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Abstract: Sustainability is a key challenge today. The high emission impact of the mobility
sector requires a shift from internal combustion engines to electric traction motors. In order
to improve sustainability holistically, the entire lifecycle from raw materials, manufacturing,
use and end-of-life must be considered during development. Although a lot can be carried
out to influence sustainability during the development phase, knowledge about the product
is still very limited. Considering the main lifecycle stages already during the development
phase requires a systematic development approach. Furthermore, integrating data from
previous product generations is required. Generating a digital twin which collects data
over the lifecycle is a useful tool which enables the prediction of evaluation criteria for
the lifecycle stages. However, when using the digital twin, a suitable description model
needs to be generated. A cross-lifecycle evaluation model based on Life Cycle Costing
(LCC) and Life Cycle Assessment (LCA) was used to evaluate sustainability throughout
the whole lifecycle. Information for evaluation was generated using a cross-lifecycle
modeling approach, which enabled the combination of different lifecycle perspectives
during development. To show the potential of evaluating different solutions from different
perspectives, the methodology was demonstrated with a lightweight rotor of an electric
traction motor. The great potential of the process model is shown.

Keywords: digital twin; sustainable manufacturing; electric traction motors; electric
mobility; sustainable development process

1. Introduction

Sustainability is one of the major challenges today. Establishing sustainable produc-
tion is a key part of United Nations’ Sustainable Development Goals [1]. To achieve a
more sustainable world, legal regulations, such as the Corporate Sustainability Reporting
Directive (CSRD) and the European Green Deal have been introduced by the European
Union, aim to reduce greenhouse gas emissions by at least 55% by 2030 [2,3]. This increases
pressure on the manufacturing industry across the entire supply chain. OEMs, suppliers
and machine builders must enhance the sustainability of their companies. However, at the
same time, they face significant cost pressure to remain economically competitive. This
tension aligns with the triple-bottom-line approach to sustainability, which defines sustain-
ability through three pillars: economic, ecological and social sustainability [4]. The mobility
sector is currently responsible for almost one-fifth of CO; emissions in the EU [5]. To reach
the goals of the European Green Deal, the transition from internal combustion engines
to electrified drive systems in the mobility sector is crucial. This leads to an increased
demand of sustainably produced electric traction motors. However, comparative Life Cycle

Sustainability 2025, 17, 2518

https://doi.org/10.3390/sul7062518


https://doi.org/10.3390/su17062518
https://doi.org/10.3390/su17062518
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/0000-0002-0976-5371
https://orcid.org/0009-0006-8548-7859
https://orcid.org/0000-0002-1267-9423
https://orcid.org/0000-0003-0961-7675
https://doi.org/10.3390/su17062518
https://www.mdpi.com/article/10.3390/su17062518?type=check_update&version=1

Sustainability 2025, 17, 2518

2 of 24

Assessments (LCAs) of different drivetrain solutions show battery electric vehicles (BEVs)
entering the use phase with higher emission numbers compared to internal combustion
engine vehicles (ICEVs) [6].

Without a doubt, batteries significantly contribute to the lifecycle emissions of BEVs,
accounting for 40-60% [7]. However, this study focuses on the economic and ecological
sustainability of electric traction motors, which are essential for every electric drivetrain
concept and can be optimized for specific applications [8,9].

When developing an electric traction motor, it can be broken down into three over-
arching subsystems. These subsystems are the stator, the rotor and the housing, which
fulfill various functions of an electric traction motor. The stator converts electric energy in
a rotating magnetic field. The rotor rotates in the magnetic field of the stator, and transmits
the rotational movement to the gearbox. The housing of the motor protects the functional
elements of the motor from the environment [10,11].

In addition to the challenge of designing the subsystems to optimally fulfill the func-
tions and requirements of an engine, the entire lifecycle, including the lifecycle phases
of raw material extraction, production, use and End-of-Use must be considered during
the design.

From a circularity point of view the End-of-Use has a special role in the lifecycle,
which indicates it is necessary to also plan strategies for a second or third life of the motor.
Since electric traction motors contain valuable materials, such as permanent magnets or
copper, the planning of a suitable strategy at the end of the lifecycle is of great importance.
Therefore, to implement a circular economy, it is essential to determine which value
retention strategy is suitable for each product. According to the ISO standards, there are
nine distinct R-strategies, each relevant to different phases of a product’s lifecycle. In
Figure 1, the R-strategies are assigned to the main lifecycle phases.

Reduce (by Design)

Raw material
extraction

End-of-Use

Figure 1. R-strategies according to the ISO standards [12,13].

While “Refuse”, “Rethink” and “Reduce” (by design) focus on reducing resource
consumption, particularly of primary raw materials, the other six value retention strategies
come into play after the initial phase of product use. Lightweight design is one approach
to implement these R-strategies. The potential to improve economic and ecological sus-
tainability were demonstrated by the application of LCA to lightweight design electric
motors [14].

The R-framework classifies the strategies “Reuse”, “Repair”, “Refurbish” and “Reman-
ufacture” as methods for extending product use and thus preserving value. The End-of-Use
phase is marked by either “Recycling” or “Repurposing” [12,13,15].
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Remanufacturing is defined in the literature as a standardized industrial process in
which used products (known as “cores”) are restored to a like-new or even better condition
than an equivalent new product [16,17].

All the mentioned strategies should already be considered at the outset of the product
development phase. The greatest impact on economic and ecological criteria occurs during
the early stages of product design. As in every technical product, over 80% of ecological
impact and costs along the lifecycle of an electric traction motor are defined during the
early product design [18]. However, the lowest costs and emissions arise at this phase.
Due to the low change costs, modifications to the design can be implemented easily at this
design stage [19].

To avoid the over-compensation of improvements in a single lifecycle phase through
other lifecycle phases, a cross-lifecycle development approach is required. The required
approach should be able to find the use case specific cross-lifecycle trade-off between
economic and ecological criteria. From an ecological perspective, the LCA is a well-
known methodology, as outlined by standards such as DIN EN ISO 14040 and DIN EN
ISO 14044 [20,21]. However, it is often applied after the development phase to show the
potential of new solutions or quantify the impact of the applied methods [22,23]. Although
a solid database is available at this time for conducting an LCA, changes to the design are
either very expensive or can only be implemented in the next product generation.

From cost perspective, the Life Cycle Costing (LCC) exists as a similar approach,
accounting for the costs over the whole product lifecycle. It is used to solve the trade-off be-
tween the lifecycle phases, especially for decision making [24]. Besides the production costs,
the maintenance and energy costs during usage are an important topic for electric traction
motors [25]. Also, for production equipment with high equipment cost, LCC is a common
methodology which has been further developed for specific use cases [26,27]. A product
with optimized costs over the whole lifecycle ensures the competitiveness of the compa-
nies. Due to the different perspectives of LCA and LCC on the product, a methodology is
required to find the trade-off between ecological and economic viewpoints [28].

To realize more ecological electric traction motors, the raw materials, production and
end-of-life BEVs must already be considered when designing and optimizing them, in
addition to the usage phase. The expansion of the scope of consideration leads to a conflict
of objectives between the lifecycle phases. Furthermore, resolving this objective conflict
requires a significant amount of information during the development phase.

Solving this issue, it is very helpful that products are never developed completely
new but always starting based on previous product generations [29]. This knowledge
from previous development projects needs to be stored and provided along the whole
development process [30]. Integrating the interdependencies between subsystems and
components, as well as the interdependencies between the lifecycle phases, Model-Based
Systems Engineering (MBSE) shows great potential. It enables the cross-component and
cross-lifecycle optimization of products [31,32]. Furthermore, the systematic description of
MBSE supports the development of digital twins. The integration of digital twins in the
development of products shows great potential as well [33].

To solve the target conflict between economic and ecological sustainability during the
development of electric traction motors, this study presents an approach integrating the
information of all lifecycle phases in the product development by using a combination of
MBSE and digital twins. Furthermore, a cross-lifecycle evaluation model is integrated in
the approach. For this purpose, Section 2.1 presents the methodological basics of LCC and
LCA. Additionally, a description of the electric traction motor lifecycle is given. This will be
the base for the evaluation and the requirements regarding the development approach and
the digital twin during development. In Section 2.2, existing development approaches are
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presented and analyzed. This is followed by an analysis of existing digital twin applications
in development, and a definition of the digital twin for the paper in Section 2.3. In Section 3,
the methodology requirements for describing the electric traction motor, as well as its
cross-lifecycle development approach is presented. The application of the methodology
to a use case is presented in Section 4. In the case study, different measures are applied to
the electric traction motor to improve the economic and ecological sustainability, and will
be analyzed regarding their impact on other lifecycle phases. Influences can be analyzed
through the interconnection of the lifecycle phases and the components in relation to each
other. In Section 5, the results are discussed and a conclusion is given in Section 6.

2. Materials and Methods (State of the Art)

This section outlines the lifecycle of an electric traction motor, and explores existing
methodologies for systematic cross-lifecycle optimization. Additionally, it defines the
concept of a digital twin within the context of this study and details its integration into the
development process.

2.1. Lifecycle of a Product and Analyzing Methods

The lifecycle of a product can be described from various perspectives. This paper
focuses on the ecological lifecycle, detailing its environmental impact throughout different
phases. From an ecological point of view, the product lifecycle is divided into the phases
of raw material extraction, production, assembly, packaging and distribution, use and
End-of-Use [34]. The main steps, i.e., raw material, production, usage and End-of-Use are
visualized in Figure 2.
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Figure 2. Ecological lifecycle of an electric traction motor with different end-of-life strategies.

Each phase has its own ecological impact. At the End-of-Use phase, various strategies
can be employed to reintegrate components into the lifecycle of the next generation. But
also, this lifecycle phase has its impact and is influenced by the design of the electric traction
motor as well as the used equipment for the processes at the End-of-Use. It is similar to the
emissions during the production phase, where the energy consumption and the needed
material are defined by the component design and the selected manufacturing process,
as well as through the used production equipment. This interdependencies between the
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product and the production equipment are described by the cross model of the product
and production lifecycle [35].

An additional challenge during the product development is the interaction of different
component manufacturer which need to be capable of sharing information regarding
sustainability. To account for the ecological impact of the lifecycle phases, the LCA, which
is separated into four phases, can be used. The phases of an LCA are shown in Figure 3.
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Figure 3. Phases of a Life Cycle Assessment in accordance with DIN EN ISO 14040 [20].
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First, the goal and scope of the study are defined. This includes the definition of the
product system and the functional unit for the LCA. The product system is the summary of
process modules, elementary flows and product flows along the lifecycle of a product to
fulfill a determined function. The definition of the functional unit of the product system
is also important. For a reliable comparison of two product systems, it is crucial that they
fulfill the same functions. In the context of an electric traction motor this could be the
supply of a specific power. The definition of the goal of the study defines the required level
of detail. With the scope of the LCA it is defined which lifecycle phases are considered in
the assessment [20].

This phase is followed by the Life Cycle Inventory (LCI). During this phase, all in- and
output flows of the process modules in the product system are determined. The modeled
flows depend on the type of process module. The process module can be a manufacturing
process or a usage process, for example. The size of the input and output flows depends
on the design decisions made and the machines used. For modeling these flows, different
approaches can be used like system simulation approaches for energy consumption or
the use of commercial databases like ecoinvent, which includes the elementary flows of
different processes and materials. The results from the inventory analysis are the input for
the impact assessment phase. The results from the LCI are assigned to the selected impact
assessment categories, and the impact assessment indicators are calculated. Due to the
different units of the indicators, it is necessary to normalize them for comparison. The last
step of an LCA is the evaluation of the results [20].

To analyze costs over the lifecycle, the LCC is a common approach. In [24], the
methodology for LCC is described. The guideline describes the lifecycle costs from a user
perspective. The costs are separated into investment cost, usage cost and disposal cost.
From the perspective of a manufacturing company of electric traction motors, the costs
can be categorized into development costs, manufacturing costs, usage costs and disposal
costs. Although the manufacturing company does not incur the costs of use specifically,
it is the company’s goal to manufacture a product that is as cost-effective as possible
during usage. For this purpose, it is required to integrate these costs in the evaluation of
solutions. The investment costs for the customer are directly affected by the development
and manufacturing costs of the manufacturer. Therefore, it is the goal of the manufacturer
to reduce the development and manufacturing cost, and integrate this in the LCC from
the manufacturer’s perspective. For calculating the manufacturing cost in the LCC model,
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the material flow cost accounting can be used. It separates the manufacturing costs in
production costs and material costs. The production cost is further separated into indirect
cost, like machine cost and labor cost, and direct cost, like energy cost [36]. To determine
the production costs based on product information, several approaches are presented in
the literature [37].

To compare different solutions, an overall sustainability index is required. The index
is calculated with the results from LCA and LCC. The analyzed product is separated in its
subsystems and components similar to the hierarchical functional structure of a product.
This allows for calculating the index for specific subsystems or the whole system [38]. The
index itself is structured with the Analytical Hierarchy Process (AHP), which allows a user
specific weighting of the indicators [39]. To find the best trade-off between the evaluation
criteria, different multi-criteria decision-making methods can be applied.

To sum up, the lifecycle of an electric traction motor includes several stakeholders
and the emerging cost, and environmental impact is defined during product design. For
this purpose, the integration of an evaluation model in the development phase is required
which is based on LCA and LCC. The main challenge to overcome is the lack of information
about the product itself and the behavior in the lifecycle phases during development. To
overcome this challenge a systematic development approach in combination with suitable
models and databases is needed.

2.2. Development Approaches

Traditional development approaches include VDI 2221 [40] and VDI 2206 [41]. The
focus of VDI 2221 is a structured process for problem solving which divides development
starting from the requirements and functions into individual modules. The defined modules
are then further detailed. The process lacks guidance for a systematic cross-lifecycle and
cross-module evaluation from an economic and ecological perspective. Overcoming the
missing systematic evaluation of ecological impact, Kupfer et al. extended the process
with an ecological perspective [42]. For each development step, specific process steps
for implementing an LCA along the process were added. However, the process has no
guideline to generate the models and interconnections between the modules to enable
optimization of the lifecycle phases and module borders.

VDI 2206 addresses the interconnection between systems, subsystems and components
of a product. The process is modeled as “V”. On the left side, the system is decomposed to
subsystems and components which are developed with an increased level of detail. On the
right side of “V”, the components and subsystems are integrated again. It recommends
an iterative process with several runs through “V”. Furthermore, the production system
should be developed in a parallel “V” [41]. Although the guideline provides for the early
integration of production into product development and recommends the integration of
MBSE, a structured description of the product and a link between the models are missing.
In addition, a higher-level evaluation model is missing. Scholz et al. presented an adaption
of the V-model with the goal to increase the usage of lightweight potentials [43]. The model
has three parallel lines of development. These are the product, the production and the
material. Decisions during the development are continuously made in the target conflict of
these three domains. The backbone of the model is the MBSE approach, which interconnects
the different domains of the model.

The product is structured with the RFLP approach. The approach describes the product
on four levels: requirements (R), functional (F), logical (L) and physical (P). With “R” and
“F”, the needs of the product are described. In “L”, solution principles are selected which
are detailed in “P”. This approach is expanded by a technical description (T) to reduce the
gap between logical and physical description with describing the components first with
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rough installation space and geometry parameters before starting with the final itemization
in “P”.

Parallel to the development, simulation models and optimization strategies are de-
veloped. As a very important aspect, the integration of data from previous projects for
evaluations was identified. The structured development process results in a systematic
product description from the system perspective, over the subsystem perspective up to the
component perspective [43].

As a software tool to model a product based on the expanded approach, Capella V6.0.0
was used in a case study [44]. Capella is an MBSE tool for designing system architectures.
The methodology of the system is based on the ARCADIA method. The ARCADIA method
defines two major areas of activity requirements analysis: requirement modeling and
architecture design. This enables the handling of complex systems and through the usage
of different viewpoints, the whole lifecycle can be modeled [45].

To enable the continuous evaluation during the development process, the production
as well as the material needs to be detailed in parallel to the product development. Sinnwell
and Krenkel et al. identified the need for a common modeling language for product and
production development [46]. The authors provide a systematic development approach for
product and production system development, with a detailed methodology for conceptual
manufacturing systems design in the early development phase. For this purpose, the
manufacturing system is described in the requirement level, the technique and material
flow level, the dimensioning and structure level, and the technical solution level. In each
level of detail, the manufacturing system is described in these four levels in dependence to
the product development. For the common description language, a UML-based modeling
approach is used. The approach supports engineers in communication in the early phase of
product development. However, the approach lacks interconnection models to evaluate
solutions to find the best overall solution from an economic and ecological perspective over
the whole lifecycle. Nevertheless, the approach shows create opportunities in extending
the description to the manufacturing processes regarding End-of-Use processes in a circular
economy and the connection with an overall evaluation model.

To sum up, using a systematic development approach presented in [43] supports
in separating the system in subsystems and components, but results in a standardized
description which helps to evaluate solutions and assign data from previous developments.
Furthermore, describing the development of the production system as well as the planning
of End-of-Use show great potential for developing a cross-component and cross-lifecycle
phase economic and ecological optimized electric traction motor. To enable the evaluation,
the necessary simulation models as well as the connection to information from previous
development phases need to be further detailed.

2.3. Digital Twin in Manufacturing and Product Development

The term “digital twin’ is used in many contexts. Furthermore, in the literature are
many definitions of digital twins. The definition in this paper is oriented on the definition by
Stark et al. [47]. They distinguish between the digital master and the digital shadow, which,
together, make up a digital twin. The digital master is the resulting digital prototype of
the product or production system through the product or production system development.
During the production, usage and End-of-Use of a product or production system, a lot of
data are generated which are described as the digital shadow. They represent the product
in the real world. Linking the digital master and the digital shadow through algorithms or
simulation models results in a digital twin [47].

This clearly shows the importance of systematic model-based product development
in order to have a digital twin for later generations of development. The digital master
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created during product development must match the digital shadow created in later
lifecycle phases.

To optimize products, digital twins can be used for different purposes. Through
coupling a digital twin with the ERP and MES, decisions in manufacturing planning can be
made faster and with better information. In the product design, information from earlier
product generations can be used to identify the customer requirements and validate the
product with situations from reality [33].

Tao et al. present a framework for the digital twin-driven development [48]. The
framework proposes five steps of development in accordance with Pahl et al. [49]. The
main steps are planning and task clarification, conceptual design, embodiment design,
detail design and virtual verification [49]. Two V-models are run through the development
steps. The main development “V” is accompanied in parallel by the “V” of the digital
twin [48]. However, the framework assumes that a digital twin already exists and does not
address the design of product development in such a way that models can continue to be
used. Furthermore, information regarding materials and manufacturing is integrated late
in the development.

Lo and Chen et al. describe the increasing advantage of digital twins with an increas-
ing amount of product generations [50]. Through connecting the information of similar
products, the database for the digital twin increases and better information can be provided
for product development.

For generating a digital twin, the data source needs to be developed. This can involve
integrating specific sensors to generate data for a process step. The generated data need to
be transferred into a storage system which is able to manage the data. These data should
be processed through big data technology to reduce the amount of data. Afterward, the
results are visualized through charts and graphs [51]. The steps enable the monitoring
of the product during the lifecycle phase measurement. However, it does not provide a
concept integrating the data in previous lifecycle stages like development.

Arnemann and Winter et al. developed an information model to integrate data in
earlier lifecycle phases [52]. Based on service cases, which are concrete use cases of data in
product design, the data generated during the lifecycle of previous product generations are
structured for the product designer. In the case of applying an LCA and LCC, the informa-
tion model would provide the relevant data for the calculation. But an implementation of
this case is not provided yet. Furthermore, integration in a systematic development process
which provides a proper description of the product to identify similar products in data
storage is not provided.

In summary, the digital twin shows great potential during the product design. There
are already existing approaches to integrate the digital twin in product development but
with a focus on the usage phase. The application of the digital twin regarding manu-
facturing focuses on predictive maintenance and production planning. However, for an
integrated evaluation during product development from an economic, ecological and
functional perspective, a digital twin that is available over the whole product lifecycle is
necessary. Bringing the information in earlier lifecycle phases than they are generated is a
key factor here. Furthermore, a standardized and systematic description of the product
over the whole lifecycle is required. Additionally, a common description from the different
perspectives of raw material extraction, manufacturing, usage, and End-of-Use is required
during product development.
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3. Methodology

This section describes the requirements of a cross-lifecycle development approach and
presents the derived methodology. Afterward, application in an example of an electric
traction motor is presented.

3.1. Methodology Requirements

Based on the literature of the previous section, the requirements of a cross-lifecycle
development approach can be determined. The main goal of each development process
should be to fulfill the external requirements. These are customer requirements, political
requirements or even company-specific requirements like the usage of existing machines
or suppliers. In addition to the hard requirements that must be met, there are also soft
requirements that must be optimized in the target-size conflict. The economic and ecological
sustainability is part of these requirements. Therefore, it is necessary to consider the
whole lifecycle during development to overcome local optima which do not lead to a
global optimum. This requires the evaluation of solutions using an evaluation model that
considers the entire product lifecycle. To carry out an evaluation from the perspective
of the individual phases of the product lifecycle, suitable models and information are
required. Due to the lack of knowledge regarding the developed product, data from
previous product generations are required to create a digital twin. In accordance with the
presented understanding of a digital twin in this paper, a uniform description of the product
is required to build up the digital twin. Furthermore, the uniform description format in
combination with defined interfaces between development stages and perspectives of the
lifecycle is crucial for the cross-lifecycle evaluation of the product during development.
In addition, concurrent engineering and fast decision-making need to be supported to
decrease the time to the start of production and the time to market.

3.2. Cross-Lifecycle Development Approach

Based on the summarized requirements above, a cross-lifecycle development approach
was derived. In accordance with the presented information, product lifecycle after the
product development the lifecycle phases can be modeled in a ring as perspectives on the
product. The ring is enclosed by a cross-lifecycle evaluation model. A database including
data from previous product generations, as well as material data and manufacturing data
is the base of the development model. The whole model is presented in Figure 4.

External
Requirements

Evaluation Model

Database

Figure 4. Development model for holistic sustainable electric traction motors.

Each lifecycle perspective is affected by external requirements, for example, legal
regulations regarding raw material extraction or possible manufacturing technologies
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from the manufacturing perspective. For the development process, it is necessary to
translate the external requirements into boundary conditions. This needs to be carried
out by each perspective. The perspective-specific boundary conditions will lead during
the development to further boundaries in other perspectives. For example, if a specific
manufacturing process is required through external requirements which cannot process a
specific material, the material is not usable in this case.

To evaluate the design from different perspectives, solutions for the lifecycle phases
on different detail levels need to be generated. In the development model, the usage
perspective is equal to the conventional development approach to fulfill the requirements
during usage. The level of detail in the manufacturing perspective is dependent on the
included information from the usage perspective.

To enable the communication between the perspectives, a common modeling approach
is required. The lifecycle is modeled as a closed loop to visualize the common description
model over the whole product engineering process. According to the R, F, L, T, P approach
in the adjusted V-model, each of the perspectives is described in this structure. Based
on the generated information, the evaluation model is filled with information from of
the perspective to get a cross-lifecycle evaluation. In Figure 5, the model is sliced in the
manufacturing perspective. It describes the development process from the manufacturing
perspective, including the interaction with the evaluation model and the database on
different levels of detail.

External Requirements

~
__________________________________ 3
1
1
system i
level .
1
_________ __!
--------- T
1
1
subsystem i
level i
1
/
\
1
1
component 1
level Electric :
mechanic 1
Modeling, Simulation and Optimization II
_________________________________________________ )

Cross-life cycle evaluation model

Database

Figure 5. Manufacturing perspective in the development lifecycle.

The different levels along the V-model describe the level of detail. From a manu-
facturing perspective, the system is divided from the overall manufacturing concept on
the system level to several manufacturing cells on the subsystem level and the machines
and tools on the component level. With the increasing level of detail, the uncertainty in
the evaluation model is reduced. The interaction of the perspectives is possible in both
ways. The manufacturing perspective can provide requirements for the usage perspective
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regarding the limitations of manufacturing processes. In the other direction, the usage
perspective provides requirements regarding manufacturing to the manufacturing perspec-
tive, and proper processes and machines need to be selected, evaluated and integrated in
the evaluation model. Through the connection of all lifecycle phases over one description
model interdependencies can be identified easily. To evaluate the impact of the End-of-Use,
the development in this perspective needs to be carried out similarly to the manufacturing
perspective. Solutions for the End-of-Use strategy need to be developed and described in
models for interaction with the evaluation model and the analysis of the impact on other
lifecycle phases.

Figure 6 shows the structure of the cross-lifecycle evaluation model for a sustainable
electric traction motor.

Sustainable Electric Traction

Motor
4
| |
3 N
Economic Indicator Ecological Indicator Technical Indicator
J g
A A A
4 N 4 N 4 N
Cost i Climate Change i Power
Raw Material [€] [kg CO,-eq.] [kW]
\ J \ J \ J
4 Cost N 4 N 4 N
1 Manu f:Csturin | | Human toxicity | Life Time
€] & [CTUh] [h]
\ J \ J \ J
4 4 N
Cost
| Usace | | Ressource
& [Sb-eq.]
\ [€] J \ J
4 N
Cost
= End-of-Use
\ [€] J

Figure 6. Structure of the cross-life-cycle evaluation model with an excerpt of the possible impact
categories and technical indicators.

Based on the AHP, the evaluation model can be structured in three main indicators.
These are the economic indicator, the ecological indicator and the technical indicator.
These main indicators are further detailed in more specific indicators. The structure of
the economic indicator is based on the LCC. It can be further separated in the costs per
life-cycle phase, which need to be determined with phase-specific models.

The ecological indicator is defined in accordance with the LCA. It is described by
the relevant impact categories. The examples in Figure 6 are midpoint-impact categories
which describe the potential impact on the environment; these can be calculated with less
assumptions than the endpoint-impact categories. Endpoint-impact categories describe the
real impact on the environment.

The third indicator, the technical indicator, is described by functional indicators which
are not directly included in the other two indicators. The units of the sub-indicators are all
different. Through this, the indicators cannot be compared directly with one number. It
is necessary to apply multi-criteria decision-making methods for decision making based
on the evaluation model which is able to handle different units of the evaluation criteria.
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Nevertheless, generating the information to calculate the sub-indicators is a huge challenge

considering the missing information during product development.

Based on the previously described methodology, a more detailed view of the whole

approach is presented in Figure 7.
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Starting with the usage perspective of an electric traction motor, the motor is described
with the required functions. With this, the required behavior of the motor during usage
is defined. Based on this description of the motor, a solution on a logical level which
describes the solution principles of the motor is generated. In the following technical
level, the solution principles are described by geometrical parameters like part volume,
material and geometry. Furthermore, the electrical parameters are defined. This can be
performed in several iterations. The solutions for the system, subsystem and components
of the developed electric traction motor are detailed enough to determine the required
functions from a raw material and production perspective. Similar to the usage perspective,
the solutions for these perspectives are developed. Using the same structure and a similar
description model which is based on a functional description in the beginning supports
the interconnection between the perspectives. Due to this fact, the End-of-Use strategies
are affected by the solution from the usage perspective, as well as the raw material and
production solution; the functions from these perspectives are determined after the raw
material and production perspective.

The linking of perspectives by means of the functional description makes it possible to
identify changes along the product development process across perspectives. Furthermore,
the longer the development time, the more the model of the product grows.

Based on the generated solutions in the different perspectives, simulation models
need to be created to evaluate the respective phase of the lifecycle. For the usage perspec-
tive, energy consumption and maintenance are important for the economic and ecological
evaluation of the electric traction motor. Based on the functions and data from previous
generations, scenarios for the usage need to be defined to simulate the motor in combi-
nation with the battery and the car. This allows for evaluating the impact of lightweight
design on energy consumption and maintenance from an economic and ecological per-
spective. To calculate the economic and ecological sub-indicators, the simulation needs to
be connected with database, including costs and environmental impact of energy usage.
Furthermore, thermal effects and forces need to be analyzed, making sure the motor fulfills
the requirements. The results of the simulation are affected by the used materials. To
evaluate the impact of the materials which are selected in combination with the defined
requirements and functions from the usage phase, the economic and ecological perspective
of the materials is based on the required amount of the material which is dependent on the
used manufacturing process and a material database, including the elementary flows for
the LCI and impact assessment from an ecological point of view, as well as the costs per
amount from an economic point of view.

In the production phase, two aspects need to be considered. The first one deals with
the processes and the other one considers the resources. Depending on the required detail
of the evaluation, the two aspects can be modeled with different levels of detail. If just a first
rough evaluation is required, the required processes can be selected based on the functions
as the solution and the sub-indicators can be calculated based on historical data. For a more
detailed evaluation, resources like machines and tools need to be selected or designed to
combine the process model with the research model and get a detailed evaluation of the
manufacturing process. For evaluating the energy consumption of a machine, the physic-
based simulation shows great potential in the literature. The processes can be modeled
by Finite Element Analysis. The database needs to include historical process parameters,
machines and tools to enable a fast evaluation. Furthermore, the environmental impact
of energy consumption and used additional materials, as well as the cost impact need to
be included.



Sustainability 2025, 17, 2518

14 of 24

Beside the evaluation of the developed product design, the simulation models of the
process, machine and tool can be used to enable a fast ramp-up of the product and decrease
the time from development to the start of production.

The modeling of the End-of-Use of the motor is very similar to the production. De-
pending on the chosen R-strategy at the End-of-Use stage, historical data for recycling can
be used or the processes and resources can be modeled similar to the production phase. The
disassembly processes can be described by specific process parameters like in production.
To realize the processes, machines and tools are required which can be modeled with
physic-based simulation to analyze the energy consumption.

When evaluating production and End-of-Use, it is important to consider not only
the costs and environmental impacts that arise during this phase, but also to include the
necessary investment costs for new tools and machines in the analysis.

The evaluation from the different perspectives is integrated into the cross-lifecycle
evaluation model. If different variants are generated, the best possible system solution con-
sisting of usage, material, production and End-of-Life can be selected by the application of
a multi-criteria decision-making method like Technique for Order Preference by Similarity
to Ideal Solution (TOPSIS).

If one solution is selected which needs to be further detailed or just one solution was
generated, optimization measures from the different perspectives can be identified with
the evaluation model as well.

4. Results

This section presents the application of the methodology on the example of the devel-
opment of an electric traction motor. The electric traction motor functions by converting
electrical energy from an energy storage system into kinetic energy, enabling motion. This
energy conversion is achieved through the generation of rotational movement, driven by
interactions such as the attraction between magnetic poles of opposite polarity, electrostatic
forces, or piezoelectric effects. Structurally, an electric traction motor is composed of four
key components: stator, rotor, housing, and the transmission system [10,53].

In automotive applications, interior permanent magnet (IPM) motors are widely
adopted due to their superior performance at high rotational speeds, often exceeding
15,000 rpm. The rotor in an IPM motor typically consists of 3-8 lamination stacks, housing
numerous magnets arranged in specific patterns. The stator winding is mostly made of
rectangular copper wire that are bent to so-called hairpins. IPMs are renowned for their
high-reluctance torque, excellent efficiency, superior power factor, minimal heat generation,
compact size, and low noise levels. These characteristics make them particularly well-
suited for demanding applications. The advancement and affordability of modern power
electronics have further solidified IPMs as the leading choice in electric traction motor
applications [54].

Furthermore, the study underlines the central role of the End-of-Use phase in shaping
the overall techno-economic and environmental sustainability. In the following section, the
methodology introduced in Section 3 is applied to the context of the electric traction motor
to further explore these findings. The methodology presented above is now implemented
in the software Capella.

First, the external requirements were analyzed for this purpose. In the requirements
engineering the external requirements were translated to the requirements of the product
from the different perspectives. Table 1 shows the relevant requirements for the electric
traction motor from the usage perspective.

The presented parameters are all necessary for describing the electric traction motor
and can be understood as a minimal list of requirements. Initially, the parameters were
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categorized according to hierarchy levels. The parameters in the first column all refer to
the system level and thus the electric motor as a whole system. Based on the system level,
the requirements of the subsystems are determined. These requirements are documented
in the third column and are assigned to the subsystems “rotor” and “stator”.

The subsystems are created based on the functional description of electric traction
motor, which is visualized in Figure 8.

The product structure, including the system, subsystem and components, is shown

V7

in blue. For example, the subsystem rotor consists of the components “magnet”, “magnet
fixation”, “rotor lamination stack”, “rotor shaft” and “balancing equipment”. The physical
interrelationship between the individual components is represented by the connecting
lines. Furthermore, the interaction with other subsystems of the whole system car is
visualized. This provides the framework for modeling the use phase. Additionally, the
figure highlights the functions of the individual components in green. For instance, the
function of the magnet is to provide a magnetic field, while the function of the magnet
fixation is to secure the magnet.

Subsequently, the components of the rotor are described at a technical level by geo-
metrical and physical parameters. Table 2 shows the parameters that describe the rotor.
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Figure 8. Functional and logical level of the electric traction motor modeled in Capella.
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In addition to the product description, a description of the phases in the product life-

illustrated in Figure 9.

cycle, as outlined in Figure 8, is also required. For demonstration purposes, the End-of-Use
state is examined in greater detail here. All other descriptions must also be implemented
in this manner to ensure a complete depiction. The necessary disassembly processes are
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Figure 9. Functionalities of the End-of-Use motor modeled in Capella.

Table 1. List of requirements of electric traction motors with different levels of detail.

Parameter Product Hierarchy Level Parameter Product Hierarchy Level
Installation Space System Level Number of Phases/Strands Stator
Torque System Level Maximum Outer Diameter Stator
Speed System Level Winding Type Stator
Service Life System Level Winding Scheme Stator
t_max_operation System Level Slot Width Stator
Load Requirements System Level Yoke Height Stator
Motor Type System Level Number of Pole Pairs Stator
Cooling Concept System Level Balancing Quality Rotor
Nominal Speed System Level Permissible unbalance on bearing side A Rotor
Permissible unbalance on bearing side B Rotor
Inner Lamination Diameter Rotor
Outer Lamination Diameter Rotor
Maximum Axial Length Rotor
Magnet Grade Rotor
Burst Speed Rotor
Overspeed Rotor
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Table 2. Technical description of the rotor.

Parameter Unit Datatype Product Hierarchy Level
lamination_diameter_inner mm FLOAT Rotor
lamination_diameter_outer mm FLOAT Rotor

tolerances - STRING Rotor

lenght_axial mm FLOAT Rotor
bearing_type - STRING Rotor
position_bearing_A mm FLOAT Rotor
position_bearing_B mm FLOAT Rotor
shaft_material - STRING Rotor
lamination_stack_material - STRING Rotor
magnets_material - STRING Rotor
magnets_number - INT Rotor
magnets_size mm X mm FLOAT Rotor
magnet_grade - STRING Rotor
balancing_quality - FLOAT Rotor
unbalance_A_amplitude gmm FLOAT Rotor
unbalance_A_phase deg FLOAT Rotor
unbalance_B_amplitude gmm FLOAT Rotor
unbalance_B_phase deg FLOAT Rotor

rotor_weight kg FLOAT Rotor

For the disassembly process, it must first be analyzed up to which hierarchy level a
potential disassembly is possible and meaningful. Previous studies indicate that, due to the
high material value, the recovery of magnets is particularly effective for electric traction
motors. Therefore, the rotor must be disassembled to the point where the individual
magnets are exposed and can be pressed out [55]. Heim et al. developed an automated
disassembly station that enables the removal of magnets from the lamination stack. First,
the rotor is demagnetized, followed by the removal of the bearings. Subsequently, the
lamination stack is pressed out, and the axial fixation is removed. If the rotor consists of
separate lamination stacks, they are divided into individual stacks, exposing the magnets.
Finally, the magnets can be removed using a stamping tool in the magnet disassembly
station [55].

Based on a similar description of the production phase, the necessary processes can
be determined based on the functions. Figure 10 shows the required processes for the
subsystem rotor and stator which are assembled into the system electric traction motor at
the end of the production.
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At the initial stage of production, both stator and rotor manufacturing necessitate a
lamination stack, typically fabricated from electrical steel via a mother—child punching
process, followed by a precise stacking operation. During stator fabrication, the slots of the
stator lamination stack are first lined with a paper-based insulation material. Subsequently,
hairpins are inserted into these insulated slots. This involves shaping rectangular copper
wires into the required hairpin geometry through a specialized hairpin-forming process.
The installed hairpins feature a bent configuration on the upper side, while the lower ends
must be spread and twisted through a dedicated twisting process. This twisting is crucial
for enabling the electrical connection of hairpins belonging to the same three-phase winding
in subsequent operations. These windings are completed using a laser welding process,
where the three distinct phases of the three-phase motor are established. The process
proceeds with the installation of the connection assembly, followed by an impregnation
and insulation treatment. To ensure quality and functionality, the stator undergoes rigorous
end-of-line testing [54,56].

The rotor manufacturing process for IPMs begins with the assembly of the magnets.
Here, magnets are precisely positioned within the rotor lamination stack and subsequently
secured. Depending on the specific production methodology, this securing process can
involve transfer molding, adhesive bonding, or mechanical crimping. The individual stacks
are then aligned and assembled onto the rotor shaft. A balancing process follows, wherein
any residual imbalances are minimized to achieve the required balance quality. Peripheral
components such as speed sensors and bearings are also integrated at this stage, and the
rotor undergoes a magnetization procedure. Similar to the stator, the rotor production
concludes with a comprehensive end-of-line evaluation to validate its performance and
adherence to specifications.

The final assembly involves integrating the two active components—the stator and
rotor—into a unified motor system. The rotor is inserted into the stator, the stator is
press-fitted into the motor housing, and the rotor is precisely mounted within the housing.
Additional components, including the gearbox, differential and power electronics, are
then affixed. The manufacturing process culminates in a final end-of-line test, where the
complete motor assembly is evaluated under operational conditions for the first time and
approved for deployment [8].

The described production processes are affected by lots of parameters which are
defined during product development or process design. It becomes evident that numerous
manufacturing steps have a significant impact on the quality of the electric traction motor.
Additionally, the execution of these processes critically influences the techno-economic
and environmental sustainability of the system. For this purpose, it is crucial to record
the parameters and store them in an information model. Furthermore, there are complex
processes like the hairpin coil bending, which requires lots of effort to define the correct
process parameters [56,57].

In particular, the design determined during the early stages exhibits a substantial
variability in sustainability outcomes. Klein et al. demonstrated this effect by comparing
a standard rotor, commonly used in vehicles, with a lightweight rotor design [58]. As
an example, the assembly process of the magnets to the rotor was used. The resulting
functional description is visualized in Figure 11.

On the right side, the lamination stack is designed with spring noses, which press the
magnets against the lamination stack. For this reason, the magnets just need to be assembled
to the lamination stack with no thermal processes. On the left side, the lamination stack
does not have this spring noses. Therefore, a chemical process is needed to fix the magnets
in place and close the gap between the magnet and the lamination stack. The functional
diagram shows that heat is required during assembly, indicating high energy consumption.



Sustainability 2025, 17, 2518

19 of 24

For a first rough comparison, it is possible to use historical data for the transfer molding
process, which can be easily identified through the systematic description. For the assembly
with spring nose, all the unnecessary functions can be ignored for the evaluation. From
the previous functional description, the following analysis framework in Figure 12 can
be determined.

Transfer Moulding Assembly Assembly with Spring Nose
Lamination Stack Manufacturing Magnet Provision Lamination Stack Manufacturing Magnet Provision
Manufacture . Manufacture )
Lamination Stack et Lamination Stack ST
! ) !
Assemble Magnets % Si2stel Assemble Magnets EMaenety
)
L] Magnet Assembly Station Magnet Assembly Statio
() Assemble Magnets 51| @ Assemble Magnets
D3] Lamination Stack to Lamination Stack D=l Lamination Stack to Lamination Stack
! [~
Assembled
Lamination Stack
]
Heating Station
Heat the Lamination
© Stack
g
Heated
o Lamination Stack
%)
Heating Station §L] Moulding Station
Heat Moulding . 5@ Mould Compound to
Compound Moulding Lamination Stack
Compound
v g
D= Assmebled Lamination Stack ; D=1 Assmebled Lamination Stack
9] o .
Shaft Joining Station Shaft Joining Station
© Assemble Lamination Stack © Assemble Lamination Stack
and Shaft and Shaft

Figure 11. Comparison of the functional structure of the assembly of the magnets for two different
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Figure 12. Analysis framework including the different production routes for manufacturing a
conventional rotor and a lightweight rotor.

Based on this framework, the design decision can be made based on the ecological
criteria in Table 3.



Sustainability 2025, 17, 2518 20 of 24

Table 3. Results of the ecological evaluation of the rotor.

Criteria Unit Lightweight Rotor ~ Conventional Rotor

acidification—acidification (incl. fate, average Europe total, A&B) kg SO,-Eq 1.0415 1.1012
climate change—global warming potential (GWP100) kg COz-Eq 254.25 265.9
ecotoxicity: freshwater—freshwater aquatic ecotoxicity (FAETP inf) kg 1,4-DCB-Eq 645.38 686.2

ecotoxicity: marine—marine aquatic ecotoxicity (MAETP inf) kg 1,4-DCB-Eq 9.1 x 10° 9.64 x 10°
ecotoxicity: terrestrial—terrestrial ecotoxicity (TETP inf) kg 1,4-DCB-Eq 1.3495 11.042
energy resources: non-renewable—abiotic depletion potential (ADP): fossil fuels MJ 2896.2 3021
eutrophication—eutrophication (fate not incl.) kg PO4-Eq 0.4981 0.5201
human toxicity—human toxicity (HTP inf) kg 1,4-DCB-Eq 484.86 764.04
material resources: metals/ mineral's—abiotic depletion potential (ADP): kg Sb-Eq 0.0012 0.0016

elements (ultimate reserves)

ozone depletion—ozone layer depletion (ODP steady state) kg CFC-11-Eq 1.14 x 1075 1.14 x 1075

photochemical oxidant formation—photochemical oxidation (high NOx) kg ethylene-Eq 0.0847 0.0868

For the evaluation, measured data and ecoinvent 3.9.1 data were combined. The
impacts were calculated with the CML v4.8 2016 assessment method.

Through the different units, the criteria need to be normalized and weighted for
decision making. All of the criteria have the goal to be minimized. In the Table 3, it is
clear that the lightweight rotor is the better solution in all criteria. Hence, the result of the
multi-criteria evaluation model will be the selection of the lightweight rotor.

5. Discussion

To overcome the challenges of sustainability during the development of electric trac-
tion motors, this paper presents a systematic approach which enables the consideration of
the whole lifecycle during the product development. The integration of a digital twin in the
development process was identified as a key factor in the development process. For this
purpose, a systematic development model considering the perspectives of the four main
lifecycle phases was presented. All of the perspectives are using a similar structure and
description of the solutions, which facilitates the cross-linking of the different perspectives
during product development. Through this, it is possible to generate perspective-specific
solutions for a specific product design, and integrate this into the evaluation model. Con-
sidering economic, ecological and technical parameters in the evaluation model avoids
the generation of local optimums regarding sustainability. Furthermore, through the
cross-linking of every lifecycle phase in the evaluation model, no local optimums over the
lifecycle are generated. The information regarding the evaluation criteria can be generated
by a combination of digital twin and external databases. The benefit of using the digital
twin lies in better and more realistic data quality compared to external databases. These
are very helpful for adding information like the carbon footprint of energy consumption.
Beside the evaluation of solutions and the simplification of the communication between the
lifecycle phases during product design, the approach also provides a better understanding
regarding interdependencies between subsystems and components, as well as between the
lifecycle phases.

The analysis of the lifecycle of an electric traction motor identified a large number
of measurable parameters. Starting with an electric traction motor, the modeling was
implemented using Capella. Using the example of the rotor, a possible solution for the
End-of-Use of the magnets was modeled in the logical design. Through the description of
the End-of-Use process based on functions and logical elements the expert for this lifecycle
phase can provide fast and easy to understand information regarding required efforts for
the End-of-Use in case of a design decision. Through a connection with historical data of
digital twin, a first rough evaluation can be made with this information. If it is further
detailed, the data quality of the design increases and the quality of the evaluation improves.
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Based on technical parameter of the rotor from the usage perspective two cases for the
production phase were modelled in the logical view. It shows the impact of the product
design to the manufacturing processes as well as the importance of the systematic modeling.
Even with the rough description in the logical level, it can be figured out which components
of the processes need to be considered and which can be ignored. Furthermore, a first
analysis regarding the economic, ecological and technical evaluation can be made through
the descriptions. This avoids the need to work out several solutions in detail or to run
several revision loops later on. In traditional development processes, revision loops often
result from the fact that insufficient information is available in the early stages and therefore
a development path is initially taken on the basis of inadequate data. Additionally, through
the standardized description, information from previous generations can be categorized to
the correct functions. The comparison of the two variants clearly shows the potential of
the methodology through efficient quantitative evaluations from different perspectives ad
with different criteria.

Although the methodology offers long-term advantages in terms of decision-making
and shorter development times, it initially requires a great deal of effort to implement the
procedure within an organization. Furthermore, the existing manufacturing equipment
needs to be equipped with sensors and tools to be able to provide the relevant data and
it is required to have already electric traction motors in use which are developed with
the similar procedure and provide the correct data. To handle all the data, a suitable data
handling structure is required. The potential of the approach is clearly shown but for the
implementation a consistent application with the suitable infrastructure is required to show
its full potential.

In this paper, the focus is on electric traction motors because of their relevance for the
electric mobility and the high quantities in production. This leads to a higher importance
of production development. But the approach can be applied to other industries like
electric generator manufacturing as well. However, the integration of the production and
End-of-Use will be different. Due to lower quantities, existing manufacturing equipment is
used instead of doing a detailed line planning for a new electric traction motor.

6. Conclusions

This paper presents a methodology to consider the whole lifecycle of an electric
traction motor during product development. To enable a quantitative evaluation based on
the presented cross-lifecycle evaluation model, the digital twin in several lifecycle phases
is integrated in the development process to predict the behavior and the economic and
ecological impact. Using a similar and standardized description for all the perspectives
of lifecycle phases in the development process supports the interoperability between the
perspectives and the alignment of data from previous product generations.

Nevertheless, based on this approach, further research needs to be carried out, building
a holistic and interconnected tool chain to develop electric traction motors. In the presented
approach, the description of the solutions needs to be carried out by expert knowledge. The
goal should be to generate the solutions in the lifecycle phases based on the description for
the usage phase. Therefore, an important aspect will be the integration of automated process
planning tools which are able to generate the functional structure of production and End-of-
Use based on the information of the product. Furthermore, the next step is to describe the
interdependencies not just in one direction, but as an integrated parametrized optimization
model which is able to find the overall best solution in a predefined solutions space.
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