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Abstract: Regulations, depletion of natural resources and changing customer demands are putting
pressure on manufacturing companies to consider environmental issues in the development of new
products. Companies are using PLM systems to manage the product lifecycle, but the current genera-
tion of these systems is not adequately adapted to product sustainability issues. The research results
presented in this article are intended to support two target groups: academia and industry. The main
scientific objective is to provide a systematic method for selecting and evaluating sustainability indi-
cators related to the various phases of automotive lifecycle management. The main application goal
is to support the industry in its pursuit of greener development by identifying which sustainability
indicators are relevant to each phase of the product lifecycle. As a result, the key green indicators
related to the automotive industry in line with the GreenPLM concept are identified together with
their assignment to the elements of the car’s beginning-of-life stages, as well as their potential data
sources. This paper introduces the concept of GreenPLM and its future application possibilities.

Keywords: product lifecycle management; green indicators; automotive industry; sustainable
development; GreenPLM

1. Introduction
1.1. Sustainability Background

The interest in sustainability has grown significantly among academics and profes-
sionals over the last 20 years. The term was used by the World United Nations Commission
on Environment and Development, which defined sustainable development as “meeting
the needs of the present without compromising the ability of future generations to meet
their own needs” [1]. In 1997, Elkington defined “sustainability” as “the attempt by firms
to balance social, economic, and environmental goals” [2].

In 2016, Upward and Jones defined a sustainable firm as “an organization that creates
positive environmental, social, and economic value throughout its value network, thereby
sustaining the possibility that human and other life can flourish on this planet forever. Such
a firm would not only do no harm, it would also create social benefit while regenerating
the environment to be financially viable” [3]. The term “sustainability” clearly covers three
interconnected “pillars”, encompassing economic, social, and environmental (or ecological)
factors or “goals” [4,5].

The environmental dimension includes “the set of objectives, plans and mechanisms
that promote greater environmental responsibility and encourage the development and
diffusion of environmentally friendly technologies” [5].

The social dimension “refers both to individuals and organizational levels. While con-
crete material circumstances lie at the basis of the social dimension, the social phenomena
themselves are immaterial and therefore difficult to analyze [ ... ]; is emerging as the key
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challenge in sustainable supply chains, due to the fact that companies have to involve a
wide range of stakeholders with different goals, demands, and opinions that may interpret
the same situation differently” [5].

The basis of the economic dimension is the long-term success and competitiveness of
a company. This dimension is “principally quantitative in nature and is focused toward the
efficient use of resources and achieving a return on investment” [5].

1.2. Sustainable Industrial Development

Sustainable industrial development has been one of the main issues of interest for all
countries since the mid-20th century [6]. Sustainable development has gained popularity
and extensively evolved to integrate the supply chain management field. It is sometimes
comprehended as “a framework for companies and their management to transform their
responsibility for environmental, economical and social behavior into business practices
within the legitimacy of our society” [7].

According to Vaz et al., sustainable measures, including corresponding indicators,
require certain investments in research and development, as well as a certain time frame
until they can be adopted as a new paradigm of production [8]. Javaid et al. underline
that “worldwide, manufacturers are pressurized to reduce their environmental effects. It
involves learning the incoming requests, identifying and applying environmentally-friendly
activities that are most appropriate, and tailoring them to meet the industry needs” [9].

According to Javaid et al., the implementation of new advanced manufacturing tech-
nologies that enable the production of parts that can replace complex components saves the
use of material and, thus, translates into less use of raw materials (not only for production
but also during the use of products, e.g., fuel) [9]. In consequence, manufacturers can
become more sustainable by finding ways to use fewer resources [10].

One of the most important elements of the development of any industrial enter-
prise and maintaining its competitiveness is the introduction of new innovative products
to the market. The constantly increasing complexity and the level of technological ad-
vancement of modern products—especially in industries such as automotive, aviation, or
electronics—significantly increases the requirements for the effectiveness of teams devel-
oping and implementing products, processes carried out as part of activities related to their
development, and IT systems supporting these processes. In this context, of particular
importance is not only the effective, comprehensive management of data but also activities
and processes related to product lifecycle management (PLM). The implementation of the
PLM paradigm is possible thanks to the appropriate use of a set of technologies support-
ing the collaborative creation, use, and dissemination of intellectual resources and data
related to the product from the moment the idea for the product is created, throughout its
existence [11,12].

Sustainable production aims to incorporate the core values of sustainable development
into the industrial sector, which will contribute to increasing environmental, social, and
economic performances. A key issue in terms of product lifecycle management is related to
the measurement of environmental sustainability and ways to improve it.

According to Vila et al., the main aim of sustainable product lifecycle management is
to provide products that meet customer needs based on innovation, quality, and a sustain-
able production system of the company, taking into account all effects of the lifecycle [6].
Therefore, it is crucial to measure, gather, and analyse data and corresponding indicators,
which can be a trigger for companies in their shift towards green production. This shows
the need of undertaking research on key sustainable indicator selection and assessment
method development.

1.3. Companies” Shift towards Sustainability-Related Issues

Pressure and legal regulations have significantly contributed to the spread of the
application of environmental sustainability as a recent management mantra [13,14]. Not
only to fulfil new requirements but also to ensure the success of the company, currently
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organisations are facing challenges regarding establishing effective governance and internal
control of sustainability-related operations [15].

Since environmental issues began to play a significant role, not only for researchers
but also for industry, many leading companies have included these aspects in their strategic
development plans for the upcoming years and have started to move towards sustainable
business models. From that moment, the concept of innovation began to be identified with
environmental friendliness. Among many factors and possible improvements in the area
of transformation towards a more sustainable operation of enterprises, the decisive factor
is adapting products and their lifecycles to new standards in line with the principles of
sustainability and the circular economy.

An example of practical actions taken to become an environmentally friendly manu-
facturer is HP, which developed and implemented the “2030 Sustainability Impact Vision”
plan. HP’s new sustainable strategy focuses on product circularity and reusability, which
is in line with the concept of sustainable product lifecycle management. Among the most
important goals of this strategy are issues related to reducing the use of materials, keeping
materials in use longer, and reducing deforestation [16]. In order to track the progress
towards its assumed goals, HP collects information related to its products, services, and
data from the supply chain area related to the use of raw materials for production, product
use (consumption of energy, paper, and waste), repairs, etc. [16]. This shows the importance
of indicators and metrics connected with sustainability.

Another example is the sustainable strategy of the Schaeffler group—a manufacturer
in the automotive industry. In light of global changes related to digital transformation
and ongoing climate change, Schaeffler strives to provide its customers with innovative
and environmentally friendly products. Schaeffler’s activities are varied and include
both the continuation of work on increasing the efficiency of traditional engines powered
by fossil fuels and, above all, the intensification of work focused on the development
of electromobility [17]. The implementation of this strategy requires many significant
improvements in areas related to the PLM systems, especially in terms of sustainability
management and reporting the environmental impact KPIs [17]. This example emphasizes
the significance of sustainability-related indicators and metrics.

Sustainability measurements, especially those regarding the environmental pillar,
became a significant topic in the automotive industry. The automotive industry is consid-
ered one of the main contributors to the global environmental crisis. Moreover, current
practices in the automotive sector are shown to have a negative impact on the social and
environmental dimensions. On the other hand, the automotive industry is critical to any
country’s economic development. Therefore, the industry requires a radical shift in the
way they perform usual business practices [18].

1.4. Significance and Aim

Although there is a variety of literature describing the various dimensions of sustain-
ability and its metrics (more than 300,000 articles), to the best of the authors” knowledge
based on their in-depth research, there is no systematic method for identifying the indi-
cators of sustainable production that are relevant to product lifecycle management in the
automotive industry. The main groups of articles tackle the issues of sustainability aspects
indicators [19-22], automotive industry aspects indicators [8-10,23-26], and product lifecy-
cle management aspects indicators [6,10,23,27-30], but there is a lack of papers connecting
all of those issues. Additionally, the majority of the literature on sustainability indicators
discusses industries related to energy, construction, and agriculture [31-35]. There are
almost no papers that discuss the various aspects of PLM sustainability indicators in the
automotive industry.

The significance of research related to product lifecycle management green indicators
results directly from the needs of the industry. Companies use PLM systems for product
lifecycle management, but the current generation of PLM systems is not well suited to
product sustainability issues. They mainly support the design phase of the product life,
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while the subsequent phases are not well supported. The necessity of transformation
towards a more sustainable operation of enterprises will require an increasing adaptation
of products and their lifecycles to new standards in line with the principles of sustainable
development and the circular economy. Those aspects are in line with the concept of
GreenPLM—an innovative solution that should allow for managing the product lifecycle
in a sustainable way, taking into account environmental issues of product lifecycle man-
agement in particular. One of the goals of the cooperation between Wroctaw University of
Science and the Technology and Transition Technologies PSC (global premium IT solution
provider) on the GreenPLM concept is to enable the analysis of environmental indicators
and assessment of the product’s environmental impact, which will support manufacturing
companies in producing environmentally friendly products. The automotive sector was
chosen to conduct the initial research towards GreenPLM.

The research results presented in this article are intended to support two target groups:
academia and industry. The main scientific objective was to provide a systematic method
for selecting and evaluating sustainability indicators related to the various phases of
automotive lifecycle management. The main application goal was to support the industry
in its pursuit of greener development by identifying which sustainability indicators are
relevant to each phase of the product lifecycle. As a result, the key green indicators related
to the automotive industry in line with the GreenPLM concept are identified together
with their assignment to the elements of the car’s beginning-of-life stages, as well as their
potential data sources. The paper introduces the concept of GreenPLM and its future
application possibilities.

2. Materials and Methods

From a sustainable product lifecycle management point of view, there is an urgent need
to define corresponding indicators that will be able to measure, track, monitor, and assess
the paradigm shift towards sustainable industrial development to appropriately follow
guidelines of sustainable manufacturing. This is why the methodology of the selection
and assessment of key green indicators related to the automotive industry in line with the
GreenPLM concept was developed. It consists of six steps, as presented in Figure 1.

a.  Analysis of the literature The first step of the methodology involved an extended
analysis of the literature in terms of indicators describing sustainability aspects in
green product lifecycle management in the automotive industry. It was decided to
search within major publishers: Elsevier (Science Direct), Springer Link, Multidis-
ciplinary Digital Publishing Institute, Taylor and Francis Online, and Wiley Online
Library, as well as Google Scholar. As the literature on general sustainability issues is
rich, the search was limited by keywords filters such as “sustainability indicators”
or “green indicators” and “product lifecycle management” or “PLM”, as well as
“automotive industry” or “automotive sector”; however, they were used in a combi-
nation of Boolean operations, for example, “sustainability indicators” AND “PLM”
AND “automotive industry”. Next, to create a portfolio of articles to be analysed,
the alignment of the title and abstract of the article was performed. Many papers
were subject to elimination, since their titles or following abstracts were not in line
with the subject in question. Based on this, a portfolio of research papers and book
chapters, as well as conference papers, was created.

b.  Listing of the relevant indicators Based on the literature search, the identified indi-
cators should be collected into one dataset. It should include not only a list of all
indicators but also assign individual authors. If the authors have proposed certain
categories grouping more indicators, they should also be identified. This part of the
research was carried out in the form of a predefined matrix in which all of the results
were collected in the form of a dataset of indicators proposed by the individual
authors and grouped into the original categories proposed by these authors.

c. Semantic integration Since most authors define the same concepts, indicators, and
terms differently, the next step of the methodology should be devoted to semantic



Energies 2023, 16, 1137

50f23

integration in order to systematize the terminology. For this purpose, a detailed
analysis of the matrix built in the previous step was carried out. Various forms of
notation of the indicator names corresponding to the same term were assigned to
the appropriate ontologies. The most widely understood concept was chosen as a
representative name for a given ontology to limit the complexity and organize the
data for further research.

Analysis of literature

Listing relevant indicators

Ranking indicators

Selection of standardised indicators

Figure 1. Methodology of the selection and assessment of key green indicators related to the automo-
tive industry in line with GreenPLM concept (own elaboration).

d.

Expert evaluation Once the terminology is standardized, the relevance of the indica-
tors can be assessed in terms of their usefulness within the sustainable production
aspects of product lifecycle management. The assessment was made on the basis
of Likert-scale questionnaires, which allow for expressing the extent to which the
evaluator agrees or disagrees with a given statement. Independent experts in the
field of product lifecycle management and sustainability were asked to assess the
suitability of each indicator for use in the GreenPLM concept.

Ranking indicators Next, based on the expert assessment, the indicators should be
ranked in the order of their importance for green product lifecycle management for
the automotive industry. For this purpose, the average value of the ratings awarded
for each indicator was calculated, and then the list was ranked starting with the
indicators that achieved the highest value.

Selection of the standardised indicators The last step of the methodology is the
selection of 20 standardised indicators with redefined nomenclature resulting from
the semantic integration and the expert assessment evaluation. As a result, the most
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suitable indicators that are connected with sustainable production aspects of product
lifecycle management in the automotive industry will be selected.

3. Results

Within this section, the results of the implementation of the proposed methodology of
selection and assessment of key green indicators related to the automotive industry in line
with the GreenPLM concept are presented.

3.1. Analysis of Literature

Within the literature research, an extended analysis of sources describing indicators
and measures of sustainable development that can be used in product lifecycle management
in the automotive industry was carried out following the defined methodology. The main
findings are split into three sections:

e  sustainability aspects indicators;
e automotive industry aspects indicators;
e  product lifecycle management aspects indicators.

3.1.1. Sustainability Aspects Indicators

The literature research shows that in many studies, the indicators and concepts for
sustainable development have been explored and defined based on five dimensions: eco-
nomics, ecology, society, technology, and performance management. Many organisations
are making some efforts in this regard. The result of the work carried out by the United
Nations Environment Program (UNEP) and the US NGO is the Global Reporting Initiative
(GRI), which defined more than 100 indicators and focused on the first three dimensions.
Another effort of the National Institute of Standards and Technology (NIST) is the Reposi-
tory of Sustainable Production Indicators (SMIR), which defined widely available sets of
indicators and focused on five dimensions.

In addition, academia and research centres have carried out and are carrying out a
lot of research on this subject. Based on the analysis of the results of the above-mentioned
activities, it is possible to define an initial general division of indicators that determine the
sustainability of the product [19]. The economy dimension includes investment, economic
performance, product presence in the market, green process design and green manufactur-
ing. Within the ecology dimension, indicators such as energy emissions, carbon footprint,
waste reduction, water usage, and compliance are identified. The social dimension is
focused on labour practices, human rights, social influence, product and eco-design respon-
sibility, as well as innovative new materials care. Finally, the Technology dimension covers
Lifecycle Assessment, design for environment tools ad zero emissions and waste indicators.

Regarding ecology, in 2018, the European Commission proposed a multi-standard
indicator, named the product environmental footprint (PEF), to measure the environmen-
tal performance of a product throughout its lifecycle [20]. The PEF assessment system
contains 14 impact types: climate change, ozone depletion, ecotoxicity—freshwater, hu-
man toxicity—cancer effects, human toxicity—noncancer effects, inhalable inorganics,
ionising radiation, photochemical ozone synthesis, acidification, eutrophication—land,
eutrophication—water body, water consumption, and minerals and fossils consumption, as
well as land transfer. The product environmental footprint (PEF) has a profound impact
on environmental sustainability; however, most of the existing PEF models fail in the
product lifecycle [21]. In 2018, the European Commission launched a Single Market for
Green Products Initiative and, in 2021, proposed the product environmental footprint (PEF)
and organisation environmental footprint (OEF) methods as common ways of measuring
environmental performance [36]. The PEF method is used for modelling the environmen-
tal impacts of the flows of material/energy and resulting emissions and waste streams
associated with a product from a supply chain perspective (from the extraction of raw
materials, through use, to final waste management) [36]. OEF is calculated using aggregate
data representing the flows of resources and wastes that cross the defined organisational
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boundary [22]. The final product environmental footprint category rules and organisation
environmental footprint sector rules can be used to calculate the environmental footprint
profile for products and organisations in scope.

3.1.2. Automotive Industry Indicators

Nowadays, without a doubt, sustainable development is beginning to play a critical
role in the automotive industry. Some researchers and R&D managers have described the
product lifecycle in the automotive industry.

Marcon et al. indicated that among products having sustainable attributes—apart
from food, clothing, and housing—automobiles have been investigated most often [23]. An
analysis of different sectors showed that the automotive industry is crucial from an envi-
ronmental point of view—according to a publication by the United Nations Environment
Programme (UNEP) referring to the “Resource Efficiency and Climate Change: Material
Efficiency Strategies for a Low-Carbon Future” report, “producing and using materials
more efficiently to build passenger cars and residential homes could cut CO; equivalent
emissions between 2016 and 2060 by up to 25 gigatons across the Group of Seven (G7)
member states” [37]. According to Hertwich et al., road transport contributes heavily to the
overall environmental impact, as it causes approximately 20% of greenhouse gas (GHG)
emissions [24]. The European Commission in the “sustainable and smart” mobility strategy
is expecting to have at least 30 million zero-emission cars on European roads by 2030 [25].
Hannon et al. noticed that although powertrains electrify to meet these expectations, in fact,
the largest contributor of automotive carbon emissions will come from vehicles” material
production—at least 30% by 2030 [25].

The analysis focused on the automotive industry showed that the implementation
of changes related to material efficiency may positively affect reductions in greenhouse
gas emissions in light-duty vehicles—according to research presented in [26], emissions
from the production of materials for the manufacture of cars could be reduced by 30% to
70% in 2050. Thus, it is crucial for the automotive industry and the original equipment
manufacturers (OEMs) in particular to radically redesign their products and processes.
Car producers facing strong regulatory pressure for sustainability will have to reduce
resource consumption in production, improve the recyclability of materials, and reduce
tailpipe emissions during operation [24]. Therefore, what is expected in the first place is
transparency: “manufacturers must create transparency on the emissions embedded in
their upstream activities” [25]. Moreover, automotive companies will have to shift towards
sustainable design, investment in clean technologies, and value creation for local and global
communities [24]. Hirz and Brunner point out that ecodesign in the automotive industry
requires a comprehensive consideration of numerous influencing factors [10].

One of the key aspects in terms of energy consumption reduction in the automotive
industry is reducing the weight of a car [10]. Apart from lightweight, the most common
approaches implemented by OMEs in terms of designing are [24]:

e  Manufacturing processes/technologies optimisation;
e  Vehicle assemblies/components redesign;
e  More efficient materials usage.

The results of a study performed by Vaz et al. showed that the automotive industry, in
order to reduce the environmental impact associated with production, has to focus on [8]:

Outsourcing renewable and recycled materials;
Implementing clean technology and environmental management systems in individual
manufacturing sites and throughout the supply chain;
Reducing material inputs;
Changing manufacturing processes to reuse byproducts and, where possible, alterna-
tive, less toxic materials;

e  Seeking technological alternatives to the internal combustion engine (ICE).
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Similarly, the analyses presented in the abovementioned report on “Resource Efficiency
and Climate Change: Material Efficiency Strategies for a Low-Carbon Future” showed
that the following material cycle improvements should be implemented in the automotive
industry to reduce negative environmental impacts [26]:

Increased fabrication yields and fabrication scrap diversion;

Light-weighting of vehicles through a shift from steel to aluminium;

Lifetime extension and increasing the reuse of parts and recycling of materials from
end-of-life vehicles.

According to Ciceri et al., the above assumptions can be met by the implementation
of the sustainable engineering concept, which is understood as “as a layer of engineering-
oriented approaches, methods and tools crossing the four pillars of Society, Economy,
Environment and Technology for achieving sustainability-oriented results.” In practice,
it means applying scientific knowledge to the design and implementation of products,
materials, technologies, and processes, taking into account the specifics of each of the
four pillars of sustainable development in order to create solutions for design, operational
and organisational activities related to products, processes, services, and culture in the
manufacturing sector [38].

3.1.3. Product Lifecycle Management Aspects

The product lifecycle stages in the literature are defined in numerous ways. Depending
on the context, a different number of stages and definitions can be found. For instance, Eby
defined nine phases of the product lifecycle, namely [39]:

Concept—beginning of life;
Development—beginning of life;
Prototype—beginning of life;
Launch—beginning of life;
Manufacture—beginning of life;
Distribution—middle of life;
Use—middle of life;
Service—middle of life;
Recycle—end of life.

The European Commission defined that product environmental footprint lifecycle
stages assessment should cover (as a minimum) the stages:

Raw material acquisition and preprocessing (including production of parts and components);
Manufacturing (production of the main product);

Distribution (product distribution and storage);

Use;

End of life (including product recovery or recycling).

SAE I

Apart from merely an economic point of view, ecological and societal aspects are also
taken into account by customers and regulations and, thus, have to be deeply considered
by car producers [10]. Ecology-related factors focus on the consumption of energy, the
consumption of resources, and the effects of produced substances and influences on the
environment; society-related factors take into account the involvement of staff, as well as
the influences on the general society. The abovementioned need to be considered during
the entire lifecycle of an automobile [10]:

Conception phase;
Development phase;
Production engineering phase;
Manufacturing phase;

In-use phase;

Recycling and disposal phase.
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According to Framling et al., sustainable product lifecycle management should be
understood as a type of closed loop lifecycle management [27]. It can be designed for the
purpose of improving environmental sustainability during all phases of the lifecycle. Its
main aim is to constantly improve the design, manufacturing, use, and end-of-life handling
of products in order to obtain “improved quality, less breakdowns, reduced need for spare
parts and ensuring an operation that is continuously maintained at the most energy- and
resource-efficient level” [27].

Vila et al. argue that the green product lifecycle framework should be composed of
three main phases [1]:

1.  Design-development phase focused on ecodesign and green development, composed
of strategic planning, conceptual design, embodiment design, detail design, and
manufacturing plan;

2. Manufacturing phase focused on green manufacturing and sustainable production,
composed of storage package, assembly, production, production control, and re-
source management;

3. Service phase focused on sustainable logistics, product special response, and respon-
sible use and maintenance, composed of logistics, sales, delivery, client service, and,
finally, reduce/reuse/retire/recycle.

Marcon et al. proposed another framework for a green product. They divided green
product attributes” groups into three main product lifecycle phases, namely—production,
use, and end-of-life [23]. Within the production group, the attributes that were identi-
fied are: sustainable manufacturing, eco-oriented R&D, ecolabelling, transport efficiency
in production, waste management and reduction, water efficiency, hazardous materials,
material efficiency, and use of sustainable materials. Within the use group, the attributes
that were identified are transport efficiency in use, energy-related attributes, fuel-related
attributes, pollution reduction, and design for sustainability-oriented behaviour. Within
the end-of-life group, the attributes that were identified are extended lifetime, transport
efficiency in-use, biodegradability, recyclability, and product disposal attributes, as well as
sustainability of packaging.

According to Hirz and Brunner, four main groups of influencing factors on a car’s
lifecycle performance can be distinguished [10]. The technical specifications include vehicle
type, size and weight, propulsion technology, vehicle technology, and materials. The supply
of resources and energy includes the type and amount of energy for production and use
and high/low impact materials, as well as raw materials. The production and recycling
technology group includes efficient production, supplier, and logistics processes; design for
recycling; and recycling technologies. Last but not the least group, the in-use phase includes
transportation demands, user profiles, driving behaviour, fuel and energy consumption,
and maintenance and service efforts [10].

Khan et al. proposed a lifecycle indexing system, LInX, which facilitates the lifecycle
assessment application in process and product evaluation and decision making [28]. It
covers four main groups of indicators: environment, health and safety (EHS), cost, technical
feasibility, and sociopolitical factors. Each of the groups was divided into more specific
attributes: environment, health, and safety includes such indicators as resource depletion;
greenhouse effect; ozone depletion; acidification potential; oxidation potential; mass of
air pollutants released; mass of water pollutant released; mass of solid waste disposed;
human health risk; ecological risk; and safety risk. Technology tackles aspects of technical
feasibility; process conditions; energy efficiency; and human-machine interaction. The cost
house refers to fixed cost; operation and maintenance cost; and health, safety, and envi-
ronmental costs. Finally, the sociopolitical house corresponds to sociopolitical acceptance;
vulnerability of area; and social impacts.

Zhao et al. focused on sustainability-related indicators based on Global Reporting Ini-
tiative Sustainability Indicators (provided by the United Nations Environment Programme)
and sustainability indicators provided by The Institution of Chemical Engineers [29]. Ac-
cording to Zhao et al., the elements of sustainable development for sustainable PLM are
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divided into environmental, economic, and social indicators. In the environmental group,
indicators such as materials used, energy, emissions/pollutions, biodiversity, and compli-
ance were specified. The economic group includes investment, economic performance,
market presence, and indirect economic effect. The social group includes labour practices,
human rights, social influence, and product responsibility.

Staniszewska et al. proposed measures for ecodesign divided into areas based on
PLM phases, together with the definition of the current state and potential improvement
of the factors, as well as their impact on the environment (low, medium, and high). The
phases (and their corresponding measures) are divided into design (weight of the product
and its parts, consumption of fuel, and number of parts), raw materials (resources used,
hazardous materials, and use of materials from recycling), manufacturing and distribution
(use of media (energy, water), amount of waste, use of hazardous materials, pollution, type
of packaging, mode of transport, size and weight, documentation, stock, and intensity),
and, finally, end of life (reuse of parts and hazardous waste).

3.2. Listing Relevant Indicators

In accordance with the developed methodology of the selection and assessment of key
green indicators related to the automotive industry in line with the GreenPLM concept, a
matrix with all previously identified indicators was prepared on the basis of the literature
research. The matrix contains a dataset of indicators proposed by individual authors, which
are grouped into original categories proposed by these authors. More than 130 indicators
were identified within this research. The results are shown in Table 1.

3.3. Semantic Integration

The first conclusion that comes to mind after analysing the results of the literature
analysis concerns nomenclature. Most authors use different wording when describing
individual terms. Therefore, to better understand the relationships between different indi-
cators, semantic integration was carried out not only for indicators but also for indicators
groups and lifecycle stages. Various forms of notation for indicator names were assigned
to corresponding ontologies, and a representative name for a given ontology was chosen
based on a widespread understanding in order to make further research easier.

For example, indicators such as “absence (or reduced quantity) of hazardous sub-
stances (includes the absence of toxic substances, and safe products)”, “avoidance of the
use of hazardous materials and chemicals in production processes”, “hazardous mate-
rials”, “use of hazardous materials”, “free from toxic chemicals”, “hazardous waste”,
and “nonpoisonous material” were grouped into one category that was named “use of
hazardous materials”.

The results of the nomenclature unification are presented in the Tables 2—4 below. The
appearance of the original wording in the literature analysis is indicated. As a result, 64
distinct indicators describing sustainability aspects in green product lifecycle management
were identified.
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Table 1. List of relevant indicators; own elaboration.

Zhang et al. [19]

Materials used Energy
Environment Gas emissions/Pollutions Biodiversity
Compliance
Investment Economic Performance
Economy
Market Presence Economic Effect
. Labor Practices Human Rights
Society

Social Influence

Product Responsibility

Marcon et al. [23]

Eco-oriented R&D

Modular Design

Ease of Assembly

Ease of Disassembly

Reduced number of parts

Reduced weight of components

Sustainable manufacturing

Use of remanufactured goods (incl.
energy-efficient processes and
renewable energy)

Use of production waste as fuel

Eco labelling

Communication about raw material origin (incl. origin label, fair trade & country of origin)

Ecolabel and environmental certification

Local production

Transport efficiency in production

Transport optimisation

Production waste recycling/reuse

Proper elimination of production waste

Design that promotes production waste
reduction/minimisation

Eliminate/reduce effluent

Total reuse of cutting leftovers

Use of low-emission transport (incl. transport with reduced environmental impact)

Water efficiency

Production intending for recycling/reuse
of water

Reduced water consumption of products

Production intending for reduced water pollution

Hazardous materials

Absence (or reduced quantity) of hazardous

substances (incl. the absence of
toxic substances)

Avoidance of the use of hazardous materials
and chemicals in production processes

Material efficiency

Reduced or zero use of nonrenewable parts

Reduced use of raw materials
(dematerialisation)

Use of sustainable materials

Use of organic products or parts

Components with reduced environmental
impact (incl. nonpolluting materials)

Use of lighter metals

Use of natural material

Use of reclaimed /recycled materials

Recycled product and materials

Use of renewable materials for product
or packaging

Use of wood from reforestation

Khan et al. [28]

Environment, health, and safety

Resource depletion

Greenhouse effect

Ozone depletion

Acidification potential

Oxidation potential

Mass of air pollutant released

Mass of water pollutant released

Mass of solid waste disposed

Human health risk

Ecological risk

Safety risk
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Table 1. Cont.

Technical Feasibility Process conditions
Technology
Energy efficiency Human-machine interaction
Fixed cost Operation and maintenance cost
Cost house

Health, safety, and environment cost

Sociopolitical house

Socio-political acceptance

Vulnerability of area

Social impacts

Zhao et al. [29]

Materials used Energy
Environmental Emissions/Pollutions Biodiversity
Complience
Investment Economic Performance
Economic
Market Presence Indirect Economic Effect
Labor Practices Human Rights
Social - —
Social Influence Product Responsibility
Herbes et al. [40]
G 1 Not harmful to the environment Comes with environmental certifications
enera

eco/sustainability / carbon labels

Green brands

Phase I: Resource extraction
(beginning of life)

Remanufactured goods

Organic material, e.g., organic cotton

Regional biomass

Environmentally-friendly material

Vegan

Natural material

Free from toxic chemicals

Legal origin (wood)

Phase I: Use of recycled or
renewable resources

Recycled material

Renewable material

Phase II: Production process and
supply chain management

Locally made

Low carbon footprint/climate-neutral

Environmentally-friendly manufacturing processes

Phase III: During use

Nonpoisonous -material

Electricity and water consumption of the

product (appliances)

Long services life

Cost (willingness-to-pay)

Phase IV: Post-use (end of life)

Can be recycled /retailer has recycling centre

European Commission [21]

Climate change

Ozone depletion

Human toxicity—cancer effects

Human toxicity—noncancer effects

Particulate matter

Ionising radiation

Photochemical ozone formation

Acidification

Eutrophication—terrestrial

Eutrophication—marine

Eutrophication—freshwater

Ecotoxicity—freshwater

Land use

Water scarcity

Resource use, mineral

Resource use, energy carriers

Resource use, energy carriers

Staniszewska et al. [30]

Design

Weight of the product and its parts

Consumption of fuel

Number of parts

Raw materials

Resources used

Hazardous materials

Use of materials from recycling
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Manufacturing and distribution

Use of media (energy and water)

Mode of transport

Amount of waste Size and weight
Use of hazardous materials Documentation
Pollution Stock

Type of packaging Intensity

End of life

Reuse of parts

Hazardous waste

Table 2. Semantic integration of indicators groups (own elaboration).

Economic [10,19,28,41]
Environment [10,19,21,23,28,41]
Health and safety—hazardous materials [23,28,41]
Sociopolitical aspects [10,19,28,41]
Technology [19,23,28],

Use of sustainable materials [21,23,30,40]
Waste management and reduction [23]

Table 3. Semantic integration of lifecycle stages (own elaboration).

Resource extraction/material [10,21,39,40]
Design [6,10,30,39]
Manufacturing and distribution [6,10,21,30,39,40]
Use [6,10,21,39]
Post-use [10,21,30,39,40]

In the second step, semantic integration of the indicators was performed. Their
appearance in the literature analysis is indicated.

3.4. Expert Evaluation

Based on the semantic integration results, it is possible to evaluate the relevance of
the indicators by assessing their usefulness within the sustainable production aspects of
product lifecycle management. As the research on GreenPLM concept is in the initial phase
and can be treated as an introduction, to perform the evaluation three experts in the field of
product lifecycle management and sustainability (with more than 10 years of experience in
R&D) were invited.

The assessment was based on a five-point Likert scale, which was used to allow the
individual to express how much they agree or disagree with a particular statement. The
experts were asked to evaluate the usefulness of each of the indicators in green product
lifecycle management, giving ranks from 1 to 5 (where 1—not useful; 5—very useful). Each
of the experts evaluated each indicator separately based on their knowledge and experience.
During the evaluation, the experts worked individually and did not contact each other so
as not to suggest the evaluations of others and not to influence each other’s scores. The
results obtained for all 64 indicators did not differ significantly from each other, so there
was no need for finetuning. From the obtained results, the mean average was calculated.
The results are presented in Figure 2.



Energies 2023, 16, 1137

14 of 23

Table 4. A list of semantically integrated indicators (own elaboration).

Acidification potential [28] Materials used [8-10,19,21,28-30]
Biodiversity [29] Mode of transport [30]

Carbon footprint [19,40] Modular design [23]

Sr?\?i?()) iﬁ?ﬁ:iﬁ;:iuced [10,23,40] Number of parts [30]
Consumption of fuel [30] Operation and maintenance cost [28]

Cost (willingness to pay) [40] Oxidation potential [28]
Dot prometes proucion 1025 129
Documentation [30] Photochemical ozone formation [21]

Ease of assembly [23] Process conditions [28]

Ease of disassembly [23] Product Responsibility [19,29]
Eggli;failziiaoid environmental [23,40] fvl;:)tcel;l;t(i)(l)l?l :ir(l)tﬁnding for reduced 18,23]
Ecological risk [28] Production waste recycling/reuse [23,26,40]
Economic performance [19,29] Reduced number of parts [23,26]
Ecotoxicity of water [21,23] Egi;fsvf;bzlzr;;:: of [23]

Energy efficiency [10,28,29] éeef;ls’fiigfiz;tfi (1;';11\)/\1 materials [8,23]
Environmental compliance [19,29] l;;eg;locgic?;ater consumption [23,40]
f&:ﬁ?;?jf};ﬁggiﬁg [8-10,19,23,24,30,40] Reuse of parts [26]
Eutrophication of water [21] Safety risk [28]

Gas emissions [19,25-28] Size and weight [30]

Health, safety, and environmental cost  [28] Social impacts [10,19,28,29]
Human rights [19,29] Stock [30]

Human toxicity and health risk [21,28] Technical feasibility [28]
Human-machine interaction [28] Transport optimisation [23]
Indirect economic effect [29] Type of packaging [30]
Investment [19,29] Use of hazardous materials [21,23,30,40],
Ionising radiation [21] Use of lighter materials [9,10,23,26,30]
Labour practices [19,29] Use of low-emission transport [23]

Land use [21] Use of materials from recycling [8,30,40]
Local production [23,40] Use of sustainable materials [8,23,40]
Market presence [19,29] Vulnerability of area [28]

Mass of solid waste disposed [28,30] Water usage [19,21]
Mass of pollutants released [28-30]
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Carbon footprint

Ecolabel and environmental certification

Energy efficiency

Ecotoxicity of water

Environmentally-friendly manufacturing processes

Mode of transport

Materials used

Use of lighter materials

Ozone depletion

Product Responsibility

Gas emissions

Social impacts

Production waste recycling/reuse

Cost (willingness-to-pay)

Use of low-emission transport

Human Rights

Use of materials from recycling

Photochemical ozone formation

Use of sustainable materials

Components with reduced environmental impact

Type of packaging

Ease of Assembly

Reduced or zero use of non-renewable parts

Ecological risk

Reuse of parts

Eutrophication of water

Size and weight

Ionizing radiation HH

Use of hazardous materials

Land use

environmental complience

Production intending for reduced water pollution

Modular Design

Oxidation potential

Reduced water consumption of products

Safety risk

Transport optimization

Economic Performance

Design that promotes production waste

reduction/minimization

Labor Practices

Reduced use of raw materials

Documentation

Consumption of fuel

Human-machine interaction

Local production

Process conditions

Mass of solid waste disposed

Mass of pollutant released

Acidification potential

Biodiversity

Operation and maintenance cost

Indirect Economic Effect

Reduced number of parts

Investment

Water usage

Market Presence

Ease of Disassembly

Stock

Health, safety, and environment cost

Human toxicity and health risk

Vulnerability of area

Number of parts

Technical Feasibility

Figure 2. Initial assessment of key green indicators for the automotive industry (own elaboration).

3.5. Ranking and Selection of Indicators for Further Analysis

The evaluation results were used as a basis for ranking the most suitable indicators
that are connected with sustainable production aspects of product lifecycle management in
the automotive industry. The list of 64 indicators was ranked according to their mean value
calculated based on the expert assessment scores starting with the indicators that achieved
the highest value. To select a group of the 20 most relevant indicators for GreenPLM, the
cut-off line was set to a mean value greater than 3.7, leaving a total of 21 indicators for
further analysis. The results of the selection are marked in the table with a different colour
in Figure 2 (green for the selected ones).

4. Discussion

Although the extended analysis showed that there are many different types of indi-
cators and measures of sustainable development in the automotive industry, each of the
authors defined them in a different way, sometimes without their explanation or even
indicating the units in which they should be measured.
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This is why the authors of this paper, following the proposed methodology of the
selection and assessment of key green indicators related to the automotive industry in line
with the GreenPLM concept, identified 20 key green indicators. For each of the indicators,
the standardized explanation and metrics are proposed in Table 5.

Some researchers and R&D managers have described the product lifecycle in the
automotive industry. Guyon presented vehicles” “cradle-to-grave” lifecycle that covers not
only raw material extraction, production, distribution, use, and recycling but also aspects
such as fuel consumption, maintenance, and energy recovery in end-of-life processing [42].
Mildenberger and Khare state that the lifecycle of an automobile begins with the concept
and design and concludes with retirement (i.e., end-of-life scrapping), including processing
and utilisation [43]. Messagie et al. except the manufacturing, use and end-of-life stages
include the well-to-tank stage (production of the fuel or electricity) [44]. Folega et al.
broaden these stages to the production phase—components of production and vehicle
assembly, well-to-tank; use phase—maintenance, tank-to-wheel; end of life phase—reduce,
reuse, remanufacture, and recycle [45]. Balzer stated that the vehicle LCA encompasses
all phases of the product cycle, from raw material extraction to end-of-life recycling and
disposal. However, as Balzer states, lifecycle assessment in the automotive industry can
be a challenge due to the fact that vehicles are products of very complex construction,
composed of many parts, systems, and sub-system, that are coming from dispersed supply
chains [46].

According to Grimshaw, six lifecycle stages should be examined in terms of creating
an environmentally friendly product. For each stage, several things regarding the product’s
sustainability should be considered [8]. They are as follows:

e  Design—Are the features and functionality of the product as sustainable as they
possibly can be? Are the raw materials and packaging options designed in the most
environmentally friendly way possible?

e  Extraction of raw materials—Are the resources sourced responsibly? Is there a way
to use biproducts or recycled materials instead? Is the company using resources that
harm endangered species?

e  Manufacturing—Does the production process anticipate energy saving, conserving, or
recycling of raw materials? What are the measures to prevent environmental pollution?

e Distribution and packaging—Is the product designed to simplify packaging and
efficient distribution? Is it possible to use low-impact delivery vehicles?

e  Product use—Can the product consume less power or resources when in use? Is the
product able to be maintained with minimal water and/or chemicals?

e Disposal or recycling—Is the product designed to be easily recycled, reused, or com-
posted? Can it be made with lower amounts of environmentally harmful substances
to minimize pollution run-off?

Based on these questions, it can be concluded that the sustainability of a product
depends on the initial stages of its life—especially the product design phase and the
planning of the production process.

Due to the fact that the results of the literature analysis on the PLM stages in the
vehicle sector confirmed the correctness of the previous results obtained within the key
green indicators assessment, further work was carried out on the assignment of individual
indicators to the beginning-of-life stages of the car. For a better fit, the product design phase
was divided into three subcategories: material, product (understood as a part or assembly),
and final product design. The results are presented in Table 6.
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Table 5. Standardised key green indicators with redefined nomenclature (own elaboration).

1 Nonpolluting material

A logical indicator representing the type of material. If the material is nonpolluting, the value is “yes”; if
the material is polluting, the value is “no”.

Types of pollution to be considered: air pollution, light pollution, land pollution, noise pollution, plastic
pollution, soil contamination, radioactive contamination, thermal pollution, visual pollution, and

water pollution.

n/a (logical value of the indicator—yes/no)

2 Hazardous material

A logical indicator indicating if the material is hazardous or not. If the material is hazardous, the value is
“yes”; if the material is nonhazardous, the value is “no”.

Hazardous refers to substances or chemicals that pose a health or physical hazard or harm to the
environment: explosives/gases/flammable liquid, combustible liquid /flammable solid, spontaneously
combustible, and dangerous when wet/oxidizer, organic peroxide/poison (toxic), and poison inhalation
hazard /radioactive.

n/a (logical value of the indicator—yes/no

3 Lightweight material

A logical indicator indicating if the material is considered lightweight or not. If the material is
lightweight, the value is “yes”; if the material is not lightweight, the value is “no”.

To a lightweight material the following materials can be assigned: aluminium, magnesium, beryllium,
titanium, titanium aluminides, engineering plastics, structural ceramics, and composites with polymer,
metal, and ceramic matrices).

n/a (logical value of the indicator—yes/no)

4 Sustainable material

A text (string) indicator representing the type of sustainable material. The value does not necessarily have
to be a single choice, it could also be multiple choice (e.g., bio-based and renewable). For material to be
sustainable, it must be possible to produce and/or consume it in a way that does not result in harm

or destruction.

Examples of sustainable materials: bamboo; wood; hemp; wool; linen; straw; clay, stone, sand; beeswax;
coconut; organic cotton; organic linen; and recycled: fabrics, glass, steel, copper, and aluminium.

n/a

5 Material carbon footprint

A numerical indicator presenting how many greenhouse gases are released throughout the supply chain,
and it is often measured from cradle to gate (factory) or cradle to site (of use). Embodied carbon may also
be measured with the boundaries of cradle to grave, which is the most complete boundary condition.
This includes the extraction of materials from the ground, transport, refining, processing, assembly, in-use
(of the product), and, finally, its end-of-life profile. The embodied carbon footprint is, therefore, the
amount of carbon (CO, or CO,e emissions) to produce a material.

t CO,

6 Material water footprint

A numerical indicator presenting the amount of water that is consumed and polluted in all processing
stages of its production. A product’s water footprint expresses how much pressure that product has put
on freshwater resources.

1/kg
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A numerical indicator presenting how many renewable parts, meaning parts/components that can be
used again in the future—with or without repair/upgrade—are used in the product. The value of the

7 Number of renewable parts  indicator can be further aggregated (e.g., product A (assembly A) is composed of 3 renewable parts, pcs. (or units) per product
product B (assembly B) is composed of 4 renewable parts, so product C (assembly C = assembly of A + B)
is composed of 7 renewable parts in total).
A numerical indicator presenting how many reused parts are assembled in the product. These parts are
coming from recycling. Could be with or without repair/upgrade. The value of the indicator can be
Number of reused . . .
8 arts assembled further aggregated (e.g., product A (assembly A) is composed of 4 reused parts, product B (assembly B)is  pcs. (or units) per product
P composed of 2 reused parts, so product C (assembly C = assembly of A + B) is composed of 6 renewable
parts in total).
9 Reduced water A numerical indicator presenting that it is valid only when comparing 2 products (e.g., “old” and “new” m3 (1) per product
consumption of a product design). The indicator presents how much water (m3 or 1) is used by the product. perp
10 Product size A numerical indicator presenting the dimensions of a product—length x width x height. m (or m® when applicable)
11 Product weight A numerical indicator presenting the weight of a final product. kg
12 Consumption of fuel A numerical indicator presenting the amount of fuel used by a car per 100 km. 1/km
13 Final p roduct' A numerical indicator presenting total greenhouse gas emissions related to the production process. t CO,
carbon footprint
14 Energy usage A numerical indicator presenting energy used in the production process to manufacture 1 product. kWh/unit
15 Water usage A numerical indicator presenting water used in the production process to manufacture 1 product. m3 /unit
16 Amount of waste A numerical m.dlcator presenting the amount of material not used in the process (e.g., rest of the metal kg/unit
sheet and turnings) per 1 final product.
17 Waste recycled /reused A numerical indicator presenting the amount of waste from a previous product used to create a kg
new product.
18 Water polluted A numerlgal indicator pre.sentmg the number of pollutants that are either dissolved or suspended in mg/m®
water during the production process.
19 Use of low-emission A numerical indicator presenting the proportion of the use of internal transport based on low emissions y
transport to regular emissions. Includes transportation with a reduced environmental impact. ’
20 Amount of scrap A numerical indicator presenting the number of produced products that have defects per the whole o

production batch.
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Table 6. Assignment of key green indicators to PLM stages and datasources; own elaboration.

1 Nonpf)llutmg external European Chemicals Agency Database yes/no n/a material type: steel
material value: yes
2 Hazardous material external European Chemicals Agency Database yes/no n/a ‘I;rsltgl;letsype: sulphuric acid
- - — 5
3 Lightweight material ~ internal from project assumptions yes/no n/a ‘rlr:;fleer.le:llotype. aluminium 0% Rec.
3 — . '
2 5 : internal from supplier, eCf)mvent/GaBl Lea recycled, renewable, material: recycling ferro metals
4 5} Sustainable material databases, or defined by procurement . n/a
s /external o natural, organic value: recycled
personnel based on a selection list
: . . . material: aluminium *
5 Maten.al ke external from supplier or ecoinvent/GaBi numeric tCO, value: approx. 7 tonnes of CO2e per tonne of
footprint LCA databases s
aluminium produced
6 Material water external from supplier or ecoinvent/GaBi numeric 1/k material: unalloyed steel
footprint LCA databases & value: 11.831/kg
Number of . calculated based on previously defined . pcs. (or units)
7 internal . numeric 7 pcs. per product
renewable parts material features per product
8 Number of reused internal calculated based on the designer’s numeric pcs. (or units) 6 pes. per product
parts assembled definitions for a single part per product pes. perp
- Reduced water
9 g consumption internal from project assumptions and calculations numeric m? (1) per product 2 m?3 per product
g of product
& (or m? wh part: 12 x 0.9 X 0.5m
10 Product size internal from CAD numeric m (;r HLIV;’ en final product (Renault Clio):
appiicable 43 x 177 x 1.51m
. . . part (engine): 150 kg
11 Product weight internal from CAD numeric kg final product (Audi A6): 1865 kg
12 Final product Consumption of fuel  internal from project assumptions and calculations numeric 1/km 8.0
13 P Carbon footprint external carbon footprint calculators numeric t CO, 3.7094
14 Energy usage internal calc'ulated based on process plan and numeric kWh/unit 15,800
maintenance costs
=1
15 S 2 Water usage internal calc.ulated based on process plan and numeric m?/unit 4
k31 g maintenance costs
16 5 I Amount of waste internal calculated based on the process plan numeric kg/unit 73
g &~ Waste recycled/ . calculated based on CAD design and .
17 ~ internal numeric kg 10
reused process plan
18 Water polluted internal calculated based on the process plan numeric mg/m3 0.05
19 Transport Use of low-emission internal from logistic department numeric % 80
transport
ideally: calculated based on MRP, inventory,
20 Manufacturing Amount of scrap internal BOM and process plans numeric % 3.16%

reality: scrap registered for reuse
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Further, critical in the context of sustainable development and circular economy is
to consider the product lifecycle in a much broader scope than just development and
implementation into production (which is often the case of many commercial PLM systems
currently available on the market). Due to the fact of some significant deficiencies resulting
from the imperfections of the current class of systems, as well as deficiencies in the level
of the integration of corporate systems used in companies with PLM systems (e.g., ERP,
SCM, and MES), it is necessary to manually acquire information crucial for determining
environmental data from distributed systems.

Often, information enabling the assessment of the product’s sustainability is created
and stored in various IT systems, external databases, MS Excel sheets, or in dedicated
systems developed independently by a given company. For example, the geometry and
material requirements are created in the CAD system; information about suppliers, e.g.,
distances, is contained in ERP systems; information on how to use and service the product
is stored In PDM; and requirements management systems. Sustainability-related data,
such as CO, emissions or the water footprint for the extraction and production of input
materials, are stored in external databases or in SCM supplier databases.

Given the great importance of selecting the appropriate databases and datasets, the
authors of this study conducted an analysis of the sources of obtaining the values of the
identified indicators or parameter values for their calculation.

Based on that, the final result of the research—key green indicators related to the
automotive industry in line with the GreenPLM concept—are presented in Table 6 with
their assignment to the elements of the car’s beginning-of-life stages, as well as their
potential data sources.

5. Conclusions

Regulations, depletion of natural resources, and changing customer demands are
putting pressure on manufacturing companies to consider environmental issues in the
development of the products they offer. The importance of the presented research on
product lifecycle management green indicators is directly related to the demands of the
industry. Companies are using PLM systems to manage the product lifecycle, but the
current generation of these systems is not adequately adapted to product sustainability
issues. Existing solutions do not provide the ability to manage the entire product lifecycle
from a single integrated platform and monitor environmental indicators from a single view.

Currently, in order to meet the requirements of sustainable development, it is necessary
to use many integrated advanced IT solutions that are a reliable source of up-to-date data.
The number and type of individual IT solutions largely depend on the industry, as well as
the type and complexity of products manufactured. Yet, it is critical to ensure the coverage
of the product lifecycle in its entirety and to enable uninterrupted communication and
smooth data flow between all its stages and stakeholders participating in activities in any
of its stages.

In order to effectively implement the adopted strategies and business models that
take into account environmental aspects, manufacturing companies need better and more
integrated IT systems. Data that are normally scattered across enterprise systems need to
be integrated, processed, and made available in a way that provides insights into current
company practices, process quality, progress, and level of transformation towards achieving
green goals.

The answer to these challenges may be the innovative GreenPLM solution, which is
foreseen to take into account the paradigm of sustainable product lifecycle management
and circular economy. The key functionalities of such a comprehensive and seamlessly
integrated GreenPLM system should include:

e  The ability to formally manage requirements, taking into account specific metrics
related to the sustainable goals and ensuring their traceability throughout the product
lifecycle in order to ensure—through specific verification and validation processes—
that the defined requirements are met;
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e  The ability to build advanced simulation analytical models that allow not only under-
standing and optimising the impact of new materials but also changes in manufactur-
ing processes and how products are used and serviced;

e  The ability to provide seamless connection of data streams to ensure interoperability
of various classes of systems; this would allow building an integrated, holistic insight
into resource data obtained from physical and virtual systems throughout their entire
lifecycle and taking into account normally siloed functional perspectives;

e A support system to improve product design and development processes with en-
vironmental considerations based on indicator analysis and an assessment of the
environmental impact of the product.

Limitations and Further Research

The authors would like to acknowledge that this analysis has several limitations.
The first limitation—nonextensively analysed potential data sources of sustainable
indicators—results from the narrowed possibilities of investigation within databases and
datasets. This is caused by the fact that access to a large number of databases is restricted
due to the fact of their commercial nature and the need to pay high-access licenses.

The second limitation is due to the nature of the maturity of the research on the
GreenPLM concept. Currently, it is in the initial phase and can be treated as an introduction
to more extended research on sustainable indicators for PLM in the automotive industry.
According to the planned works within the development of the GreenPLM concept, the
20 key green indicators presented in this paper will be analysed in-depth under several
aspects. The first one is related to the evaluation of their feasibility to different subsectors
of the automotive industry. Secondly, the analysis focused on the identification of business
models corresponding to sustainability, as well as sustainable business, goals will be
performed. The key green indicators are planned to be matched—where relevant—to
particular sustainable business goals and corresponding sustainable business models.
Thirdly, the sustainable indicators will be evaluated in terms of environmental, economic,
and social impacts. After finalising those stages of research, the final list of the key indicators
of sustainable aspects in the automotive industry will be selected.
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