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Abstract
Purpose This study presents a life cycle assessment (LCA)-
based sustainable and lightweight automotive engine hood
design and compares the life cycle energy consumption and
potential environmental impacts of a steel (baseline) automo-
tive engine hood with three types of lightweight design: ad-
vanced high strength steel (AHSS), aluminum, and carbon
fiber.
Methods A Bcradle-to-grave^ LCA including the production,
use, and end-of-life stages is conducted in accordance with the
ISO 14040/14044 standards. Onsite data collected by Chinese
automotive companies in 2015 are used in the assessment.
The Cumulative Energy Demand v1.09 method is applied to
evaluate cumulative energy demand (CED), and the
International Panel on Climate Change 2013 100a method is
used to estimate global warming potential (GWP 100a).
Results and discussion Among the different lightweight de-
signs for the engine hood, the aluminum design is the most
sustainable and has the lowest CED and GWP (100a) from a
life cycle perspective, which is based on a lifetime driving
distance of approximately 150,000 km. In addition, the
AHSS design is also sustainable and lightweight. The carbon
fiber design results in higher CED and GWP (100a) values
than the steel (baseline) design during the life cycle but results

in the largest CED and GWP (100a) savings through waste
material recycling. The AHSS design exhibits the best break-
even distance based on CED and GWP (100a) within
150,000 km.
Conclusions Sensitivity analysis results show that the lifetime
driving distance and material recycling rate have the largest
impacts on the overall CEDs and GWPs of the three light-
weight designs.

Keywords Automotive engine hood . Environmental
impacts . Fuel consumption . Fuel reduction . Life cycle
assessment . Lightweight design

1 Introduction

In response to increasingly stringent fuel economy and tail-
pipe emission regulations, several approaches have been used
by automotive manufacturers to reduce vehicle fuel consump-
tion and tailpipe emissions, such as reducing the rolling resis-
tance coefficient (Liu et al. 2011), introducing alternative fuel
systems (Ashnani et al. 2015), improving drive train efficien-
cy (Gao et al. 2015), and reducing vehicle weight (Helms and
Lambrecht 2007). Lightweight automotive designs that re-
duce vehicle weight are considered as one of the most impor-
tant solutions for improving fuel economy and reducing harm-
ful emissions (Cui et al. 2011; Zhoou et al. 2015). New types
of lightweight materials, including advanced high strength
steel (AHSS), aluminum, and composite materials, are in-
creasingly being used in automotive bodies. For example,
the body of the Novel Jun contains 50% high strength steel,
the body of the Audi A8 is made of aluminum, and the new
BMW7 is constructed using a carbon core design.

Although fuel consumption and tailpipe emissions during
the driving stage can be reduced by using new types of
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lightweight materials, these lightweight materials may also
consume more energy and produce more environmental emis-
sions during other life phases than traditional steel materials
(Liu et al. 2012; Witik et al. 2011). Lightweight designs could
lead to higher environmental impacts over its lifespan than
traditional designs from the life cycle point of view
(Dubreuil et al. 2010; Kampe 2001; Liu et al. 2012; Mayyas
et al. 2012; Saur et al. 2000). Current fuel economy and tail-
pipe emission standards and regulations ignore the environ-
mental performance of other vehicle life phases and do not
ensure overall pollution reductions in the life cycle of a vehi-
cle. Therefore, the environmental and potential impacts of
other vehicle life cycle aspects should be evaluated for
policy-making and automotive research and development.

LCA has been proposed as a method for compiling and
evaluating the inputs, outputs, and potential environmental
impacts of a product throughout its life cycle (ISO 2006).
LCAs account for all phases of a vehicle’s lifespan and pro-
vide a more comprehensive picture of a vehicle’s environmen-
tal impact. Combined with other product life cycle technolo-
gies such as life cycle costing (LCC) and life cycle optimiza-
tion (LCO), LCA toolkit provides new opportunities for
manufacturing companies to create innovate, sustainable
products based on optimized life cycle performance
(Mayyas et al. 2012). Therefore, recommendations have been
made by the European Union’s Committee on the
Environment and the Environmental Protection Agency of
the United States to consider full LCAs for post-2020 and
post-2025 fuel economy and tailpipe emission regulations,
respectively. However, fuel economy and tailpipe emission
regulations related to LCA have not been implemented or
recommend in China until now.

Several LCA studies have been conducted which consid-
ered both the environmental impacts of the entire automotive
material selection and auto part design processes. Saur et al.
(2000) provided an example of an LCA for an automobile
fender design. Five candidate material scenarios were ana-
lyzed based on 11 environmental metrics to rank their sustain-
ability relative to a baseline steel fender. Saur et al. (2000)
used the subjective scores of experts and the public for each
sustainability metric, which added uncertainty to the sustain-
ability results. The results of Saur et al. showed that polypro-
pylene (PP)/ethylene-propylene-diene copolymer (EPDM)
was the most sustainable material, followed by steel and
aluminum. Mayyas et al. (2012) implemented an LCA-based
approach to assess the performances of different materials
during a vehicle’s body-in-white production stage. It was
found that aluminum- and magnesium-intensive structures
consumed less energy over a vehicle lifespan of approximate-
ly 200,000 miles. Steel and AHSS were ranked highest in
terms of energy savings and CO2 emissions when the
lifetime was decreased to approximately 50,000 miles. Liu
et al. (2012) estimated and analyzed the life cycle

environmental impacts of automotive engine hoods made of
aluminum alloy and composite plastic. The results showed
that aluminum has a lower life cycle environmental impact
than composite plastic because aluminum hoods result in
lower gasoline consumption during the servicing phase.
Dubreuil et al. (2010) conducted an LCA study to compare
the energy consumption and potential environmental impacts
of advanced magnesium-based front end parts of GM-
Cadillac CTSs, which have a steel structure with an aluminum
front end, as an alternate light structure scenario. It was found
that the aluminum design exhibited the best break-even dis-
tance from energy use and climate change perspectives within
the lifespan of the vehicle.

However, the methods that these researchers used to esti-
mate mass-induced fuel consumption and changes over vehi-
cle lifespans are not comparable and have high uncertainties.
For example, different fuel economy estimation methods re-
lated to vehicle weight were used by Hakamada et al. (2007),
Mayyas et al. (2012), and Liu et al. (2012). The incremental
methods were applied by Dubreuil et al. (2010) and Ding et al.
(2015), in which the lifetime vehicle fuel consumption is as-
sumed based on secondary weight savings and changes in fuel
consumption are assumed directly related to changes in com-
ponent and vehicle weight. In the study of Dubreuil et al.
(2010), the fuel savings will be 507 and 289 L for the magne-
sium (weight reduction of 37.2 kg) and aluminum (weight
reduction of 21.2 kg) front end designs, respectively, over
the lifespan service distance of 200,000 km. In the study of
Ding et al. (2015), the vehicle was found to avoid 1447 to
1590 L of gasoline consumption if the six steel parts were
replaced by aluminum over the vehicle’s life cycle driving of
200,000 km. The incremental method results in the overesti-
mation of fuel savings for lightweight vehicles.

Koffler (Koffler and Zahller 2012a; Koffler and Zahller
2012b) performed an LCA study on behalf of the American
Chemistry Council (ACC) to compare the life cycle perfor-
mances of polymers andmetals used in automotive assist steps
and bolsters. The results of Koffler et al., which were
expressed by a net negative value compared to the baseline,
show that lightweight plastic products outperform metal prod-
ucts regarding their GWP and primary energy demand.
Koffler et al. calculated life cycle fuel savings due to light-
weight design assuming a vehicle lifetime mileage of
150,000 miles based on the methodology described by
Koffler and Rohde-Brandenburger (2010). The method used
by Koffler and Rohde-Brandenburger (2010) to estimate
mass-induced fuel consumption and vehicle lifespan changes
has been widely recognized and cited by the Canadian
Standards Association Group for conducting LCA of auto
parts incorporating weight changes due to material composi-
tion, manufacturing technology, or part geometry (CSA
Group 2014; Dubreuil et al. 2012; Koffler and Zahller
2012a; Koffler and Zahller 2012b).
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In this paper, the method proposed by Koffler and Rohde-
Brandenburger (2010) is used to estimate the mass-induced
fuel consumption and its variations to determine and compare
the life cycle energy consumption and potential environmental
impacts of different automotive engine hood designs. The
main objective of this paper is to apply an LCA method to
serve as a quantitative analysis tool for sustainable engine
hood design aimed at reducing a vehicle’s life cycle energy
consumption and environmental impacts.

2 Life cycle assessment model

2.1 Goals and scope

This study aims to put forward an LCA-based sustainable
lightweight automotive engine hood design by comparing
the life cycle energy consumption and potential environmental
impacts of steel (baseline) automotive engine hoods with the
life cycle energy consumption and potential environmental
impacts of three types of lightweight automotive engine
hoods: AHSS, aluminum, and carbon fiber.

The functional unit selected for this research is the trans-
portation service of an engine hood used in a passenger car
over its lifetime of 150,000 km. In this study, a conventional,
steel-stamped engine hood, for a typical compact passenger
car (curb weight of 1325 kg) is considered as a baseline mod-
el. The reference flow of the steel engine hood design is
17.06 kg. Because the lightweight designs weigh less, they
consume less fuel during the use stage while maintaining the
same functional performance. From onsite investigations of
Chinese automotive companies and literature reviews (Wang
et al. 2006; Zhou et al. 2015; Zhu et al. 2011), the following
reference flows of the three lightweight designs were
established: 13.60 kg for AHSS, 10.93 kg for aluminum alloy,
and 10.40 kg for carbon fiber, representing weight reduction
percentages of 20.31, 35.94, and 39.06%, respectively, com-
pared to the baseline. Relevant parameters associated with the
four types of engine hood designs are shown in Table 1.

The entire life cycle of the engine hood was considered in
this LCA to estimate energy consumption and environmental
emissions. The system boundaries are shown in Fig. 1. The
three stages investigated were the production, use, and end-of-
life stages.

The processes in which raw materials were transported to
engine hood production sites and materials were transported
from the engine hood site to recycling and waste treatment
plants were investigated. For each life cycle process, the raw
materials, energy consumption, road transport requirements,
and direct emissions were considered. The manufacturing of
capital equipment, such as onsite structures, machinery, and
other infrastructure, was not considered.

2.2 Methods and database

This study was conducted based on the principles of the ISO
14040 series of standards for LCA (ISO 2006). The SimaPro 8
software suite was used as a support tool to establish the LCA
model and perform the assessment.

The RCEES 2012 database, a local Chinese life cycle in-
ventory database developed by the Research Center for Eco-
Environmental Sciences of the Chinese Academy of Sciences
based on SimaPro software, was used in the analysis. It in-
cludes more than 1000 units and processes, such as transpor-
tation and waste treatment and metal, mineral, plastic, water,
chemical, fuel, and energy production (Liu et al. 2015; Sun
et al. 2014; Yang et al. 2015).

2.3 Life cycle inventory analysis

2.3.1 Production stage

The production processes associated with engine hoods in-
clude the production of raw materials; manufacturing the
semi-finished product, alloy, plastic, and composite materials;
and fabricating the engine hood. As shown in Table 2, the
LCA and manufacturing processes during the production
stages for the four types of engine hood designs are sourced
from onsite investigations of Chinese automotive companies
in 2015. According to the onsite surveys, pollutant emissions
during the engine hood production stage are not considered
because they account for less than 1% of the total pollutant
emissions during the life cycle of the engine hood.

This study considers potential variations associated with
primary mass changes (PMCs) and secondary mass changes
(SMCs). PMCs occur in auto parts due to changes in material
composition. SMCs occur in other auto parts due to PMCs. It
is assumed that the SMC rate is 30% of the PMCs for all
lightweight designs and that all of the SMCmaterials are steel.

Material, energy, and resource consumption and the pollut-
ant emissions associated with 1 kg carbon fiber reinforced
polymer matrix composite material (CFRP) production were
obtained from Das (2011) based on a model of the textile-
grade precursor to polyacrylonitrile (PAN) carbon fiber com-
bined with sheet molding compound manufacturing technol-
ogy. Polyester has been considered as the matrix material in
this study. Major input materials necessary during sheet mold-
ing compound film production include polyvinyl acetate (as
the low shrink additive), zinc stearate (mold release agent),
and magnesium oxide (as thickener), along with the carbon
fiber (29% by weight) and polyester resin with comonomer
(63% by weight). In total, 21.051 kWh of electricity and
8.859 kg of natural gas are consumed during the production
stage for 1 kg PAN sheet molding compound carbon fiber.
Backgroundmaterial (steel, AHSS, aluminum, and chemicals)
and energy (water, electricity, and natural gas) data were
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acquired from RCEES 2012 (Liu et al. 2015; Sun et al. 2014;
Yang et al. 2015) (Table 3).

2.3.2 Use stage

According to the onsite survey, the fuel consumption of the
steel (baseline) vehicle is 5.90 L/100 km. Exhaust gas emis-
sions from the use stage are based on site-test that are shown in
Table 4 for the steel (baseline) design.

In this study, the Koffler et al. method (Koffler and Rohde-
Brandenburger 2010) is used to estimate the mass-induced
fuel consumption of the steel (baseline) vehicle (without
powertrain adaptation), and the mass-induced fuel change
(with powertrain adaptation) is estimated to achieve equal

driving performance compared to the reference steel
(baseline) vehicle. To quantify the vehicle fuel consumption,
the EPA-combined fuel economy (EPACFE)-[55% city (FTP-
75)/45% highway (HWFET)] driving cycle (EPA 2016) is
considered.

The total mass-induced energy demand (Wsum) in the
EPA’s combined fuel economy formula is calculated as fol-
lows (Koffler and Rohde-Brandenburger 2010):

Wsum =WR × (1 − d) +WA = m × ((1 − d) × g × fR × CWR +
CWA)

where
WR = work required to overcome the rolling resistance;
WA = work required to overcome the acceleration

resistance;
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Fig. 1 System boundaries of the automotive engine hood life cycle

Table 1 Relevant parameters
associated with the four engine
hood designs

Parameter information Unit Steel
(baseline)

AHSS Aluminum Carbon
fiber

Engine hood weight kg 17.06 13.60 10.93 10.40

Engine hood weight reduction kg N/A 3.47 6.13 6.67

Engine hood weight reduction
percentage

N/A N/A 20.31% 35.94% 39.06%

Bend rigidity N.mm−1 5.28 5.21 5.09 17.09

Lateral bend rigidity N.mm−1 37.04 39.22 33.33 68.97

Torsion rigidity N.mm−1 76.92 76.92 90.91 100.00

First step of modality Hz 30.50 34.40 39.40 36.60
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m = curb weight of the steel (baseline) vehicle (1325 kg);
d = share of deceleration phases in the driving cycle in %

(17%) based on the EPA CFE (55% city/45% highway)
(Dubreuil et al. 2012);

g = gravitational constant, m/s2;
fR = rolling resistance coefficient (dimensionless);
CWR = characteristic value (17,198 m) for the EPA CFE

(55% city/45% highway) (Koffler and Rohde-Brandenburger
2010); and

CWA = characteristic value (2221 m2/s2) for the EPA CFE
(55% city/45% highway) (Koffler and Rohde-Brandenburger
2010).

For 100 km and 100 kg, the mass-induced energy demand
is

Wsum 100kg;100kmð Þ ¼ 100km
17:176 km

� �� 100kg� 1−17%ð Þð �9:

81 m
s2 � 0:01� 17; 198mþ 2; 221m2Þ ¼ 2:1 MJ: The mass-

induced fuel consumption, V100 kg, EPA CFE, for naturally as-
pirated gasoline engines is calculated as follows:

V100kg

¼ Wsum 100kg; 100kmð Þ � 1:05� ηdiff ;g
¼ 2:1 MJ � 1:05 � 0:073 l=MJ

¼ 0:161
l

100kg*100km

where
ηdiff, g = differential efficiency of a naturally aspirated gas-

oline engine (0.073 l/MJ) and

% = losses in the automatic transmission (conservative as-
sumption) (Koffler and Zahller 2012a; Koffler and Zahller
2012b).

Multiple simulations of drivetrain adaptations have pro-
duced fuel reduction values 1.9 to 3.0 times higher than the
values without additional drivetrain adaptations (average gas-
oline = 2.37) (Koffler and Rohde-Brandenburger 2010). Fcp,
the mass-induced fuel change potential of the auto part and
with powertrain adaptations to maintain the vehicle dynamics
before and after changes in weight, is calculated as follows:

FCP ¼ 2:37� 0:161
l

100kg*100km

¼ 0:38
l

100kg*100km

The total life cycle mass-induced fuel change (C) of the
lightweight design (assuming powertrain adaptation) is calcu-
lated as follows:

C ¼ Δm� FCP � LTDDV :

where Δm = mass changes of the auto part (kg), including
the PMCs Δmp and SMCs Δms. It is assumed that the SMC
rate is 30% of the PMCs of the lightweight designs.

LTDDV is the baseline vehicle lifetime driving distance
(150,000 km).

Table 2 Life cycle inventory and manufacturing processes of the production stage for four engine hood designs

Category Subcategory Unit Steel (baseline) AHSS Aluminum Carbon fiber

Materials Steel kg 24.76 0.00 0.00 0.00
AHSS kg 0.00 19.42 0.00 0.00
Aluminum

alloy
kg 0.00 0.00 18.22 0.00

Carbon fiber kg 0.00 0.00 0.00 13.86
Steel

(SMCs)
kg 0.00 −1.04 −1.84 −2.00

Energy and
resource

Water kg 0.00 0.00 67.68 0.00
Electricity kWh 2.65 2.65 25.54 25.51

Process scraps Waste steel kg 7.70 5.83 0.00 0.00
Waste

aluminum
kg 0.00 0.00 7.29 0.00

Waste carbon
fiber

kg 0.00 0.00 0.00 3.47

Manufacturing
processes

N/A N/A Blanking and stamping,
welding, adhesive
bonding, flanging

Blanking and stamping,
welding, adhesive
bonding, flanging

Extrusion, casting,
stamping, adhesive
bonding, flanging

Sheet molding compound film
production, compression molding,
adhesive bonding, flanging

Table 3 CED, GWP per kg of
material production
(from cradle-to-gate)

Impact category Unit Steel-baseline AHSS Aluminum Carbon fiber

GWP(100a) kgCO2 e 2.44 2.96 16.76 34.60

CED MJ 24.41 49.76 157.59 1106.62
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When including SMCs (assuming powertrain adaptation),
the maximum total life cycle mass-induced fuel change of a
vehicle due to auto part PMCs is

C ¼ Δmp þΔms
� � � FCP � LTDDV

¼ 1:3Δm1 � 0:38l
100

kg*100 km� 150; 000 km

¼ 7:41 Δ m1 lð Þ

Based on the method above, the use stage model parame-
ters associated with four types of engine hood designs are
shown in Table 5. Due to the mass-induced fuel change during
a vehicle life cycle, CO2 emission is assumed to change at the
same rate during the vehicle use stage. Background gasoline
extraction and production data were acquired from RCEES
2012 (Liu et al. 2015; Sun et al. 2014; Yang et al. 2015).

2.3.3 End-of-life stage

In this study, it is assumed that 95% of the vehicles are col-
lected, dismantled, shredded, and sorted at the end-of-life
stage and that the metal recycling rate is 95% for steel and
AHSS, and 90% for aluminum. Waste steel and AHSS are
recycled to avoid primary steel production, and waste alumi-
num is recycled to avoid primary aluminum production.
Waste materials that cannot be recycled are treated as solid
waste according to the waste treatment scenario specified in
RCEES 2012.

Two technologies have been proposed for recycling carbon
fiber reinforced plastics (CFRPs), mechanical recycling, and fi-
ber reclamation (Pimenta and Pinho 2011). Fiber reclamation

processes are particularly suitable for CFRPs and include pyrol-
ysis, oxidation in a fluidized bed, and other chemical recycling
processes. Pyrolysis is a widespread and commercial-scale
recycling process that is used for CFRPs (Oliveux et al. 2015;
Pimenta and Pinho 2011).

Pyrolysis is a thermal recycling process that decomposes
matrices at approximately 400 to 600 °C according to their
thermal properties to recover fibers. In this process, thermal
decomposition is conducted in an inert environment or con-
trolled atmosphere with a low proportion of oxygen to prevent
the oxidation of fibers. Rapid gasification might be necessary
after the principal step for cleaning the fibers of char due to
resin decomposition. The gas fraction produced from matrix
decomposition can be condensed and reused as a fuel or
burned to recover heat (Vo Dong et al. 2015).

In this study, the pyrolysis process is used as a CFRP
recycling method. Pyrolysis requires approximately 30 MJ/
kg of energy (Witik et al. 2013), and the recycling rate of
waste carbon fiber is 90%. Recycled carbon fibers have prop-
erties that are comparable to the properties of virgin carbon
fibers produced from PAN and can be used to replace virgin
carbon fibers (Das 2011; Oliveux et al. 2015).

2.4 Life cycle impact analysis

The Cumulative Energy Demand v1.09 method (Frischknecht
2003) is used to evaluate the CED, which is expressed in GJ.
The CED is the sum of all energy sources, including the nat-
ural non-renewable and renewable resources extracted direct-
ly from the Earth. Non-renewable energy comes from sources
that will run out or cannot be replenished on human timescales
and include fossil fuels (oil, coal, and natural gas) and nuclear
energy. Renewable energy is generally defined as energy from
resources that are naturally replenished on human timescales,
such as wind, solar, geothermal, water, and biomass. IPCC
2013 GWP (100a) is a method developed by the
Intergovernmental Panel on Climate Change that focuses on
the impacts of the GWP over 100 years and is one of the most
accepted methods for calculating GWP (IPCC 2013), which is
measured in kg of CO2−e.

Table 4 Exhaust gas
emissions in the use
stage of the steel
(baseline) vehicle

Pollutants Value (g/km)

CO 0.257

NMHC 0.033

NOx 0.023

CH4 0.004

CO2 142.00

Table 5 Use stage model
parameters for four engine hood
designs

Parameter information Steel (baseline) AHSS Aluminum Carbon fiber

Vehicle curb weight (kg) 1325.00 1320.49 1312.52 1303.86

Engine hood weight (kg) 17.06 13.60 10.93 10.40

Powertrain resizing N/A Yes Yes Yes

Primary mass reduction (kg) N/A 3.47 6.13 6.67

Secondary mass change rate N/A 30% 30% 30%

Total mass reduction (kg) N/A 4.51 7.97 8.66

Lifetime driving distance (km) 150,000 150,000 150,000 150,000

Life cycle fuel savings (l) N/A 25.68 45.44 49.39
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3 Results and discussion

3.1 Life cycle assessment results

Table 6 shows life cycle assessment results, based on total net
changes (differential values) in cradle-to-grave CED, GWP
(100a), and selected air emissions of the three lightweight
engine hoods compared with the steel-baseline (absolute
values).

Figures 2 and 3 show the CED and GWP (100a) values
associated with the three types of lightweight engine hood

designs throughout their life cycles. The carbon fiber design
has the largest positive CED and GWP (100a) impacts during
the production stage and the largest negative impacts during
the use and end-of-life stages, followed by the aluminum hood
designs. Carbon fiber and aluminum are energy-intensive ma-
terials that require more energy consumption and produce
more greenhouse gas (GHG) emissions during the production
stage compared with steel. Recycling of these materials during
the end-of-life stage can offset a large portion of energy con-
sumption and GHG emissions associated with primary pro-
duction. However, all these three kinds of candidate materials,

Table 6 Life cycle, CED, GWP,
and selected air emissions for four
engine hood designs

Life cycle stage CED (GJ) GWP(100a)
(kgCO2 e)

SO2 (kg) NOX (kg) NMVOC (kg)

AHSS
(13.60 kg)

Production 0.37 −1.64 −0.14 −0.12 0.00
Use −1.30 −72.78 −0.04 −0.04 0.00

End-of-life 0.06 6.74 0.03 0.02 0.00
Total −0.86 −67.68 −0.16 −0.15 0.00

Aluminum
(10.93 kg)

Production 1.51 165.17 0.58 0.51 0.05
Use −2.29 −128.61 −0.08 −0.07 0.00

End-of-life −1.24 −125.47 −0.41 −0.38 −0.04
Total −2.02 −88.91 0.09 0.06 0.00

Carbon fiber
(10.40 kg)

Production 14.02 458.82 2.08 1.85 0.79
Use −2.49 −139.75 −0.08 −0.08 0.00

End-of-life −9.19 −271.76 −1.33 −1.25 −0.08
Total 2.34 47.31 0.67 0.52 0.71

Steel-baseline
(17.06 kg)

Production 0.49 46.74 0.17 0.10 0.00
Use 446.06 25,071.66 14.67 17.28 5.33

End-of-life −0.31 −33.22 −0.13 −0.07 0.00
Total 446.24 25,085.18 14.70 17.30 5.33
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Fig. 2 Comparison of the life
cycle cumulative energy demands
of three lightweight engine hood
design
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carbon fiber, followed by aluminum and AHSS, could reduce
vehicle energy consumption and GHG emissions compared to
steel engine hoods based on a 150,000-km lifetime service
distance because they reduce fuel consumption during the
vehicle use stage.

Based on the entire life cycle, the aluminum engine hood
achieves the largest reduction in total CED and GWP, follow-
ed by the AHSS hood. In addition, the carbon fiber engine
hood increases the total CED and GWP compared with the
steel (baseline) engine hood.

In order to accurately depict the overall net decrease or
increase of the potential environmental impacts due to the
lightweight designs, it is recommended that the life cycle im-
pacts be structured according to the production, use, and end-
of-life stages (see Figs. 4 and 5).

Two important pieces of information can be derived from
this chart: the break-even distance (km) and the overall net

decrease or increase of the potential environmental impacts
due to each lightweight design, respectively.

Figure 4 depicts the overall net decrease or increase in
potential environmental impacts associated with CED due to
lightweight designs. A negative slope indicates a decrease in
fuel consumption due to the lightweight design and represents
a net decrease in CED over the vehicle’s driving distance for
each lightweight design.

The CED break-even distance for AHSS compared to the
steel (baseline) design is 43,063 km. This means that a net
CED benefit will be achieved with using the AHSS design
after the break-even distance. The CED break-even distance
for the aluminum design is 98,992 km, which is higher than
the break-even distance of the AHSS design. In comparison,
carbon fiber design does not have a CED break-even point
within 150,000 km due to high energy consumption during
the carbon fiber engine hood production process. Based on the
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current state of technology and a vehicle lifetime of
150,000 km, the aluminum design exhibits a better net energy
profile than the AHSS design. The carbon fiber design dis-
plays the worst CED performance.

Figure 5 illustrates the overall net decrease or increase in
the potential environmental impact associated with GWP
(100a) due to lightweight designs. The AHSS design has a
net GWP (100a) advantage over the steel (baseline) design
in the production stage (0 km). The aluminum and carbon
fiber designs both do not have CED break-even points within
150,000 km because of the large amounts of GHG emissions
during the production stages, especially for carbon fiber
design.

In conclusion, the aluminum design is the most sustainable
lightweight design because it resulted in the largest overall net
decrease of the CED and GWP (100a) values compared to the
steel (baseline) over the vehicle lifetime of 150,000 km. In
addition, the AHSS design is another sustainable lightweight
design and exhibits the best break-even distance on the CED
and GWP (100a) within 150,000 km. The carbon fiber design

resulted in overall net increase of the CED and GWP (100a)
values compared with the steel (baseline) design over the in-
vestigated life cycle.

3.2 Sensitivity analysis

A sensitivity analysis is conducted to examine the effects of
varying several LCA parameters on the overall life cycle im-
pacts of the lightweight hoods. A single factor sensitivity anal-
ysis method is used to analyze three proposed parameters:
lifetime service distance, material recycling rate, and second-
ary mass change rate. The proposed percent changes of all
factors are based on changing values (10% of their nominal
values). The results are shown in Table 6.

The sensitivity analysis results show that lifetime service
distance has a considerably impact on the total CEDs and
GWPs (100a) (Table 7). The sensitivity value in overall
GWP (100a) is related to the engine hood weight, with lighter
hoods corresponding with more variable lifetime driving dis-
tance impacts. Lighter engine hoods have lower overall GWPs
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Table 7 Sensitivity analysis
results for some LCA parameters Parameter AHSS Aluminum Carbon fiber

CED GWP CED GWP CED GWP

Lifetime driving distance

+10% +15.04% +10.75% +11.32% +14.46% −10.63% −29.54%
−10% −15.04% −10.75% −11.32% −14.46% +10.63% +29.54%

Material recycling rate

+10% +5.05% +6.43% +13.45% +30.98% −56.79% −87.86%
−10% −5.05% −6.43% −13.45% −30.98% +56.79% +87.86%

Secondary mass change rate

+10% +0.29% +0.38% +0.22% +0.51% −0.21% −1.03%
−10% −0.29% −0.38% −0.22% −0.51% +0.21% +1.03%
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(100a) compared to heavier engine hoods because the total life
cycle GWP (100a) depends on the amount of gasoline re-
quired to travel a proposed distance.

Material recycling rate has strong effects on the total
overall CED and GWP of aluminum and, particularly,
carbon fiber hoods. A +10% change in the waste carbon
fiber material recycling rate impacts the CED and GWP
by −56.79 and −87.86%, respectively, based on the car-
bon fiber engine hood design. The AHSS engine hood
design slightly affects the overall CED and GWP (100a)
when the recycling rate is changed. Notably, a high
recycling rate should be a fundamental requirement for
energy-intensive materials (such as aluminum and car-
bon fiber) which could offset their energy consumption
and GHG emissions during the production stage.

The secondary mass change rate has very small impact on
the overall CEDs and GWPs (100a) of the lightweight
designs.

4 Conclusions

This paper presents an LCA-based method for CED and
GWP (100a) analyses associated with the selection of
sustainable materials for vehicle engine hoods. The pro-
posed method was used to evaluate the life cycle envi-
ronmental performance of different materials, namely,
steel (baseline), AHSS, aluminum, and carbon fiber.
Results show that the aluminum design has the lowest
CED and GWP (100a) values over the lifespan of the
vehicle, which is assumed to be approximately
150,000 km. The AHSS design is another sustainable
lightweight design choice. The carbon fiber design re-
sults in higher life cycle CED and GWP (100a) values
compared to the steel (baseline) design.

This study also presents a set of CED and GWP values
which clearly illustrate the energy consumption and GHG
emissions during the different life stages of engine hoods
made from different materials. Additionally, a sensitivity
analysis is performed to examine the effects of changing
some LCA parameters on overall CED and GWP. The
sensitivity analysis results show that lifetime service dis-
tance and material recycling rate have large impacts on
the overall CEDs and GWPs (100a) of the three light-
weight designs.

This study provides additional information for sus-
tainable lightweight engine hood designs, which are
useful for the automotive industry because lightweight
engine hoods can reduce vehicle life cycle energy con-
sumption and GHG emissions. Moreover, this study
may provide constructive information for introduction
of fuel economy and tailpipe emission standards and
regulations from a life cycle perspective.
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