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Abstract: The development of automotive components with reduced greenhouse gas (GHG) emis-
sions is needed to reduce overall vehicle emissions. Life Cycle Engineering (LCE) based on Life
Cycle Assessment (LCA) supports this by providing holistic information and improvement potentials
regarding eco-efficient products. Key factors influencing LCAs of automotive components, such as
material production, will change in the future. First approaches for integrating future scenarios for
these key factors into LCE already exist, but they only consider a limited number of parameters and
scenarios. This work aims to develop a method that can be practically applied in the industry for
integrating prospective LCAs (pLCA) into the LCE of automotive components, considering relevant
parameters and consistent scenarios. Therefore, pLCA methods are further developed to investigate
the influence of future scenarios on the GHG emissions of automotive components. The practical
application is demonstrated for a vehicle component with different design options. This paper
shows that different development paths of the foreground and background system can shift the
ecological optimum of design alternatives. Therefore, future pathways of relevant parameters must
be considered comprehensively to reduce GHG emissions of future vehicles. This work contributes
to the methodological and practical integration of pLCA into automotive development processes and
provides quantitative results.

Keywords: prospective LCA; life cycle engineering (LCE); lightweight design; automotive components;
body parts; circular economy; steel; aluminum; hybrid materials; fiber metal laminates

1. Introduction

To achieve the goals of the Paris Climate Agreement and to comply with resulting
legislation such as the European Climate Law, significant reductions in greenhouse gas
(GHG) emissions are necessary [1]. In addition, increasing customer and financial market
requirements regarding environmental sustainability as well as rising energy and raw
material prices make sustainable products and production processes an economic success
factor for companies [2]. The transport and industrial sectors accounted for 15% (8.7 Gt
CO2 eq) and 24% (14 Gt CO2 eq) of the global GHG emissions, respectively, in 2019 [3].
As the automotive industry is an important part of both sectors, the reduction of the
global warming potential (GWP) of vehicles plays an increasingly important role in the
development of future cars [4]. Original equipment manufacturers set ambitious targets

Sustainability 2023, 15, 10041. https://doi.org/10.3390/su151310041 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151310041
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0002-3407-0384
https://orcid.org/0000-0003-1146-0443
https://orcid.org/0000-0001-9052-6206
https://doi.org/10.3390/su151310041
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151310041?type=check_update&version=1


Sustainability 2023, 15, 10041 2 of 26

to decrease the GWP of their products which can be seen, among other things, in the
transition from internal combustion engines to battery electric vehicles (BEV) aiming to
decrease GHG emissions during vehicle usage. Subsequently, the production process of
BEVs plays a crucial role when considering the complete life cycle of a car. In addition
to the production of the traction battery, which accounts for a large share of total vehicle
emissions, the production of structural components in the body and chassis also contributes
significantly and needs to be decarbonized [5].

During the use stage of BEVs, the GHG emissions are mainly influenced by the energy
demand of the vehicle and the emission intensity of the electricity mix used for the charging
of the vehicle [6]. The energy demand and with this the GHG emissions are influenced
through the vehicle’s weight [7]. A lightweight design is established in the automotive
industry to reduce the mass of vehicle components and the associated energy demand of the
complete vehicle. The leverage of the lightweight design to directly reduce energy demand
depends mainly, but not exclusively, on the vehicle powertrain and its efficiency [8]. Due to
the higher powertrain efficiency and recuperation of BEVs, the influence of a lightweight
design on the vehicle energy demand is usually lower compared to vehicles with internal
combustion engines (ICEV) [9]. A measure to quantify the change in energy demand as a
result of lightweight design is the fuel reduction value (FRV for ICEV) or energy reduction
value (ERV for BEV) [8]. Depending on the driving cycle and the vehicle type, energy
saving potentials of up to 39.2 kWh for ICEVs and 23.4 kWh for BEVs per kilogram of mass
reduction result over a typical vehicle use stage of 200,000 km, assuming FRV and ERV
values provided in Kim and Wallington [9] and Del Pero et al. [10]. In addition to direct
reductions in energy demand, the reduction of vehicle mass through lightweight design
offers the possibility of achieving secondary mass effects that can additionally reduce
energy demand and associated GHG emissions. This includes, for example, the downsizing
of powertrain components without reducing performance, as well as a downsizing of the
battery in BEVs without reducing the range [6,8]. Moreover, the lightweight design can
increase material efficiency by using less but higher strength materials [11]. A lightweight
design thus offers a lever for reducing the environmental impact of vehicles, also against
the background of the technology shift towards BEVs. However, lightweight materials
and the underlying production processes are often associated with higher energy con-
sumption and GHG emissions compared to conventional materials [12]. The production of
primary aluminum, for example, is associated with higher GHG emissions compared to
conventional steel due to direct emissions and high energy demand during the production
process [13,14]. The same applies for lightweight carbon fiber-reinforced plastics (CFRP),
where high energy demands during the production of the carbon fiber lead to higher GHG
emissions [15–17]. Due to these opposing effects, different lightweight design options must
be compared holistically to identify the alternative with the lowest environmental impact.

Life cycle assessment (LCA) based on ISO 14040 [18] is an established methodology in
the automotive industry and many other fields, and allows a holistic quantification and
analysis of the environmental impacts of a product system considering its whole life cycle.
Based on LCA, Hauschild et al. have developed a framework for life cycle engineering
(LCE) where LCE is defined as “sustainable-oriented product development activities within
the scope of one to several product life cycles” [19]. In the past years, many methods and
tools have been developed in the field of LCE that support the development of eco-efficient
products. These methods and tools allow the consideration of environmental impacts and
possible mitigation options during the product development process with the aim to reduce
the total environmental impact of a product while respecting planetary boundaries (e.g., a
finite budget of GHG emissions) [19,20]. One typical application of LCE is the comparison
of environmental impacts of different design options during the product development
based on LCA.

Even though tools for the integration of LCE in product development exist, the prac-
tical application of LCE in product development is not yet established due to several
challenges. Cerdas [21] groups these challenges in three categories: (1) methodological
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challenges, e.g., related to the complexity of the product system and the method itself,
(2) applicability challenges often related to the time and resource intensity of the data
collection process, and (3) interpretability challenges due to complex and uncertain results.
One central issue towards the implementation of LCE in product development is that
results of conventional LCAs, which are used in LCE methods, only provide retrospec-
tive information regarding the environmental impacts as the used databases contain past
datasets [22]. This can be problematic given the time frame of a vehicle development and
usage: between the start of the development process and the start of the series production
of a vehicle component, there is a time gap of approximately three to five years [23]. In the
case of radical material innovations, this can be even significantly higher. If the production
period of a vehicle model series (approximately 7 years [23]) and use stage of a vehicle until
its disposal (10 years and more) are also considered, this results in a time gap of more than
20 years. In the meantime, changes in production processes [24,25], changes in energy or
material supply [26–31], or changes in use stage emissions, for example, through changes
in the electricity grid mix [26,31,32], can have significant effects on environmental impacts.
The integration of conventional LCAs in the product development phase of vehicle compo-
nents, therefore, does not reflect their actual environmental impacts during production and
use. This can lead to wrong decisions, for example in material selection. The integration of
future-oriented LCAs within LCE is a possible option to overcome this hurdle.

In the field of future-oriented LCAs, numerous terms are used, but so far no consistent
distinction has been established, as analyzed in detail by Buyle et al. [33]. The term
prospective LCA (pLCA) is regularly used in literature and will be used in the context of
future-oriented LCAs in this paper. PLCA is a method for estimating future environmental
impacts of an object under study [22]. It is not a method to predict the future, but it allows us
to explore possible future developments and to include these in the decision-making process.
Even though pLCA has gained a strong momentum in current research, a methodology
to practically integrate pLCA in the development process of automotive components has
not been introduced so far. This is because, in addition to the challenges already described
in the application of LCE, the application of pLCA suffers from challenges concerning the
modeling of future product systems due to the fact that the future is inherently uncertain
(epistemological uncertainty) [34]. A more detailed description of the current state of
research in the field of pLCA is provided in Section 2.2.

In Ostermann et al., we have presented the methodical basis for integrating pLCA into
the development process of lightweight components [35]. It is shown that the consideration
of future development paths of relevant parameters can lead to a shift of the ecological
optimum in a comparative LCA study. While future developments of all parameters
identified as relevant are taken into account, the future development is limited to the
consideration of only one best-case scenario. A consideration of less optimistic but realistic
scenarios is excluded. This, in turn, would considerably increase the space of parameter
projections and combinations which do not always have to be consistent with each other.
To deal with the increased complexity, an extension of the methodology presented in
Ostermann et al. is required.

The aim of this paper is therefore to further develop a methodology that enables the
implementation of pLCA in the development process of automotive products by linking
pLCA with LCE, considering all relevant LCA parameters and any number of future
scenarios. In Section 2 of this paper, the state of research in the fields of LCE and pLCA is
presented. Section 3 introduces the developed methodology for the integration of pLCA in
LCE. Section 4 shows the application of the methodology on the case study of an automotive
lightweight component based on industry data. Section 5 discusses the findings and gives
an outlook on future work. Finally, Section 6 summarizes the conclusions of the paper.
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2. State of Research
2.1. LCE of Automotive Components

LCE methods are used in the product development of cars to reduce the environmen-
tal impact of the product over the complete life cycle by considering impacts from the
extraction of raw materials, the production of the car, the use stage and the recycling of
the car [12]. On the overarching level of the complete vehicle development, for example,
Broch [36] developed a concept to integrate life-cycle-based environmental assessment
already in the early development of new vehicles with the help of parameterized life cycle
inventory models from the perspective of an automotive OEM. During the development
process of a complete vehicle, technical and environmental vehicle targets are broken down
to component targets and specifications [37]. The detailed technical development that
usually takes place on the component level is often carried out by automotive suppliers and
influences the environmental impact of the complete car. In the component development,
LCE supports the development of components with reduced environmental impacts. One
component with a significant environmental impact is the traction battery of a BEV. With
the concept of integrated computational life cycle engineering (ICLCE), Cerdas [21] has
analyzed the effects of temporal, geographical and technological/behavioral aspects of
variability on the application of batteries for electric vehicles. Furthermore, Von Drachenfels
et al. [38] have developed a novel LCE approach that uses modular material and energy
flow models to assess product and process innovations.

Besides the battery, the structural components of a car have a significant environmental
impact. Here, LCE can be applied to asses and improve the eco-efficiency of lightweight
automotive components [12]. Lightweight components are of special interest as opposing
effects in the production and the use stage complicate the decision of whether a lightweight
component is environmentally friendly or not. To support decision making towards the
development of eco-efficient automotive components, several studies have introduced
approaches towards the integration of LCE in the (lightweight) component design [4,37,39]
and a general framework on LCE of lightweight components was developed by Herrmann
et al. [12] following the LCA methodology according to ISO 14040 [18]. Kaluza et al. [37]
have analyzed crucial decision points for the integration of LCE in the component devel-
opment process and conclude that an integrated assessment of environmental, technical
and economic performance is a key requirement for LCE. Such an integrated method, the
concurrent engineering approach, was developed by Kaluza et al. [39], where life cycle
engineering is a parallel working stream to the technical component design. Within this
approach, regular information exchanges between the working streams and a joint decision-
making process with the participation of both work streams are proposed. Based on this
and the LCE framework, Reimers et al. [4] have developed a method that integrates LCE
in the conceptual design of automotive body components and allows designers to assess
different design options in terms of their GWP. The method considers different parameters
affecting the GWP of body components such as different material yields, markets (for
materials or electricity) and mobility concepts (e.g., different drivetrain technologies). The
presented LCE methods and tools can be called “prospective”, as they try to anticipate envi-
ronmental impacts of a product already in its development process. However, the methods
do not consider future aspects such as changing production efficiencies or changes in the
material production consistently by introducing scenarios for the fore- and background
system. It is rather the variation of individual parameters that is analyzed to determine
possible future effects on the system.

2.2. Prospective LCA

PLCA as defined by Arvidsson et al. refers to “studies of emerging technologies in
early development stages, when there are still opportunities to use environmental guidance
for major alterations. In order to capture the potential future environmental impacts of
a technology in such cases, the system modeled is placed in a more distant future” [22].
However, the application of pLCA is not limited to emerging technologies. Figure 1 shows
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possible applications and use cases of pLCA as identified by Buyle et al. [33] and Mendoza
Beltran et al. [32]. As shown pLCA can be applied to assess technology development,
technological learning and technology diffusion in the foreground and background systems.
By combining developments in the fore- and background system, pLCA can support
decision making in several areas such as future technologies or production systems.
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The aim of pLCA is the consideration of long-term changes in the foreground and
background system of the product under study. Scenarios are an effective way to con-
sider these long-term changes [22]. A framework for the usage of scenarios in LCA was
introduced by Fukushima and Hirao [40] and is shown in Figure 2. The so-called scenario
development consists of two steps, the scenario generation and the scenario evaluation. In
the first step, the scenario generation, different future scenarios for the system under study
are generated using techniques like forecasting and back-casting. The scenarios can affect
the life cycle inventory (LCI) by changing in- and output flows of the processes used and
the life cycle impact assessment (LCIA) by changing the LCIA model for the calculation of
a GWP. In the second step, the scenario evaluation, the generated scenarios are assessed by
calculating the environmental impacts of the scenarios on the studied system.

One major challenge during scenario generation is the identification and quantifica-
tion of possible future scenarios. The recent research shows a wide range of methods and
techniques that have been used to generate scenarios. Arvidsson et al. [22] and Thone-
mann et al. [41] summarized a number of possible methods that can be used to support
scenario generation for pLCA. Existing methods were also analyzed by Buyle et al. [33] in
their literature review to show for which applications of pLCA which methods are used.
Based on these studies, the typical methods are participatory methods, learning curves,
extrapolations, or the usage of ideal systems. Furthermore, literature findings and our own
assumptions are always an additional possibility to generate scenarios.

Besides the usage of future scenarios in pLCA, scenarios are also established in other
scientific fields. Using additional methods from these fields can help to overcome the
challenges addressed above. In the context of strategic product planning, for example, the
scenario technique is used to identify future potentials for companies’ business models
or product portfolios. The scenario technique developed by Gausemeier et al. [42] is
shown parallel to the scenario development by Fukushima and Hirao [40] in Figure 2 as
both approaches show similarities even if they originate from different scientific fields.
Compared to the scenario generation step in the scenario development framework, the
scenario technique describes a more detailed and structured approach. The scenario
technique comprises five steps. In the first step, the scenario preparation, the scope or
decision field of the scenario study is defined. Based on this, the scenario field-analysis
identifies the most relevant influence factors on the decision field (key factors). For each
key factor, possible future developments, called projections, are developed in the scenario
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prognostic and then combined into consistent projection bundles. These projection bundles
form different future scenarios during the scenario building. The final step of the scenario
technique, the scenario transfer, analyses the impact of the scenarios on the decision field
and is similar to the scenario evaluation step of the scenario development framework by
Fukushima and Hirao. Parts of the scenario technique have already been used in the field
of pLCA. Spielmann et al. [43], for example, have developed an approach for scenario
modelling in pLCA based on the formative scenario analysis that uses consistency analysis
according to step four of the scenario technique.
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In more recent literature, the concept of using existing scenarios for the usage in
LCA has gained attention. One research result is the usage of scenarios from integrated
assessment models (IAMs) in the context of future background databases for pLCA. IAMs
provide interdisciplinary insights about human and natural earth systems and are defined
by Edmonds et al. as “a class of models which simulate the interactions of human decision-
making about energy systems and land use with biogeochemistry and the natural Earth
system” [44]. Mendoza Beltran et al. [32] have shown how scenarios from IAM can be used
to modify the ecoinvent database [45] to use it as a background database for pLCA studies.
Based on this approach, Sacchi et al. [46] developed the Python library Premise that allows
a relatively simple modification of ecoinvent with the IAMs IMAGE [47] and REMIND [48].
With the tools from this library, different future versions of ecoinvent can be built that
represent different future scenarios at different times. These future versions of ecoinvent can
be used as background databases for pLCA. As the usage of multiple background databases
to assess different scenarios can be complicated and resource intensive when using the
Python package Brightway2 [49] for LCA calculations, the superstructure approach was
developed by Steubing and Koning [50]. This approach combines different future databases
to one single LCI database and simplifies the application of multiple scenarios in LCA.

The approaches and tools have already been applied to some case studies. Cox
et al. [51] use future versions of ecoinvent with modified electricity grid mixes based on
the IAM IMAGE to assess future environmental impacts and the total cost of ownership
for different powertrain configurations. A case study on hydrogen production with water
electrolysis combines scenarios in the foreground and background system to assess future
environmental impacts of the hydrogen production as an example for an emerging technol-
ogy [52]. In this study, Schropp et al. [52] use IAM scenarios to change their background
system. To develop different scenarios for the foreground system, the general morphologi-
cal analysis (GMA) described by Ritchey [53] is used. The development of future scenarios
for the foreground system based on GMA is also used by Delpierre et al. [54] in their study
on future environmental impacts of wind-based hydrogen production. The introduced
examples focus on the evaluation of emerging technologies such as hydrogen production
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or battery electric vehicles with focus on for example informing policy makers. However,
they do not focus on the integration of pLCA in component development for vehicles.

2.3. Integration of pLCA in LCE of Automotive Components

The literature review shows that the integration of pLCA in LCE of automotive
components has not been established until now. However, it has the potential to improve
decision-making on how a product should be designed or produced to be environmentally
friendly in the future [35,55]. Dér et al., for example, use elements of pLCA to analyze future
potentials of fiber-reinforced lightweight body parts for the application in the automotive
industry in comparison to steel and aluminum [55]. In their study the GWP of the electricity
generation as well as some production specific parameters (e.g., material intensity) are
changed in two different future scenarios. The study shows that the application of fiber-
reinforced body parts can have advantages in future vehicles with very long use stages.
However, the study does not introduce an approach to explore a wider variety of future
scenarios and does not include changes in the materials GWP. Material production, however,
is responsible for a significant share of a typical automotive and can undergo significant
changes in the future as we observed in our previous paper [35].

3. Materials and Methods

As shown in Section 2.1, the existing literature already provides methods to include
LCA-based LCE in the development of components. Furthermore, the field of pLCA con-
sists of several methods to allow the integration of future perspectives in LCA (Section 2.2).
However, a consistent methodology to implement several possible future developments in
design decisions of automotive components within LCE for the practical application in the
industry is not available. Changes in future electricity mixes can already be considered by
using Premise and a future ecoinvent version [46]. However, the use of new technologies
for the raw material production, such as the steelmaking via the hydrogen based direct
reduction route, is not yet included in future versions of ecoinvent generated with Premise.

We have provided a first methodical basis for the integration of future scenarios in the
development process for automotive components that includes changes in the foreground
and background system in Ostermann et al. [35]. Using a crash management system (CMS)
as an example, the study used future projections to show that significant changes in GWP
are possible over time. Future projections from different sources were combined to analyze
future developments of parameters previously identified as relevant, such as the generation
of the electricity used, the production of raw materials and the component production
itself. However, the study only provided one single future scenario and did not consider
the wide range of possible future scenarios as the methodology lacks a structured approach
for the identification of consistent future scenarios considering a variety of projections of
each parameter. Using the findings from Sections 2.1 and 2.2, we have therefore further
developed the methodology of Ostermann et al. [35] with a focus on practical application in
the automotive supply industry by (1) further detailing it with respect to the generation of
consistent scenarios and (2) integrating it into the LCE framework for LCE for lightweight
components proposed by Herrmann et al. [12]. The proposed methodology combines the
typical elements of traditional scenario technique [42] and scenario usage in LCA [40] with
the possibilities from new available tools to develop new background databases [32,46,51].

Methodology for Application of Prospective LCA in LCE of Automotive Components

Figure 3 shows the structure of the developed methodology that follows the five
methodological phases of LCA-based LCE and integrates scenario development as a key
element of pLCA. The phases of conventional LCE are described in detail in Herrmann
et al. [12]. In this paper, we focus only on the new elements of the methodology originating
from the integration of pLCA in LCE. The methodology can be understood as an iterative
approach that passes through the first four phases of the LCE framework: goal and scope
definition, life cycle inventory data gathering, life cycle impact assessment, and interpreta-
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tion and visualization. Initially, this is carried out for one or several reference products for
the present and with conventional foreground and background data. This first initial LCA
of a reference product serves as the starting point for the pLCA in the LCE context where
all five phases of the LCE framework are passed through. From the (1) goal and scope
definition of the initial LCA, the definition of the products under study and the definition
of the foreground and background system are already defined. For the pLCA, the goal
of the prospective study, the possible future scenarios considered, and the future product
models resulting from these scenarios must additionally be defined. Furthermore, the effect
of the considered future scenarios on the (2) life cycle inventory data for the foreground
and background system must be evaluated. Both, the definition of a future product model
with its foreground and background system and the future life cycle inventory data are
established through the scenario generation.
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In the (3) life cycle impact assessment (LCIA) of the future product models, the
elementary flows from the future life cycle inventory are connected to characterization
factors that quantify the environmental impacts of the elementary flows in different impact
categories such as the global warming potential (GWP). The results of the LCIA are further
analyzed in the (4) interpretation and visualization phase and put into context with the
system under study. It is important to interpret and visualize the results in a way that
allows decision-makers to use the result in the last phase, the (5) knowledge generation
and direct application. This last phase is the key element that differentiates LCA from LCE
as the LCA results are directly used to find implications for the product development and
strategic decision-making with the goal to optimize the environmental performance for the
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product under study [12]. The results gathered from the pLCA of the product for different
possible future scenarios enrich the result compared to conventional LCE, as they allow
us to consider possible future changes in the foreground and background system, thus
deriving new implications for the product development and strategic decision-making.
Examples are the influence of design decisions early in the development phase or the
adaptation of R&D roadmaps due to observations made for future scenarios.

The decisive new aspect of the proposed methodology is the development of consistent
future scenarios for the system under study considering a variety of projections of each key
factor. Methodological details for the identification and evaluation of future scenarios are
shown in Figure 4. Based on the first step, the initial LCA (I), the product under study is
analyzed to identify important impact factors in the key factor analysis (I-a). Conventional
LCA is used here to identify the biggest influence factors in the foreground system and
the background system by performing a contribution analysis on different levels from the
perspective of a component producer:

• Cradle-to-Grave: Considering the whole product life cycle to identify general hot
spots in the foreground and background systems.

• Gate-to-Gate: Considering the component production at the component producer to
identify production processes with high GWP (foreground system).

• Cradle-to-Gate: Considering the upstream supply chain to analyze the contribution of
materials and auxiliaries used (background system).

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 28 
 

 
Figure 4. Detailed description of the key factor analysis of the initial LCA and the scenario genera-
tion and evaluation steps of the scenario development. 

In the second step, the scenario development (II), scenario generation (II-a) pro-
vides future scenarios for the product under study, which are subsequently evaluated in 
scenario evaluation (II-b). The scenario generation step is performed separately for the 
foreground and the background system to allow a separate assessment of foreground key 
factors with a high level of influence by the producing company and background key fac-
tors that are mainly influenced externally. First, future projections are developed for each 
key factor identified through the key factor analysis. Possible future projections can be 
identified by using existing projections from literature, especially for widely used materi-
als and processes in the background system. One possible source for the identification of 
projections in the background system is by using the Premise library in Python to build 
future versions of the ecoinvent database. For the foreground system that can contain 
unique or very company specific processes, our own projections must be developed. The 
same applies for new or emerging technologies that are part of the product system. For all 
key factors, where projections are not available from the literature, the methods described 
in Section 2.2 can be used. 

Second, the developed future projections need to be analyzed concerning their con-
sistency with each other to define consistent scenarios for the foreground and the back-
ground system. This can be carried out by using a consistency matrix, where a pairwise 
comparison for each projection pair is performed [42]. 

Third, the consistency matrix is evaluated to find the most consistent bundles of pro-
jections. Depending on the number of key factors and projections, the consistency calcu-
lation of every possible projection bundle can be very time consuming. Algorithms have 
been developed to optimize the assessment of the consistency matrix. One example that 
can be applied in this step is the usage of evolutionary algorithms in the context of con-
sistency analysis as described by Grienitz and Schmidt [56]. Even after the consistency 
analysis, there can be many possible projection bundles with a high consistency. Analyz-
ing every single projection bundle would not be efficient and would also not provide ad-
ditional value. Some projection bundles are very similar as, for example, only one projec-
tion for one key factor is different. To reduce the number of projection bundles, these sim-
ilar bundles can be grouped with the help of clustering algorithms such as agglomerative 
clustering forming a manageable number of scenarios [42]. 

Fourth, after the scenarios for the foreground and background system have been 
identified, the foreground and background scenarios are combined to scenarios for the 

II. Scenario development

Initial LCA Initial LCA Initial LCA

(a) Scenario generation (b) Scenario 
evaluation

2020 2030 2040 2050

Possible foreground 
sub scenario 1
KF1: Projection 1

KF2: Projection 1

KF3: Projection 1

Cradle 
to gate

Gate to 
gate

Cradle 
to 

grave

Process 1

Process 3
Process 4

Process 2

Production
Use

End of life

Transportation

Material 1
Material 2

Foreground and background scenario generation:

Identify key factors 
future projections

Analyze consistency 
for future projections

Build scenarios from 
consistent projections

Identify key factors of fore- and 
background system by hot-spot 

analysis on different levels Scenario 
combination

Fo
re

gr
ou

nd
 

Ba
ck

gr
ou

nd
 

KF 2 KF 3
1 2 1 2

KF1

1
2
3KF2 1
2

2020 2030 2040 2050

Possible background 
sub scenario 1
KF1: Projection 1

KF2: Projection 1

KF3: Projection 1

KF 2 KF 3
1 2 1 2

KF1

1
2
3KF2 1
2

Scenario:

Foreground 
sub scenario 

1

Background 
sub scenario 

1

GWP: 2030 –
comparison of 

different scenarios

Scenario 1 Scenario 2

Material
Production
Use

I. Initial LCA

(a) Key factor (KF) analysis

Figure 4. Detailed description of the key factor analysis of the initial LCA and the scenario generation
and evaluation steps of the scenario development.

In the second step, the scenario development (II), scenario generation (II-a) provides
future scenarios for the product under study, which are subsequently evaluated in scenario
evaluation (II-b). The scenario generation step is performed separately for the foreground
and the background system to allow a separate assessment of foreground key factors
with a high level of influence by the producing company and background key factors
that are mainly influenced externally. First, future projections are developed for each
key factor identified through the key factor analysis. Possible future projections can be
identified by using existing projections from literature, especially for widely used materials
and processes in the background system. One possible source for the identification of
projections in the background system is by using the Premise library in Python to build
future versions of the ecoinvent database. For the foreground system that can contain
unique or very company specific processes, our own projections must be developed. The
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same applies for new or emerging technologies that are part of the product system. For all
key factors, where projections are not available from the literature, the methods described
in Section 2.2 can be used.

Second, the developed future projections need to be analyzed concerning their consis-
tency with each other to define consistent scenarios for the foreground and the background
system. This can be carried out by using a consistency matrix, where a pairwise comparison
for each projection pair is performed [42].

Third, the consistency matrix is evaluated to find the most consistent bundles of
projections. Depending on the number of key factors and projections, the consistency
calculation of every possible projection bundle can be very time consuming. Algorithms
have been developed to optimize the assessment of the consistency matrix. One example
that can be applied in this step is the usage of evolutionary algorithms in the context of
consistency analysis as described by Grienitz and Schmidt [56]. Even after the consistency
analysis, there can be many possible projection bundles with a high consistency. Analyzing
every single projection bundle would not be efficient and would also not provide additional
value. Some projection bundles are very similar as, for example, only one projection for one
key factor is different. To reduce the number of projection bundles, these similar bundles
can be grouped with the help of clustering algorithms such as agglomerative clustering
forming a manageable number of scenarios [42].

Fourth, after the scenarios for the foreground and background system have been
identified, the foreground and background scenarios are combined to scenarios for the
whole product system. Again, consistency analysis can support the combination here.
Depending on the number of developed scenarios, the combination can be performed
manually or with a consistency matrix. For the final scenarios, LCI databases for the
foreground and background system are created based on the projections for each key factor
in the scenario.

In scenario evaluation (II-b), the developed future scenarios are evaluated by follow-
ing the steps of a typical LCA based on the generated future LCI databases. Depending
on the scope of the study, only one future year or several future years can be assessed to
show the development over time. The results of the scenario evaluation can be used in a
third step to derive implications for product developments and strategic decisions (III).
These implications can be used to apply changes to the original product.

4. Results—Case Study

The proposed methodology is applied to the automotive component of a front crash
management system (CMS) in three different material designs that also served as a case
study in our previous paper [35] to provide exemplary results of a pLCA in the context of
LCE and show the practical applicability of the methodology.

4.1. Goal and Scope Definition

The goal of this case study is to determine which of the material designs perform best
in terms of environmental impact under different possible future scenarios, in order to
answer the question of how the selection of a material design can support decarbonization,
taking into account future developments. The study covers a time horizon of 30 years with
2020 serving as a base year for the scenarios developed. As decarbonization is the main aim
of the study, the impact category climate change based on the midpoint indicator GWP is
considered exclusively. To calculate the GWP, the LCIA method of the International Panel
on Climate Change (IPCC) from 2013 (assessment report 5) with a timeframe of 100 years is
used. We are aware that changes that allow mitigating climate change can influence other
impact categories negatively, as shown, for example, in Schropp et al. for the increased
resource depletion potential for minerals and metals through the usage of renewable energy
sources [52].

The general function of a CMS is to absorb crash energy in the event of a frontal crash
to reduce the impact of the crash on the passengers and to avoid damage to structures
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behind at low crash velocities [57]. Considering this, the functional unit of this study is a
CMS that fulfills predefined crash requirements. The reference design is a state-of-the-art
steel design containing high strength press-hardened steel. Two alternative designs have
been developed based on finite element simulations of common crash load cases to ensure
equivalent mechanical properties. The aluminum design uses 7000 series high strength
aluminum in the form of extrusion profiles and the hybrid design is combining steel and
CFRP to form a fiber-metal laminate (FML). FMLs that combine metals and FRPs in a
layered structure are already used in series production in aviation and provide increased
lightweight potential due to load-adapted thickness properties [58]. Further details on the
material composition and the production routes of the respective designs can be found in
Ostermann et. al. [35] and in Figure A1 of Appendix A. An exemplary picture of a CMS
and details on the mass of the three design alternatives are shown in Figure 5.
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4.2. Initial LCA and Key Factor Analysis

For the initial LCA, the results already presented by Osterman et al. [35] have been
used as a starting point for the scenario generation. The LCA considers the production of
raw materials, the processes for the component production at the component supplier and
the usage of the components in a battery electric vehicle. Further production steps at the
OEM are not considered due to missing data. However, it is assumed that these production
steps are not material since a crash management system is typically just mounted to the
rest of the car by screws. A cut-off approach is chosen for the end-of-life phase, since
an equivalent shredding process with comparable GWP can be assumed for all design
alternatives at the end-of-life. Due to the comparative character of the LCA, the shredding
process is not further considered. For the used materials, LCI data from associations such as
Worldsteel [60] and European Aluminium (EA) [61] as well as data from research literature,
especially for the materials connected to the hybrid, have been used. For the component
production processes, primary industry data for established processes and experimental
data for the production of the hybrid components have been used. For the use stage, a
mileage of 200,000 km is assumed and the electricity consumption during the use stage
is estimated by using fuel reduction values according to the formula given in Ostermann
et al. [35]. For the production of further auxiliaries such as compressed air and electricity
generation, datasets from ecoinvent have been used. A more detailed description of used
datasets can be found in Table 1.
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Table 1. Used datasets and assumptions for the initial LCA.

Life Cycle Phase Parameter Used Datasets and Assumptions

Production Energy supply European average values for all forms of energy from ecoinvent [45]

Material production

Steel sheet production based on Worldsteel data [60];
Aluminum ingot production based on EA data [61];
Epoxy matrix and carbon fiber production based on literature data
([15,17,62,63])

Manufacturing processes Steel and aluminum parts: Industry data;
Hybrid part: literature data ([64–67]) and laboratory measurements

Use Energy supply European average value for electricity from ecoinvent [45]
Vehicle application Midsize BEV
ERV 1.59 MJ/(100 km × 100 kg) based on WorldAutoSteel [68]
Mileage 200,000 km
Charging efficiency 90%

End-of-Life Processes No end-of-life processes as an equivalent shredding process can be assumed
for all material designs

Calculation method Cut-off

The result of the initial LCA is shown in Figure 6. On the left side, the emissions from
input material production and the production of the component are displayed. During the
production phase, the aluminum design has the highest GWP (31 kg CO2 eq.), followed by
the hybrid design (28 kg CO2 eq.) and the steel design (25 kg CO2 eq.). On the right side, the
emissions from the use stage are displayed assuming a linear increase in emissions over the
expected lifetime of 200,000 km. During the use stage, the emissions of the aluminum and
hybrid design are lower compared to the steel design due to the reduced component weight
and the resulting energy savings during usage. Therefore, the higher production emissions
can be partly compensated during the use stage. Considering the entire life cycle, the GWP
of the aluminum design is 43 kg CO2 eq., followed by 49 kg CO2 eq. for the steel and 50 kg
CO2 eq. for the hybrid design. The break-even point between the aluminum and the steel
design is reached after about 101,00 km of usage. This means that higher emissions from
the production stage of the aluminum design are compensated through lower use stage
emissions after 101,000 km. No break-even point is reached between the hybrid design and
the steel design, showing that during the considered use stage, the lightweight effect of
the hybrid design is not large enough to compensate higher production emissions. The
result shows that the aluminum design would be the most favorable option from today’s
perspective and the given boundary conditions.
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Based on the initial LCA a contribution analysis for the foreground and the background
system was performed. We found several key factors for the foreground system and the
background system (compare Figure 7). The foreground system and background system are
defined from the perspective of a component producer in the automotive supply chain. The
foreground system comprises all elements of the product life cycle that can be influenced by
the component producer/developer [69]. Therefore, key factors in the foreground system
refer to the processes used for the component production and the energy consumption of
these processes. Besides the energy consumption, the process specific material efficiency is
also a relevant factor. The background system refers to all other elements of the product life
cycle. The main key factors in the background system are the production of the different
materials (including the usage of recycled materials in the production) as well as the usage
of the vehicle and the corresponding electricity generation in all life cycle stages. The
identified key factors serve as a basis for the following scenario generation.
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4.3. Scenario Generation

The scenario generation is based on the general ideas of the scenario technique [42] as
described in Section 3 and consists of the identification of future projections, consistency
analysis of the future projections and the building of scenarios from consistent projection
bundles. The steps are described in detail for the use case in the next three sections.

4.3.1. Identification of Future Projections

For each identified key factor, at least three possible future projections have been
defined. For foreground key factors, possible future projections are developed based on
expert discussions and brainstorming, as most foreground key factors are very specific
and no or little literature exists on possible future developments. For background key
factors, which refer to broad topics such as steel, aluminum, or carbon fiber production,
the literature findings could be used to identify possible future projections. The main
sources where publicly available scenarios such as scenarios for the aluminum and steel
production by the International Aluminum Association (IAI), EA, and International En-
ergy Agency (IEA) as well as scientific publications on potential improvements in carbon
fiber and matrix production [15–17,28,30,31,62,63,70,71]. For the key factor of electricity
generation, the scenarios from the IAM IMAGE have been used [47]. An excerpt of the
resulting projections is shown in Figure 8. An extensive overview of all projections with
a detailed description can be found in Table S1 in the Supplementary Materials based
on [15–17,27–31,46,60,62–67,70–79].

4.3.2. Consistency Matrix

To assess which projections are consistent with each other and can therefore be part of
the same scenario, a consistency matrix for a pairwise comparison was used. Figure 9 shows
an excerpt of the consistency matrix for the foreground system. The consistency of each
pair of projections was rated during a workshop with the project team. The consistency
was rated from 1 to 5 based on the scale defined by Gausemeier [42]. Based on this rating
the consistency value C is calculated for each possible projection bundle. A bundle is a set
of projections consisting of one projection from each parameter (compare Figure 9). The
consistency value for one bundle is the sum of all consistency ratings in this bundle. For the
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foreground system 13,500 bundles were identified with a maximum consistency value of
105. The same procedure was also performed for the projections in the background system
with a second consistency matrix.
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4.3.3. Scenario Building

To obtain a useful number of scenarios that can be evaluated, the identified projection
bundles were filtered by consistency and then clustered according to their similarity. To
ensure that only highly consistent projection bundles are considered for scenario build-
ing, a minimal threshold for the consistency value of C ≥ 90 was defined. Furthermore,
all projection bundles containing a consistency rating of 1 (complete inconsistency) were
excluded. This resulted in 23 projection bundles that were clustered in a next step. For
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this, an agglomerative hierarchical clustering approach was used that clusters projection
bundles with similar combinations of projections according to one cluster based on the
Euclidean distance. For the foreground system, five clusters of similar projection bundles
were identified. For each cluster, it was analyzed which projection occurs most frequently
for which parameter. The most frequent projection was defined as the decisive projection.
In clusters where no clear tendency emerged (e.g., same frequency of two projections for
one parameter) the cluster was split. This was, for example, the case for the “Sustainable
development” scenario in the background system where neither the usage of lignin fibers
(projection 2.5 E) nor the usage of biobased polyacrylonitrile (PAN) as precursor (projection
2.5 D) could be clearly identified as decisive projection. Therefore, this cluster was split
into two different clusters with only parameter 2.5 differing between the clusters. The re-
sulting clusters were finally defined as foreground- or background scenarios. The resulting
scenarios with their decisive projections and short descriptions are shown in Figure 10.

Sustainability 2023, 15, x FOR PEER REVIEW 16 of 28 
 

4.3.3. Scenario Building  
To obtain a useful number of scenarios that can be evaluated, the identified projection 

bundles were filtered by consistency and then clustered according to their similarity. To 
ensure that only highly consistent projection bundles are considered for scenario building, 
a minimal threshold for the consistency value of C ≥ 90 was defined. Furthermore, all pro-
jection bundles containing a consistency rating of 1 (complete inconsistency) were ex-
cluded. This resulted in 23 projection bundles that were clustered in a next step. For this, 
an agglomerative hierarchical clustering approach was used that clusters projection bun-
dles with similar combinations of projections according to one cluster based on the Eu-
clidean distance. For the foreground system, five clusters of similar projection bundles 
were identified. For each cluster, it was analyzed which projection occurs most frequently 
for which parameter. The most frequent projection was defined as the decisive projection. 
In clusters where no clear tendency emerged (e.g., same frequency of two projections for 
one parameter) the cluster was split. This was, for example, the case for the “Sustainable 
development” scenario in the background system where neither the usage of lignin fibers 
(projection 2.5 E) nor the usage of biobased polyacrylonitrile (PAN) as precursor (projec-
tion 2.5 D) could be clearly identified as decisive projection. Therefore, this cluster was 
split into two different clusters with only parameter 2.5 differing between the clusters. The 
resulting clusters were finally defined as foreground- or background scenarios. The re-
sulting scenarios with their decisive projections and short descriptions are shown in Fig-
ure 10. 

 
Figure 10. Scenarios for foreground and background system. 

Based on the single scenarios for the foreground and background system, combined 
scenarios for the complete technosphere were defined. To carry this out, the foreground 
and background scenarios were compared in a matrix as shown in Figure 11. In a work-
shop, the project team evaluated which foreground system scenarios are likely to occur 
with which background system and which combinations can lead to interesting results. 
For example, the combination of a very progressive foreground scenario (Fast transfor-
mation) with the business-as-usual scenario for the background system was rated as an 
unlikely scenario. The project team decided to focus on eight scenarios for further analy-
sis.  

Projections: 1.1 E, 1.2 E, 1.3 E, 1.4 C, 1.5 D, 1.6 C, 1.7 C

Projections: 1.1 A, 1.2 A, 1.3 A, 1.4 A, 1.5 A, 1.6 A, 1.7 A

Projections: 1.1 C, 1.2 C, 1.3 B, 1.4 B, 1.5 B, 1.6 B, 1.7 B

Projections: 1.1 B, 1.2 B, 1.3 C, 1.4 B, 1.5 B, 1.6 B, 1.7 B

Projections: 1.1 D, 1.2 D, 1.3 D, 1.4 B, 1.5 C, 1.6 B, 1.7 B

Scenarios foreground system

Projections: 2.1 C, 2.2 C, 2.3 C, 2.4 D, 2.5 D, 2.6 E, 2.7 B

Projections: 2.1 C, 2.2 C, 2.3 C, 2.4 D, 2.5 E, 2.6 E, 2.7 B

Material and electricity GWP improve with 
medium speed. No extensive decarbonization 
of material production is achieved.

Decarbonization of material production and 
energy generation through innovative 
processes. Focus on lignin fibres.

Scenarios background system

Projections: 2.1 A, 2.2 A, 2.3 A, 2.4, A, 2.5 A, 2.6 A, 2.7 A

Projections: 2.1 B, 2.2 B, 2.3 B, 2.4 B, 2.5 B, 2.6 B, 2.7 A

No changes at all. The foreground systems 
does not improve as no more investments are 
made in production processes.

Gas fired processes are changed to hydrogen, 
electric processes get much more efficient and 
innovations in matrix systems apply.

No substantial change. Processes are optimized 
through continuous improvement and energy 
efficiency measures.

Fast changes through consequent 
electrification of processes, process innovations 
and enhanced material efficiency.

Gas fired processes are changed to hydrogen, 
electric processes get more efficient and 
innovations in matrix systems apply.

Decarbonization of material production and 
energy generation through innovative processes. 
Focus on biobased AN production.

No substantial change or innovations in 
material production. Material and electricity 
GHG intensities only improve slightly.

Decarbonization of material production and 
energy generation through innovative 
processes. Focus on biobased AN production.

Business as 
usual

Moderate 
transformation

Business as 
usual

Fast 
transformation

Worst case

Moderate 
transformation 
hydrogen

Moderate 
transformation 
electrification

Sustainable 
development 
lignin fibres

Sustainable 
development 
biobased PAN

Figure 10. Scenarios for foreground and background system.

Based on the single scenarios for the foreground and background system, combined
scenarios for the complete technosphere were defined. To carry this out, the foreground and
background scenarios were compared in a matrix as shown in Figure 11. In a workshop, the
project team evaluated which foreground system scenarios are likely to occur with which
background system and which combinations can lead to interesting results. For example,
the combination of a very progressive foreground scenario (Fast transformation) with the
business-as-usual scenario for the background system was rated as an unlikely scenario.
The project team decided to focus on eight scenarios for further analysis.

After defining the scenarios to be analyzed, the impact of these scenarios on the
product model and the foreground and background databases had to be defined to create
future foreground and background databases. For this, the projection bundle of each
scenario was analyzed in detail and database transformation rules were defined for each
parameter. The transformation rules are used to transfer the original databases for the
foreground and background system (baseline 2020) to a future database in a certain future
year and under a certain scenario. Figure 12 shows schematically how this conversion takes
place. The transformation of the databases was carried out in Brightway2 by using the
Python packages Wurst and Premise. Wurst allows the practitioner to change elements
from an existing database in Brightway2 and create a new changed database. It was
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developed by Mendoza et al. [32]. For foreground key factors such as the hot forming
process, Wurst was used to change the amount of energy used for the process or the type of
energy used by shifting the energy consumption from natural gas consumption to electricity
consumption depending on the chosen scenario and year. The same approach was used to
change the GWP intensity of used materials according to the literature findings for future
material scenarios. In parallel, Premise was used to create future ecoinvent databases that
serve as background databases for the pLCA according to the transformation rules for the
key factor electricity generation. By using the transformation rules, the original baseline
databases were transformed to three future databases (2030, 2040 and 2050) for each of
the eight scenarios, resulting in a total of 24 future foreground databases and 24 future
background databases.
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Figure 11. Scenario matrix for simplified consistency analysis between foreground and back-
ground scenarios.
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Figure 12. Schematic illustration of the generation of future databases by transformation of the
baseline databases with the Python packages Wurst and Premise.
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4.3.4. Scenario Evaluation

The LCI data resulting from the scenario generation were used to calculate the future
GHG emission for each design and each scenario from 2020 to 2050 in 10 years steps.
The calculation was performed in Brightway2 using the LCIA method GWP (IPCC V5).
The calculation results in 96 or 288 data points if different life cycle stages are evaluated
separately, leading to a complex result. Cerdas et al. [80] propose the usage of heat maps
to display complex results in LCA to decision makers. Following this proposal, we have
customized the heat map to the scope of this study to display the GWP of each product
and scenario over time with the help of a cluster heat map in Figure 13. The figure
shows the GHG emission intensity separately for the life cycle stages cradle-to-gate, gate-
to-gate and the cradle-to-grave. The cradle-to-gate stage involves all materials used to
produce the components. The gate-to-gate stage includes the production processes and
the production of auxiliaries and energy used for these processes. The cradle-to-grave
perspective shows the whole life cycle including the use stage of the components in a BEV.
The emission intensity is displayed using three hues with red representing the highest
GWP and green representing the lowest GWP. In addition to the eight scenarios (S1–8)
that have been developed in this paper, the initial scenario (S0) presented by Ostermann
et al. [35] is also displayed in the graph to compare the results. The graph in Figure 13
allows several conclusions that can support decision making during product development.
Some exemplary conclusions are summarized in the next sections.
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Figure 13. Heat map with a relative comparison of future development of GHG emissions for
scenarios S1–S8 in comparison to S0.
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Different scenarios show different GWP reduction potentials concerning the intensity
of the reduction and the speed of reduction. Scenario 1 is the only scenario not resulting
in an overall decline of the GWP connected to the analyzed design alternatives for the
complete life cycle including the use stage. This is mainly since the business-as-usual
scenario for the background system results in an overall increase in GWP connected to
the electricity generation due to the usage of the SSP2 baseline scenario from the IAM
IMAGE. This development overweighs the energy efficiency measures that are assumed in
the production processes over time for all three material designs. All other scenarios result
in an overall decline of the GWP of up to 92% averaged over all design alternatives.

The left graph in Figure 14 shows a more detailed comparison of reduction potentials
for scenarios 3 to 6 from a cradle-to-grave perspective. Scenarios 3, 4 and 5 result in similar
emissions due to only limited changes in the foreground system that are overweighted
by the same developments in the background system (overlapping lines for scenarios 3,
4 and 5 in the left graph of Figure 14). Scenario 6, however, shows a significant faster
decarbonization and a higher overall reduction until 2050. As scenario 5 and 6 consist of
the same scenario for the foreground system, the high influence of the background system
becomes evident in this figure. A similar observation can be made from a gate-to-gate
perspective shown on the right graph in Figure 14. Only slight differences are seen between
scenarios 3, 4 and 5 even though different decarbonization strategies for the production
processes in the foreground system are assumed. However, a significant change occurs in
scenario 6 due to changes in the background system compared to scenario 5.
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Figure 14. (Left): Comparison of scenarios 3 to 6 from a cradle-to-grave perspective for steel,
aluminum and hybrid design. (Right): Gate-to-gate perspective for hybrid design comparing
scenario 3 (moderate transformation hydrogen), scenario 4 (moderate transformation electrification),
and scenarios 5 and 6 (fast electrification).

Furthermore Figure 13 shows how the consideration of different future scenarios
results in different proposals for favorable design decisions compared to the scenario
assumed by Ostermann et al. [35]. Even though for all scenarios the aluminum version is
the most favorable design in 2020, different developments can be seen for each scenario over
time. For scenario 6, for example, the aluminum design is the most favorable concerning the
GWP in 2020 and 2030. In 2040 and 2050, this picture changes towards the steel design, with
little difference to the hybrid. In scenario 8, the aluminum design is the most favorable until
2040, and the steel design is the most favorable in 2050. The same applies for scenarios 2 to
5. Both the steel and the hybrid design show the highest relative reduction potential of 95%
for steel and 94% for the hybrid design between 2020 and 2050. However, compared to the
results in our earlier study, the reductions in the hybrid design are not sufficient to achieve
the hybrid design being the most favorable in 2050. The reason for this is that, compared to
the earlier study, no negative emissions are considered for carbon fiber production in this
paper. Although, according to Hohmann [70], it is possible to produce carbon fibers with
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negative GWP. Therefore, the value for the best-case scenario is set to zero to avoid false
conclusions such as the use of more material to reduce the GWP.

4.4. Implications for Product Development and Strategic Decisions

The scenario evaluation shows that different design decisions can be made in different
scenarios for the product under study. Depending on the developments in the foreground
and background system, each design can be favorable towards decarbonization in the
future. The results are very much dependent on the developments in the background
system, especially the development of the electricity grid mix and the development of low
emission material alternatives. From the perspective of a component manufacturer, this
means that the development of the GWP of its product depends mainly on parameters
that can only be influenced to a limited extent by the manufacturer itself. To increase the
influence on the products GWP, the component manufacturer must find ways to actively
influence the background system, for example, through the active procurement of low
emission energy and materials. The analysis further shows that each design alternative
has high potentials for a reduction of GWP over time if certain boundary conditions are
fulfilled. From the analysis, possible strategic directions can be derived for the example of
a component manufacturer focusing on hybrid components to ensure that these boundary
conditions are met. Exemplary approaches in the areas’ own production and materials are
summarized below:

• Own production: The switch from fossil energy to renewable energy is crucial to reach
a reduction in GWP from a gate-to-gate perspective. However, the analysis shows
that even a very fast transformation approach from, e.g., natural gas fired processes to
electrification, as shown in scenario 5, does not result in a fast decarbonization. Electri-
fication is only useful when sufficient renewable electricity is available to substitute
the fossil fuels (scenario 6). Therefore, when deciding for either the electrification
of processes or the substitution of fossil fuels by other fuels such as hydrogen, the
availability has to be assured. One possibility is to assure availability by investing in
the production of renewable electricity or green hydrogen.

• Materials: The three main aspects of material efficiency, usage of secondary materials,
and usage of sustainably produced materials have been analyzed in the context of this
study to reduce the GWP from the materials used in the products. The highest potential
was reached in scenarios 6 and 7, where all three aspects where applied. The first aspect
is material efficiency. The efficient usage of materials in the production can reduce
the GWP significantly, especially when it comes to production processes with high
material losses or very GHG intensive materials like FRP. The development of material
efficient production technologies is therefore one central aspect for companies. The
second aspect is the usage of recycled materials to produce automotive components.
The recycled materials for all materials in this study have a lower GWP than the virgin
materials. Aiming at a circular economy, the recycled content should therefore be
increased as far as possible without losing physical properties or the weakening the
crash performance of the component. The third aspect is the sustainable production
of virgin materials. Due to the increasing demand for raw materials globally, not
all products can be produced with secondary materials. A certain amount of virgin
material is still needed. Therefore, this virgin material needs to be produced as
sustainably as possible. Investments in new technologies and partnerships with
suppliers of these materials are therefore possible steps for component producers.

5. Discussion

This paper provides a methodology for integrating pLCA into the development process
of automotive lightweight components and proofs the applicability of the methodology for
the automotive industry with a case study. The methodology (1) combines existing methods
of pLCA, scenario-based LCA and scenario technique; (2) provides a specific workflow; and
is (3) embedded in the LCE framework. In comparison to previous work, any number of
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projections for all relevant LCA parameters of the foreground and background systems can
be taken into account, and are combined to form consistent scenarios [35]. The methodology
enables the identification of important influencing parameters and possibilities for their
optimization towards decarbonization with the aim of practical application in the industry.
In addition to considering important parameters such as used materials, the electricity grid
mix and energy demands of production processes, scenarios for the use of recycled materials
are also considered. The methodology thus also makes it possible to evaluate circular
economy approaches and potential measures in terms of their environmental impact.

The central advantage of the proposed methodology is that by considering a range
of possible future scenarios for relevant LCA-influencing parameters in the development
process, the confidence of future-oriented decisions in product and strategy development
can be improved. This is, for example, helpful during the component development in the
automotive industry where time gaps between development and production or use of the
product are observed. The developed methodology starts at this point and offers a practical
way to consider future developments in product development.

Even though it is not possible to predict the future, the consideration of different
potential future scenarios reduces epistemological uncertainty by quantifying the effect of
different future developments on the system. This allows us to consider different potential
developments in decision making. Lehman and Rillig [81] explain that if variability is ex-
plained (in our case through different results of different scenarios), uncertainty is reduced.
This is also the result of other studies such as that of Mendoza Beltran et al. [32], who state
that the exploration of future pathways can improve decision making, or Cerdas [21], who
concludes that considering variability (e.g., temporal) can lead to more reliable solutions
and better optimization strategies from LCA studies. Furthermore, the decisions made can
be legitimized in retrospect based on a quantified database.

One limitation of the proposed methodology is the consistency of the developed sce-
narios, which can be improved through consistency analysis with the help of a consistency
matrix. However, the usage of data from different sources, as proposed here, can still lead
to inconsistencies. The development of Premise already addresses this issue by providing
an option to generate a consistent background database for future scenarios [46]. However,
for application in the automotive industry, Premise needs to be further developed to also
consider a wider range of new technologies such as hydrogen-based steel making. While
advances in developing consistent or even standardized background databases for future
scenarios such as Premise are desirable, foreground scenario development will continue to
require manual scenario development, as we propose, due to the wide-ranging differences
between different companies or products.

In this study, the methodology is applied to a case study of a frontal crash management
system in three material designs, estimating their GWP for the time period from 2020 to
2050 for providing quantitative results. For the initial LCA representing the year 2020, the
analysis shows higher material- and production-related emissions for the aluminum and
the hybrid designs compared to the steel design. In the use stage, these higher emissions can
be balanced by energy savings due to the lower weight, resulting in the lowest emissions
for the aluminum design over the entire lifecycle. These findings are in line with other
LCA studies investigating the GWP of design alternatives for lightweight components,
such as those by Del Pero et al. [82]. The authors compare a steel CMS as a reference
with a lightweight aluminum design and also find that material- and production-related
emissions of the aluminum design are higher than those of the steel design [82]. Although
the absolute GWP values for the production of the components differ significantly from
our findings (19% for the aluminum and 27% for the steel design) due to different system
boundaries and underlying assumptions, the general tendencies are comparable and lead
to similar conclusions.

The analysis for the future scenarios shows that the GWP of a product can evolve
differently depending on the predicted development of the foreground and background
systems. Overall, all material variants show a high potential for GWP reduction. However,
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in most scenarios, the steel variant is estimated to have the lowest GWP in 2050 (S2–S8),
while in scenario 1 the aluminum variant is the most favorable one. For the case study
presented, including the assumptions made, there is thus a tendency, but a generally valid
statement for or against a material design cannot be derived. For example, in Ostermann
et al. [35], it is shown that the hybrid design can also have the lowest life cycle GWP if
taking into account that carbon fibers can be produced with negative GWP. Furthermore, it
should be noted that this study only investigates the use of the components in a vehicle
with a specific ERV and mileage. The use of components in vehicles of a different type
and application profile, and thus other ERVs or mileages, may lead to different results.
By dividing the results into cradle-to-gate, gate-to-gate, and cradle-to-grave, it becomes
apparent that, in line with other literature (i.e., [32,83]), the background system, especially
the material production and the electricity grid mix, is of decisive importance for the GWP
of products. Nevertheless, it is necessary that foreground and background are aligned with
each other as the results show, for example, that rapid electrification of processes in the
foreground system is only effective in terms of GWP reduction if renewable electricity is
used. Here, it must be taken into account that the availability of renewable energies is
limited, at least according to the current status.

Furthermore, the case study presented in this paper focuses on GWP as an impact
category in the LCA study, and shows that the GWP of a product can evolve differently
depending on the predicted development of the foreground and background systems.
Although the GWP is currently the focus of many studies, other impact categories and
interactions between several impact categories are to be integrated into the scope of the
study in the future. If sufficient data are available, the proposed methodology should
also be applicable to other impact categories in LCA, which has to be validated in future
research. Moreover, it is important to note that the results are specific to the assumptions
made, and different results may be obtained for different products or applications. The
study highlights the importance of aligning foreground and background systems with each
other, and the decisive importance of the background system for the GWP of products.
With regards to the scenarios for the consideration of secondary materials, it must be taken
into account that these scenarios are associated with high uncertainties, particularly in the
case of FRP materials [70]. Although the recovery of fibers and matrix is technologically
possible and, in the case of fibers, already being used on an industrial scale, it is costly and
usually associated with a restriction of the length and mechanical properties of the fibers.
In this respect, it is currently difficult to assess to what extent the substitution of primary
fibers and matrix with recycled material is technically possible. Further research is required
in this field to enable a circular economy by, for example, increasing the recycled content
of materials used in vehicles. This is also being pushed by the European Commission,
who is promoting the integration of mandatory recycled content for some materials in
vehicle components as part of the end-of-life vehicle directive [84]. Besides technical
limitations for the usage of recycled materials, the economic viability of all assumed
decarbonization measures as well as the limited availability of both sustainably produced
materials and energy supply are not considered in this study. The decarbonization of
production processes through the usage of alternative energy forms (e.g., electrification
of natural gas fired processes), for example, is technically feasible in many cases, but it
requires significant investments. Addressing these challenges should be the subject of
further research.

Additional further research will focus on broadening the analysis. For the use stage,
only one application is considered, namely a mid-range BEV powered by electricity from
the European grid. In the future, further use cases such as other vehicle classes, but also new
mobility services with other vehicles and driving profiles, are to be considered. Depending
on the vehicle considered and its application profile, relevant LCA parameters of the use
stage may change [4]. A further potential for optimizing the methodology lies in improving
the resolution and thus the accuracy and robustness of the pLCA database. According to
Zimmermann et al. [85], a possible approach for this is time-resolved LCA.
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6. Conclusions

The aim of this paper was to further develop a methodology that enables the imple-
mentation of pLCA in the development process of automotive products by linking pLCA
with LCE, considering all relevant LCA parameters and any number of future scenarios.
Based on this aim, we have presented a new methodology for the practical application in
the automotive industry and used it for a case study to provide quantitative results. The
main findings considering the proposed methodology are the following ones:

• The methodology is suitable for usage in the automotive industry and provides a
practical way to consider future developments in product and strategy development;

• The main advantage of the methodology is the possibility to develop different con-
sistent future scenarios for the foreground and background systems, to analyze their
influence on the GWP of the products under study, and to derive implications for
future product and decarbonization strategy developments from the results;

• Scenario consistency is improved through the integration of a structured consistency
analysis but remains a limitation through the unavoidable usage of data from differ-
ent sources.

Furthermore, we have shown the applicability of the proposed methodology in a case
study that compares the development of the GWP of three design variants of a CMS for a
BEV considering eight future scenarios. The presented case study results in the following
main findings for the products under study:

• A significant reduction of the GWP is possible in seven out of eight future scenarios
for all product variants under study considering a time period from 2020 to 2050;

• The main levers for the decarbonization and therefore the main implications for
companies are (1) the decarbonization of the own production through the efficient
usage of renewable energy, and (2) the decarbonization of the upstream supply chain
through the usage of sustainable materials such as secondary materials or materials
produced with low GWP, and (3) the decarbonization of the use stage through the
usage of renewable electricity;

• For the example under study and the made assumptions, most scenarios show an
advantage for the GWP of the steel variant compared to the other design variants.
However, it is important to note that the results are specific to the assumptions made,
and different results may be obtained for different products or applications.

Based on our findings, future research should focus on broadening the analysis to
consider further impact categories and interactions between them, as well as considering
different use cases. Additionally, further research is required to address the technical
limitations and economic viability of decarbonization measures, as well as the limited
availability of sustainably produced materials and energy supply.
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