mental damages. This methodology allows to derive results at
both midpoint (18 impact categories) and endpoint (3 damage
categories successively grouped in 1 single score) levels. In
particular, results are presented in terms of the following indi-
cators: (i) Climate change midpoint category (measured in [kg
CO2 eq]), calculated according to the impact assessment meth-
od described in the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC) [39],
and (ii) ReCiPe Endpoint (H)—Europe H/H single score
(measured in [EcoPt]), calculated by considering the
Hierarchist (H) perspective weighting sets at midpoint and
endpoint levels, as well as the normalization factor relative
to a European citizen in the year 2000. These environmental
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metrics can be considered the most representative for the spe-
cific application, as demonstrated in other literature studies
focused on the environmental assessment of CFRP compo-
nents, production processes, or end of life [6, 18, 21, 36].

Figure 7 and Fig. 8 report the total environmental im-
pacts calculated for each manufacturing process and for
each scenario, considering the climate change and ReCiPe
single score indicators, respectively. Analyzing the
graphs, it is clear that regardless the chosen indicator
and the production volume, the curves have similar
trends: autoclave process (scenarios 1.1–3.2) has lower
impacts than the PBM process (scenarios 4.1 and 4.2).
In addition, the difference among the two CFRP
manufacturing process families in terms of environmental
load increases linearly with the production volume. The
most environmentally friendly solution is always repre-
sented by the autoclave process with aluminum molds.

Comparing the three typologies of autoclave processes
(i.e., aluminum mold, CFRP mold with polyurethane master,
CFRPmold withMDFmaster), the impacts are analogous and
differ at maximum of about 4% considering the climate
change indicator at the highest production volume (in case
of ReCiPe single score the differences are even minor).

Another interesting result is related to the considered EoL
scenarios. The LCA results show that the influence of the
chosen EoL scenario in the total environmental impacts is
very low. For all the considered manufacturing process vari-
ants and for both the indicators, the differences among the

Table 2 Secondary cost data

Item Cost

Prepreg 80 €/kg

Polyurethane master 6.000 €/piece

MDF master 800 €/piece

Aluminum mold (autoclave) 5.000 €/piece

CFRP mold (autoclave) 1.900 €/piece

Aluminum mold (PBM) 20.000 €/piece

Counter-mold 700 €/piece

Core 70 €/kg

Release film 0,9 €/m2

Release agent 60 €/l

Vacuum bag 0,8 €/m2

Breather 3,75 €/m2

Film 1,9 €/m2

Electric energy 0,2 €/kWh

Labor 20 €/h

Table 1 Inventory data for material and energy flows

Scenario

1.1 and 1.2 2.1 and 2.2 3.1 and 3.2 4.1 and 4.2

Input material Carbon fiber (prepreg) 6.4 kg 6.4 kg 6.4 kg 6.4 kg

Epoxy resin (prepreg) 3.6 kg 3.6 kg 3.6 kg 3.6 kg

PU (core) 0.3 kg 0.3 kg 0.3 kg 0.3 kg

Cutting Electric energy 0.082 kWh 0.082 kWh 0.082 kWh 0.082 kWh

Prepreg scrap 2 kg 2 kg 2 kg 2 kg

Master Polyurethane – 182 kg – –

MDF – – 0.2 m3 –

Mold Aluminum 67 kg – – 437 kg

Aluminum scrap 41 kg – – 268 kg

CFRP – 15 kg 15 kg –

Counter-mold Silicone rubber – – – 15 kg

Electric energy (curing) 0.5 kWh 0.5 kWh 0.5 kWh 0.5 kWh

Lay-up PA66 (vacuum bag) 0.5 kg 0.5 kg 0.5 kg –

TFE (film) – – – 0.097 kg

PET (breather) 0.375 kg 0.375 kg 0.375 kg 0.25 kg

TFE (release film) 0.055 kg 0.055 kg 0.055 kg 0.055 kg

Organic solvent (release agent) 0.03 kg 0.03 kg 0.03 kg 0.03 kg

Curing Electric energy (curing autoclave) 11 kWh 11 kWh 11 kWh –

Electric energy (heating) – – – 46.1 kWh

Electric energy (clamp) – – – 3.9 kWh

Compressed air at 6 bar (inflation) – – – 0.61 m3

De-molding Electric energy (chilling) – – – 16 kWh
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landfill and incineration EoL scenarios are almost negligible
(a maximum deviation of 2.3% is observed).

To better understand why the PBM is the less sustainable
process, the split of the different contributions in terms of

Table 3 Analyzed production
volumes and relative needed
molds, counter-molds, and
masters for each scenario

Production volume

[N° pieces]

Scenarios

1.1 and 1.2

Scenarios

2.1 and 2.2 and 3.1 and 3.2

Scenarios

4.1 and 4.2

Molds

[N°]

Molds

[N°]

Masters

[N°]

Molds

[N°]

Counter-molds

[N°]

25 1 1 1 1 1

50 1 1 1 1 1

75 1 1 1 1 1

100 1 2 1 1 2

125 1 2 1 1 2

150 1 2 1 1 2

175 1 2 1 1 2

200 1 3 1 1 3

225 1 3 1 1 3

250 1 3 1 1 3

500 1 6 2 1 6

750 2 8 2 1 8

1000 2 11 3 2 11

1250 3 13 3 2 13

1500 3 16 4 2 16

1750 4 18 4 2 18

2000 4 21 5 3 21

2250 5 23 5 3 23

2500 5 26 6 3 26

2750 6 28 6 3 28

3000 6 31 7 4 31

3250 7 33 7 4 33

Fig. 7 Climate change vs production volume for the different manufacturing processes and scenarios
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ReCiPe single score has been carried out (similar results can
be obtained for the climate change indicator). Considering that
the EoL phase causes negligible impacts/benefits, only the
landfill has been considered. Analyzing the impact breakdown
for the four alternative processes (Fig. 9), it is clear that most
of the impacts (more than 90% of the total) are due to the input
material that represents a fixed contribution for all the scenar-
ios. The higher environmental impacts of the PBM (scenario
4.1) are caused by three main reasons:

& The higher contribution from consumables: in the case of
PBM, silicone rubber inflatable counter-molds need to be
used. The high weight of this consumable (15 kg as re-
ported in the inventory, Table 1) causes a relevant contri-
bution to the total environmental impacts;

& The higher contribution of the curing and de-molding
(particularly cooling) phases: in the case of PBM,
more massive molds need to be used in order to guar-
antee a sufficient compression strength (as reported in
Table 1, PBM aluminum molds weigh 437 kg, while
autoclave aluminum molds weigh only 67 kg). As a
consequence, the thermal inertia of molds is much
higher than in case of autoclave and the needed energy
to heat up and cool molds is very high, causing rele-
vant environmental impacts.

Considering the three alternative autoclave processes (sce-
narios 1.1 and 2.1 and 3.1), the differences are due to molds.
The higher service life of the aluminum mold leads to less
environmental impacts than in case of CFRPmolds; therefore,
the scenario 1.1 can be considered the most sustainable one.
Finally, the deviations among scenarios 2.1 and 3.1 are due to

the master production and disposal: the MDF master is more
environmentally friendly than the Ureol master.

6.2 Cost analysis

In this section, the results of the cost analysis are reported. The
study has been conducted using the inventory data reported
above.

In Fig. 10, the total cost of the different manufacturing
processes is reported as a function of the production volume.
As can be seen, the autoclave scenarios show comparable
results, while the PBM presents significantly lower values.

The cost breakdown of the autoclave with plastic master
(used as a reference) and of the PBM processes is reported in
Fig. 11, where the cost items are also highlighted. In addition
to the costs related to rawmaterials needed for the manufactur-
ing of the product (prepreg, breather, films, etc.), the “material
cost” item includes also all the costs related to the manufactur-
ing process (cutting, curing, etc.). The “labor cost” instead is
related only to the manual lay-up of the product. The cost of
the CFRPmolds (rawmaterials, lay-up, and manufacturing) is
charged in the “mold cost” item, as well as the cost of the
aluminum molds for the PBM. The cost for the realization of
the master models is reported in the “master model cost” item.
It is worth noticing that in the autoclave process, the majority
of the cost can be attributed to the labor cost, followed by the
material cost. The cost of the CFRP molds and of the master
models is negligible and, for this reason, the breakdown of the
processes with aluminum andMDFmolds is not reported. For
the PBM process, the item “counter-mold cost” takes into
consideration the cost of the silicone, the labor and the cost
of the curing process.

Fig. 8 ReCiPe single score vs production volume for the different manufacturing processes and scenarios
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7 Discussion

Results presented in Section 6 highlight that an optimum so-
lution of CFRP manufacturing process from both the environ-
mental and economic points of view cannot be found. If the
autoclave processes are the most environmentally friendly al-
ternatives (in particular the autoclave with aluminum mold),
from the economic point of view the situation is completely
reversed. Indeed, Fig. 10 shows that the PBM process is eco-
nomically convenient with respect to autoclave processes, es-
pecially at high production rates. Analyzing the breakdown of
the cost items (Fig. 11), this outcome can be attributed to the
lower manufacturing time required for the lay-up phase. In the
PBM process, the manual lay-up (considering also the
debulking phase) requires 2 h less than in the autoclave,
allowing, with the same workforce and thus with the same
labor cost, a higher production rate. Another relevant aspect

is that, except the labor and material costs, the other items lead
to very low contributions at high production rates. Indeed, the
cost relative to molds, to master models and to counter-molds
can be considered negligible at production rates higher than
250 units.

Since for both the analyses the gap among the different
process alternatives tends to decrease by reducing the produc-
tion volume, a detailed analysis at low production volumes has
been done. In particular, the behavior of the environmental
impact and cost trend has been calculated for production vol-
umes in the range 25–250 units (step 25). The aim of this
specific analysis was to identify breakeven points (in terms of
number of pieces to produce) that separate the areas for which
the autoclave processes are convenient from the area for which
the PBM process is convenient. The result of this activity is
reported in Fig. 12, and also in this case, different outcomes
can be observed among the environmental and cost impacts.

Fig. 9 Split of contributions for a production volume of 2000 pieces in terms of ReCiPe single score
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Concerning the environmental indicators (Fig. 12a and
Fig. 12b), no breakeven points can be identified since the
PBM curve remains above the autoclave curves for each pro-
duction volume. Independently from the number of pieces
produced, PBM does never represent the most environmental-
ly friendly process for the production of automotive CFRP
components.

The cost analysis (Fig. 12c), instead, provides a different
outcome and several breakeven points have been identified.
As can be seen, at very low production rates (less than

107 units), the autoclave processes are cheaper than the
PBM, mainly due to the higher cost of the mold in the latter
process which represents the 40% of the total manufacturing
cost (at 25 units produced). Increasing the production volume
to a value higher than 107 units, the autoclave process with
CFRP mold and polyurethane master model becomes more
expensive than the PBM, confirming that the major contribu-
tion is related to the labor cost of the lay-up phase which
account for more than 30% of the total. Then, at a value of
137 units produced, the autoclave process based on CFRP

Fig. 11 Cost breakdown for the autoclave process with CFRP mold and polyurethane master and for the PBM process

Fig. 10 Total cost vs production
volume for the different
manufacturing processes and
scenarios
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Fig. 12 Environmental analysis at low production volumes for climate change (a), ReCiPe single score (b), and cost indicators (c)
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molds and MDF models demonstrates higher costs than the
PBM. Finally, the breakeven point for the autoclave process
with aluminummolds can be calculated at 140 units. After this
value, the PBM process becomes the most economically sus-
tainable option for producing CFRP components.

8 Conclusions

In this study, a comparative analysis of the environmental and
economic performances of the standard autoclave and pres-
sure bag molding processes has been conducted. In addition,
various scenarios based on different production rates, mold
manufacturing techniques, and EoL alternatives have been
evaluated. From an environmental point of view, results show
that the autoclave process leads always to less environmental
impacts than the PBM process. This result is valid for a pro-
duction volume which range from 25 to 3250 units with a
divergent trend between the two processes. In addition, no
significant differences can be found if composite or aluminum
molds are used in the vacuum bag process as well as the
contribution of the EoL can be considered negligible.
Differently, from the economic point of view, results demon-
strate that the more the production volume is, the more con-
venient the PBM process becomes. However, different break-
even points have been found at low production rates where the
PBM is more expensive due to the higher costs of the mold.
Autoclave process might become economically favorable if
the lay-up and curing phases were optimized, using for exam-
ple automatic deposition methods or fast curing resins. On the
other hand, the PBMprocess could be greener if efforts will be
focused on the reduction of the impacts related to the heating
and cooling phases that now account for most of the process
impacts.

In conclusion, since the result is not influenced by the
quantity of raw materials used, it can be considered valid for
all the composite components similar to the one here present-
ed. Thus, this analysis can represent a useful decision-making
tool for manufacturing engineers in choosing the best CFRP
production process from the economic and environmental
points of view.

Future work will be focused on the investigation of other
manufacturing processes in order to conduct more compre-
hensive comparative analyses between these methods, and
thus facilitating the decision-making process of the technolo-
gists. Furthermore, more detailed and reliable environmental
assessments will be conducted taking into account also the
transportation and moving forward primary data instead of
literature and LCI database information. Finally, later stages
of the CFRP part life cycle (e.g., use of the CFRP rear diffuser,
EoL of the CFRP part) could be considered in future research
activities in order to have a more comprehensive view on the

impacts and benefits related to the use of composite parts in
the automotive sector.
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