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Lightweight design is important for Battery Electric Vehicles (BEVs), to minimize the effects
from the added weight of the batteries. The study looks at the benefits and disadvantages of
choosing a Carbon Fiber Reinforced Polymer (CFRP) material in comparison to metallic material for a specific battery electric commercial vehicle component. A Life Cycle Energy (LCE)
and weight analysis are the basis for the comparison. Other aspects that could be considered important for the industrial implementation, such as cost, are also discussed. The LCE is assessed
using a combination of engineering process modelling, available data from industrial partners,
and data available in the literature. The analysis is aimed to support a holistic comparison, which
means the modelling is performed on an overarching level of detail.
©2021 by the authors. Published by the Resource Efficient Vehicles Conference.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1.

Introduction

More than 6 million Heavy Duty Vehicles (HDVs) circulate European roads today [1] and account
for a quarter of the EU’s CO2 road emissions [2]. From 2030 and onwards a 30 % reduction of the
CO2 emissions for HDVs manufacturers is dictated [3], hence the need has risen for commercial
vehicle manufacturers to improve their HDV design towards climate neutral goals.
To reduce the CO2 emissions of HDVs, their energy consumption need to be reduced. On a
system level an effective approach could be to increase the efficiency of each transport by reducing
the distance driven and increase the payload utilization. From the suppliers end, important design
topics can include lightweight design and Battery Electric (BE) drivetrains. Battery Electric Vehicles
(BEVs) can, apart from CO2 emissions, potentially reduce toxic emissions, e.g. NOx, in comparison
to traditional combustion-engine systems, however, their load capacity and range can be limited [4].
In addition, the weight of batteries is an added concern, making lightweight design of essence. The
introduction of higher performance materials such as composites, sandwich materials, aluminum or
high strength steels shows great potential for reduced energy consumption and increased payload, but
does not necessarily imply lower environmental impacts. The entire life cycle should be considered
in this direction; from resource extraction to End-of-Life (EoL).
In a review on the topic of life cycle engineering, Herrmann et al. [5] emphasizes the importance
of utilizing Life Cycle Analysis (LCA) to get input on the environmental impact of designs and
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evaluate if the lightweight design actually contributes to a lowered environmental impact. O’Reilly
et al. [6] introduced Life Cycle Energy (LCE) as an overarching design criteria in an optimization
methodology. In this way, a homogeneous measure over the complete life cycle is utilized.
Burd et al. [7] deliberates on the cost for a lightweight design, comparing high strength steel and
aluminum for a BEV design. In his approach, only the increased cost effectiveness of steel is considered rather than effects on the complete life cycle, which is crucial especially for HDVs where up to
98 % of the energy consumption occur during the use phase [8]. There are only a few studies focusing
on HDVs. Earl et al. [9] conducted a study comparing the energy consumption for an HDV with a BE
drivetrain and an HDV with a diesel ICE drivetrain for a long haulage application concluding a three
times lower energy consumption for the HDV with a BE drivetrain. The high mileage for HDVs yield
great potential, e.g. Rupp et al. [10] concluded that the emission and energy reduction potential per
vehicle of a semi-trailer is much larger than the potential of a passenger car.
This work aims to give input on what lightweight design could be worth for an HDV with BE or
ICE drivetrain. The component analyzed is an HDV chassis, designed for metallic materials or for
CFRP material. An LCE analysis [11] was applied for three different designs of the HDV chassis.

2.

A Life Cycle Energy Analysis

System definition

The LCE analysis conducted, included five phases of the life cycle: (1) Resource extraction, (2)
Material processing, (3) Product manufacturing, (4) Product use and (5) End-of-Life (EoL) treatment.
The LCE analysis was implemented in Python.
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Figure 1: The LCE analysis.

2.1

HDV Chassis

Three different designs of an HDV chassis were analysed. The first chassis is a regular steel
chassis developed for an ICE drivetrain (ICE Steel). The second chassis is a steel chassis designed
for a BE drivetrain (BEV Steel). The third chassis is a composite chassis, also designed for a BE
drivetrain (BEV Composite). All chassis are designed with regards to a distribution use profile. The
steel chassis are existing manufactured designs, meaning they are designed for stiffness, strength,
fatigue and crash load cases. The composite chassis is a design proposal in a step towards a design
using advanced lightweight materials. The composite chassis is designed for stiffness and strength.
Fatigue strength characterization has been conducted on the unidirectional CFRP material used in
the composite chassis design, where preliminary results shows that the fatigue endurance limit is
approximately 70 % of the Ultimate Tensile Strength (UTS) [12].
A HDV with a BE drivetrain, today, is powered with lithium batteries, 165 kWh or 300 kWh [13].
However, these were not included in the analysis. For a distribution HDV a reasonable amount of
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batteries is four, to optimize the range and cost. This meant that for the steel chassis, four battery
carriers were added to the design. The analysed designs contained the structural parts of the chassis
and the energy carriers. The energy carriers were defined as the diesel tank for the ICE Steel chassis
and the battery carriers for the BEV chassis, not the diesel or batteries themselves. The engine suspension was also part of the designs compared. No fasteners were included in the analysis. Although
more components could be added, the system definitions are chosen to keep the results conservative.
The main input to the LCE analysis was mass and material and there was no in depth details for the
different manufacturing methods. An overview is illustrated in Figure 1.
2.1.1

Materials and weights

The data presented for the chassis designs has the ICE Steel chassis as a reference, representing 100 %. The components for the ICE and BEV Steel chassis are not only manufactured in steel.
Information and complete composition of the chassis can be found in Table 1.
Table 1: Data for the LCE analysis, with the ICE Steel chassis as the reference measurement.
Chassis Design

No. Components

Materials *

Total Weight [-]

100%

No. Different
Components
100%

ICE Steel (ref)

1, 2, 3 and 4

100%

BEV Steel

560%

248%

1, 2, 3 and 5

150%

BEV Composite

73%

57%

6

47%

* (1) Steel - Standard steel; (2) Cast Iron - Iron used for casting; (3) Aluminum - Standard wrought aluminum; (4) Cast Aluminum - Aluminum used
for casting; (5) Foam - Crushable foam used for impact zones; (6) CFRP - NCF fabric with epoxy matrix

2.2

LCE Phases

The different phases of the life cycle were chosen according to Jonsson [11]. A short description
of the energy in the different phases are found in Table 2. The input for each phase is described in the
coming sections.
Table 2: Life cycle phases’ energy consumption modelled in the LCE analysis.
Cycle Phase Energy

Description

Resource extraction

Energy to produce 1kg of raw material (embodied energy).

Material processing

Energy to transform 1kg of raw material to 1kg of material used for the
manufacturing.
Energy needed to produce the component.

Product manufacturing
Product use
End-of-Life treatment

2.2.1

Energy consumed during the component’s usage life-time.
Energy that is consumed during recycling and energy that can be returned
back to the life cycle for a circular energy flow.

Resource Extraction

The energy consumption for the resource extraction was computed using the embodied energy
of the material and multiplying it by the component mass. For steel the data was more elaborated,
utilizing the work of Shetye [14]. The component mass was compensated with regards to a material utilization factor of 0.8 for all materials. This factor shall compensate for any scrap during the
production phase. The data for resource extraction is presented in Table 3.
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Table 3: Energy data for the resource extraction in the LCE analysis.
Material

Resource Extraction

Steel

0.576 MJ/kg

Material Utilization
Factor
0.8

Cast Iron

33.9 MJ/kg

0.8

[15]

Aluminium Wrought

213 MJ/kg

0.8

[15]

Aluminium Casted

198 MJ/kg

0.8

[15]

0.8

[16, 17]

0.8

[15]

Fibers: 286 MJ/kg
Resin: 80 MJ/kg
89.2 MJ/kg

CFRP
Foam

2.2.2

Data Source
[14]

Material Processing

The material processing, is the step where the raw material is transformed in to a material which
can be used in the product manufacturing phase. In Table 4 the different material processes assumed
for the materials of the components are presented, alongside, the energy to process the material.
Table 4: Energy data for the material processing in the LCE analysis.
Material

Material Processing

Process

Data Source

Steel

15.9 MJ/kg

Typical steel process

[14]

Cast Iron

11.3 MJ/kg

Casting process

[15]

Aluminium Wrought

4.484 MJ/kg

[18, 15]

Aluminium Casted

1.404 MJ/kg

Smelting and roll
forming process
Smelting process

Fabric: 0.772 MJ/kg
Resin: 24.2 MJ/kg
18.7 MJ/kg

Resin and Fabric
production
Molding process

[17]

CFRP
Foam

2.2.3

[18]

[15]

Product Manufacturing

The product manufacturing energy is the energy needed to produce the final component. There
can be several steps involved in this phase, but the choice was taken to keep it simple and add only
the obvious steps of the product manufacturing. The components from the chassis are manufactured
with a few dominating processes which were applied (Table 5). The calculations were based on an
annual production of 80,000 vehicles, two shift work and 261 work days per year.
2.2.4

Use Phase

The energy consumed during the use phase of an HDV is very dependent on the load, road and
the driving style adopted and it is very hard to standardize a typical driving behavior for an HDV. The
driving cycle used for this study was extracted from VECTO (Vehicle Energy Consumption Calculation Tool), that is a simulation tool developed by the European Commission and used to determine
CO2 emissions and fuel consumption for HDVs [19]. The mission profile extracted from VECTO was
the Urban Delivery (UD) profile, which is the tougher of the delivery mission profiles, consuming
more energy. In VECTO the mission profiles are described by velocity (km/h) and distance (m), and
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Table 5: Energy data for the product manufacturing processing in the LCE analysis.
Material

Process

Manufacturing Energy

Data Source

Steel

Pressed

8.3 MJ/Part

[11]

Steel

Fine Machining

7.66 MJ/rmvd kg

[15]

Steel

Casted

11.3 MJ/kg

[15]

Aluminum

Pressed

8.3 MJ

[11]

Aluminum

Extruded

5.85 MJ

[15]

Aluminium

Casted

12.1 MJ/kg

[15]

CFRP

HP RTM

13.4 MJ/kg

[15]

Foam

Fine Machining

0.557MJ/rmvd kg

[15]

complemented with an acceleration scheme for a typical driver. This data was altered in MATLAB to
get the acceleration and velocity over time.
With the mission profile from VECTO the energy needed for the component to move according to
the profiles was calculated according to Bouchouireb [20]. The energy needed, WT , can be calculated
as the sum of the energy needed to overcome two types of driving resistances, the rolling resistance,
WR , and the inertial resistance to acceleration, WA . The aerodynamic energy was neglected since
the component is not in a position were it is effected by the aerodynamic drag of the vehicle. The
resulting energy is expressed as:
Z
Z
WT = WR + WA = mcomp ∗ cr (1 − r)g vdt + mcomp a(t)v(t)dt
(1)
Where cr (= 0.01) is the rolling resistance coefficient and r (= 0.15) the fraction of kinetic energy
regained during deceleration. With these equations the energy needed to move the given component
mass placed on the vehicle was calculated. However, this energy needed to be converted to the energy
consumed (fuel or electricity) with regards to the drivetrain. This conversion was done by considering
the two drivetrains’ energy efficiency. The energy efficiencies were taken from Earl et al. [9], where
an ICE has a 40 % energy efficiency and a BE drive train has an 85 % efficiency.
The total use energy over the life cycle was calculated based on an annual driving distance of
55,500 km for a typical regional delivery HDV [21]. The total service life was set to 20 years. It is
not unusual for the life length of HDVs to be short since the amount of annual kilometers and use
frequency can be very high.
2.2.5

End-of-Life

For a circular economy the EoL phase is intended to recycle as much material as possible. In the
EoL phase the assumption was that the product system must be processed in order to be recyclable.
This means that the total energy available from the EoL-phase was the extractable energy from reusing
recycled material, minus the energy of processing the material.
The recycling of steel was implemented as done by Shetye [14]. The energy to process recycled
steel is lower compared to processing of the primary metal. Aluminum utilized the same approach.
However, creating new metal from recycled aluminum requires only 5 % of the energy needed to
produce the primary aluminum [22]. For all metals a 95 % recycling rate was assumed. The foam in
the study was assumed to have a recycling rate of 20 %.
Recycling of composites is still a challenge because of the necessity to separate the matrix from
the fibers. The currently available methods are e.g. thermolysis recycling methods. However, adding
heat damages the fibers and can affect and lower the mechanical properties. Pyrolysis also has a quite
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high energy demand of 30 MJ/kg. A promising method that doesn’t have as high energy demand,
19.2 MJ/kg, is a chemical method called solvolysis. This method chemically extracts the fibers with
a minimal decrease of the mechanical properties [11].
In this study pyrolysis and solvolysis were compared. Pyrolysis has a 65 % reuse efficiency,
RCef f , meaning the UTS is 65 % of that of the virgin carbon fibers. The solvolysis method has a
reuse efficiency of 91 %. Reusing fibers, the demand was to maintain a UTS of at least 95 %. The
fraction of recycled fibers was calculated as: Vf recCF = (0.95 − 1)/(RCef f −1 ). The amount of reused
fibers were 15 % for the pyrolysis method and 56 % for the solvolysis method.
2.3

Cost Analysis

To conduct a cost analysis data was collected on electricity prices [23] and average diesel prices
[24] for five different European countries (Table 6). The electricity price is for non-household consumers, assuming the HDVs are charged at a company with an annual consumption of at least
500 MWh. The energy content in diesel was set to 37 MJ. Converting the diesel to energy the combustion irreversiblities were set to 25 % [25].
Table 6: Cost for electricity and diesel for five different European countries.
Country

3.

Electricity Price [EUR/kWh]

Diesel Price [EUR/Liter]

Germany (DE)

0.179

1.29

Sweden (SE)

0.065

1.545

The Netherlands (NL)

0.128

1.385

United Kingdom (UK)

0.163

1.492

Poland (PL)

0.109

1.145

Results

The LCE analysis was performed for all three chassis designs (Figure 2). A relatively small fraction of the total energy is actually consumed during the production phase for both the ICE Steel and
BEV Steel chassis. Instead the majority of the energy is consumed during the use phase and is strongly
dependent on the structural mass. Looking at the results for the BEV Composite chassis, a majority
of the energy consumed can be attributed to the production phase. Even so, the results from the LCE
analysis show that the total sum of LCE is the lowest for the BEV Composite chassis, assuming a
service life of 20 years and an annual mileage of 55,500 km.
The energy demand to recycle the CFRP material with pyrolysis is higher than with solvolysis
(Figure 2). If solvolysis was to be used as a recycling method for CFRP, the sum of the LCE would
be decreased by the EoL treatment, as it is for the ICE Steel and the BEV Steel chassis.
The evolution of LCE over time for the different components is shown in Figure 3. The ICE Steel
chassis has an advantage in the beginning of its life span, since the energy for production is much
lower than for both the BEV Steel and the BEV Composite chassis. Adding the yearly contribution of
the energy from the use phase to the fixed energy (Production phase and End-of-Life phase) it is possible to find the intersection point of when the ICE Steel chassis have consumed more energy than the
BEV Steel chassis and the BEV Composite chassis. The BEV Steel chassis only need approximately
5 years to break even with the ICE Steel chassis, while the composite chassis need 9.6 years.
The cost to keep each chassis moving was calculated and compared based on the use phase. In
Figures 4a, 4b and 4c, the running cost up to the different intersection points from Figure 3 for the
different chassis are presented. A comparison between different countries is also conducted since
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the diesel price and electricity price varies (Table 6). The largest difference in cost is between the
ICE Steel chassis and the BEV Composite chassis (Figure 4b). The BEV Composite chassis is the
cheapest one to move annually because of the low weight (Figure 5).

Figure 2: Energy for complete life cycle of the
three different chassis designs.

(a) Intersection 5 years.

Figure 3: The increase of energy consumption
over time.

(b) Intersection 9.6 years.

(c) Intersection 12.4 years.

Figure 4: Total cost until break even for the comparison of two chassis (refer back to Figure 3).

(a)

(b)

Figure 5: The (a) annual cost and the (b) annual energy for the different chassis designs.

An existing next generation design for the BEV Steel chassis has a weight reduction of 21 %
compared to the original design. If the same percentual improvement is extrapolated for the BEV, the
potential of future solutions can be highlighted. The LCE analysis shows that both the slope of the
curve and the intersection point with the y-axis is decreased (Figure 6). The new intersection points
for when the ICE Steel chassis has consumed more energy than the BEV Steel chassis and the BEV
Composite chassis, is 2.7 years and 7.4 years respectively.
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Figure 6: The increase of energy consumption over time for the new designs

4.

Conclusions and Discussion

An LCE analysis has been presented for three chassis designs. Some conclusions are
– For service life longer than 5 years, BE drivetrain components are preferable and for service
life longer than 12.4 years composite design becomes more energy efficient than steel.
– Increasing efforts in the design we lower the LCE and lower necessary service life of the chassis
with a BE drivetrain to 2.7 years for the steel chassis and 7.4 years for the composite chassis.
– Mass for the steel chassis with an ICE drivetrain cost more to move. Saved weight for the
chassis with a BE drivetrain will lower the slope of the curves and decrease the LCE.
For CFRP, the production phase is still very high-priced, both with regards to energy and cost.
However, over time the higher energy demand of the production phase can be compensated by the
reduced energy consumption in the use phase. This is important to consider if calculating cost for
investment. Considering a complete life cycle, a lower weight is the goal for HDVs and an increased
cost in the production process could to some extent be covered by a saved use cost for the owner.
Lightweight design also have positive effects on payload. If the addition in payload would be enough
to reduce the number of transports needed it could potentially reduce the number of years to the break
even point between the composite and the steel chassis for the BE drivetrain.
This work has highlighted the importance to consider and compare the R&D effort for evaluated structures, given the maturity of the steel chassis contra the novelty of the composite chassis.
When designing with a CFRP material the effort and possible improvements need to be considered in
correlation to the costs.
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