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Abstract: The Circular Economy (CE) is a priority topic for various stakeholders such as politicians,
scientists, and industry. However, despite the significant interest in CE, there is still a lack of a
framework explaining how manufacturing companies willing to become circular adapt their existing
business model. The concept of this work is based on the use of Information Technologies such as the
well-known and long-proven Product Lifecycle Management (PLM) solutions in the implementation
and maintenance of the CE concept to reduce the consumption of primary raw materials, increase
employment rates, and reduce environmental damage. This paper aims to assess the feasibility and
effectiveness of using the PLM approach to implement the CE concept. The authors selected the most
common and effective PLM functionalities and then assessed them to support selected components of
the CE concept using qualitative and quantitative methods. The performed assessment and the inter-
relation matrix of benefits developed on its basis allowed for pointing out the feature combinations
that would bring the best outcome. The conducted study proved that the implemented and properly
working PLM solution could simultaneously support CE concepts. PLM functionalities such as
(1) product development, (2) transparency, and (3) value-maximizing with the combination of CE
functional areas of (1) personalization, (2) made to order, and support turned out to be particularly
effective. This study contributes to ensuring an effective and quick process of implementing CE
concept in manufacturing companies and moreover opens further research ideas in bringing the
Circular Economy to life.

Keywords: Product Lifecycle Management (PLM); Circular Economy (CE); implementation; mainte-
nance; manufacturing companies

1. Introduction

As the world’s population grows, the demand for raw materials increases. However,
the supply of critical raw materials is limited. The extraction and use of raw materials
have a significant impact on the environment. At the same time, it also increases energy
consumption and CO2 emissions. Through the immoderate consumption of resources by
industry, recent decades have led to an uncontrolled increase in CO2 emissions, which, if
not stopped, could lead to the destruction of our environment production, society, and
population. This issue is severe, as noted by the European Commission, which in March
2020 was presented as part of the European Green Deal, and is in line with the proposed
new industrial strategy a new Circular Economy action plan, which includes proposals for
more sustainable product design, waste, and empowering consumers [1].

The “Circular Economy” concept, which often coincides with “sustainable develop-
ment,” is a remedy for this state of affairs. CE is defined as “the set of organizational planning
processes for creating, delivering products, components, and materials at their highest utility for
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customers and society through effective and efficient utilization of ecosystem, economic, and product
cycles by closing loops for all the related resource flows” [2]. The main goal of CE is to extend the
product lifecycle by “slowing, narrowing and closing the resource loops through biological, techni-
cal and information cycles” [3]. It can be achieved by extending the traditional perception of
manufacturing processes in a production plant towards Product Lifecycle Management,
including preparation for reuse, remanufacturing, recycling, or final safe disposal already
at the production stage [4]. Lifecycle design and management are becoming a strategic
element of implementing the “circular” approach [5].

These activities should lead to the regeneration and recovery of resources and envi-
ronmental protection. Even though the benefits are still theoretical, mostly big companies
have started to invest in this approach.

However, there is still a lack of a framework explaining how companies willing to
become circular should adapt their existing business model despite their significant interest
in the Circular Economy [6]. The methodologies and frameworks for CE are still under
development [7]. Moreover, small and medium-sized companies still hesitate to take a step
towards a new concept. Hence, in a broader sense, little effort and practical applications
have been made to make this idea a reality and to make it be perceived as a critical factor
in business. The last but not most minor barrier is the lack of appropriate technology to
adopt CE practices in the company, which is particularly visible in activities related to the
development of new products [8].

Digitization seems to be an essential element on the way to change this state. The
implementation of Product Lifecycle Management allows for companies to set up a digital
backbone of processes during their products’ lives, starting with conceptualization through
manufacturing, support, and withdrawal from the market. As a result, it allows for collect-
ing complete data about products, processes, and resources at every stage of the product
life for all actors involved. It can collect and integrate any information, including environ-
mental information, such as the material composition of products, to stimulate high-quality
recycling or better reuse of components or products. In this way, PLM can digitize and gen-
erate new business value for entities along the entire value chain [4]. The combination of
Product Lifecycle Management functionalities appears to be a step towards smoothing the
change as PLM can provide certain combinations of functions that demonstrate CE benefits
for companies. The concept of work is based on the use of well-known and long-established
Product Lifecycle Management solutions in the implementation and maintenance of the
Circular Economy concept to ensure the efficient use of natural resources, clean production,
and environmental protection, not to mention the economic benefits.

2. Literature Review

Since this paper focuses on the implementation and maintenance of CE concepts in
manufacturing companies, it seems appropriate to define and find the links between CE
and Industrial Ecology (IE) to place this study in the broad background of both concepts. IE
is an advanced holistic approach to redesigning industrial operations by shifting from “end-
of-pipe” pollution control methods to prevention and planning for more environmentally
friendly industrial development: “Industrial Ecology is industrial in that it focuses on
product design and manufacturing processes. It views firms as agents for environmental
improvement because they possess the technical expertise that is critical to the successful
execution of environmentally informed design of products and processes” [9]. In the
Handbook of Industrial Ecology [10], IE aims to create a closed-loop of resources within
production processes in a linear industrial economy to reduce environmental impact and
increase economic efficiency.

IE was first introduced in the late 1980s and has remained the subject of definitional de-
bates, particularly concerning CE. In many publications, the thesis is that IE is a transitional
object for shifting from a linear economy to a Circular Economy (CE). According to Walter
Stahel in his book [11], the goal of CE is to maximize the use of physical resources. Thus, the
goal of CE is different from IE in the sense that CE does not ultimately focus on producing
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more products by cascading resources as IE does but tries to preserve product values as
much as possible by optimizing loops. Another observation is that CE promotes sufficiency
instead of efficiency [12]. In the context of this study, CE has some similar functions to IE,
such as industrial metabolism, dematerialization, and decarbonization, lifecycle planning,
eco-design, product stewardship, industrial symbiosis, and eco-efficiency. CE has a broader
meaning and impact, extending to other areas outside the manufacturing sector, particu-
larly to humans’ perception and awareness of environmental responsibility, doing the right
things instead of doing things right. There is a connection between these two concepts, and
IE has research and applications that can foster CE because of its long tradition.

The concept of CE also has great potential in supporting and implementing the Sus-
tainable Development Goals (SDGs) [13]. These goals were established in 2016 by the
United Nations, and its “2030 Agenda for Sustainable Development” includes 17 goals
ranked in 3 categories: economic growth, social inclusion, and environmental protection.
These goals are also known as the global sustainability challenges for sustainable consump-
tion and production. Based on the principles of eliminating waste and pollution, keeping
products and materials in use, and regenerating natural systems, CE tools and practices can
be used to address the challenges of climate change, living with limited water resources,
industry, innovation and infrastructure, sustainable cities and communities, responsible
consumption and production, decent work and economic growth, and affordable and clean
energy. Properly applied, CE methods and principles can directly or indirectly bring many
positive impacts to SGDs.

There is no one-size-fits-all approach to implementing CE in organizations [14]. This
process always requires overcoming specific barriers resulting from the specificity of the
company’s business model, technological level, and employees’ competencies.

Attempts were made to build a knowledge base to facilitate the CE implementation
process in the company. For example, one study [15] developed two tools to support
implementing the CE concept. These are two databases containing deployment strategies
and deployment use cases. These tools are advisory and allow companies to choose the
most appropriate way to implement the elements of the CE business model.

Another proposal is to use known and practiced simulation techniques to implement
the circular approach in enterprises [16]. IIOT, the Industry 4.0 component, has ensured
that the data is up-to-date, which for many companies means a financial investment and the
need to improve employee competencies. There are various quantitative tools, indicators,
and matrices that can be used to apply CE principles. However, these methods are often lim-
ited by data unavailability, data inconsistencies, lack of information on the lifecycle of their
products, lack of technological expertise in product design and integration with production
processes. Chauhan et al., suggested that the technologies included in Industry 4.0 can
overcome these barriers [17]. In the study on digitization and CE, the authors defined
several challenges related to CE and digitization, such as business models, data ownership,
data sharing, data integration, collaboration, and competency requirements. [18]. The most
crucial element seems to be cooperation. According to the author, digitization enables
transparent access to data on resource consumption and product lifecycles, and thus en-
ables the transition to CE. It is widely believed that only by using new digital technologies
that constitute the backbone of the fourth industrial revolution (such as the Internet of
Things (IoT), 3D printing, big data, and related analytics, virtual and augmented reality,
etc.) can CE be successfully implemented in manufacturing companies [19].

However, we believe that, contrary to this statement, it is possible to successfully
use existing, well-known IT solutions to implement CE in a manufacturing company
successfully. In this way, it is possible to eliminate implementing advanced components of
Industry 4.0, which requires organizational, technological, and financial efforts.

PLM solutions are a tool that has long been effective in eliminating all of the above
barriers in manufacturing companies and their supply chains. The capabilities of PLM
systems in CE implementation have been recognized in the research of Lieder et al. [20].
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There, it was found that the use of PLM systems in implementing the CE concept can
directly support the bottom-up approach proposed in this article.

PLM systems, particularly their selected functionalities, enable the practical imple-
mentation and support of the CE business model in a manufacturing company, which will
be proven in this study.

So far, researchers have tried to answer how PLM solutions can be extended to support
CE concepts (how to upgrade existing PLM to provide functionality that is in line with
the CE concept) [21,22]. Others were tackling technical aspects of CE implementation,
e.g., by analyzing the role of ICT enabling CE based on PLM systems to identify challenges
and opportunities [23].

Due to being a more generic tool, PLM has been the least discussed practice in
developing new products focused on CE. It is not easy to find information or studies
assessing all or the main functionalities of PLM systems and their impact or suitability for
implementing CE in a company. It has become a research challenge addressed in this article.

In this context, this paper aims to assess whether PLM systems can be used to im-
plement and support the CE approach in product manufacturing processes. The specific
objectives are:

1. Assessment of different aspects: business, environment, individuals, and their value
in PLM and CE.

2. Determination of scopes of operation in the company of both concepts PLM and CE:
Which domain can be supported by PLM and CE?

3. Find functionalities, actors, and domains that can be supported both by PLM and
CE components.

4. Analyse the functionality of PLM and components of the CE model and their combi-
nation to increase company performance and benefits.

5. The assessment of whether PLM can facilitate the CE implementation process in
the company.

The main contribution of this work is the proposal to use PLM solutions, particularly
their functionality, to implement and maintain the CE model in the company. Section 3
proposes a research method to analyze and compare the PLM and CE concepts to confirm
the above assumption. Based on the literature sources, an overview of both concepts’
functionality, components, application goals, and benefits will be carried out. Then, the
identification and assessment of the degree of their compatibility and limitations will
be made. The individual elements of both concepts will also be assessed. As a result,
six key PLM functionalities and six components of the CE concept will be selected. In
Section 4, selected functionalities and components will be assessed regarding the benefits
offered and their impacts in three domains: Environment, Business, and Individuals. This
assessment will be made using qualitative and quantitative methods. In the next step,
the obtained results will be used to build the interrelation of potential benefits matrix,
which will determine the most effective combinations of PLM functionalities and CE
components. The PLM functionalities obtained in this way will be proposed as elements
of the implementation and maintenance strategy of the CE concept in a manufacturing
company using the existing PLM system in the company. Section 5 contains conclusions
and recommendations and indicates other potential activities and research areas to continue
the presented research.

3. Method and Material Analysis

To verify the assumed thesis and to answer the main objectives of the paper, research
will be carried out, the course of which is presented in Figure 1. The description of the
research procedure is as follows:

1. Based on the literature analysis, the following will be compared: scopes, main objec-
tives, and finally, benefits offered by the PLM and CE concepts in product manufac-
turing processes;
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2. An assessment of the impact of PLM and CE benefits upon three selected domains:
environment, business, and individual;

3. Analysis and selection of the PLM and CE functionalities and components that bring
the best outcomes for the three domains: Environment, Business, and Individual;

4. Identification of the combination of functions domains using the developed concept
of the interrelation function matrix that bring the most significant benefits in 3 defined
domains for users of PLM solutions and simultaneously support the most effective
components of the CE concept from the production company point of view.
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Figure 1. Research method.

The data necessary to conduct the following research will be obtained from existing
and well-established scientific studies and publicly available statistical research results.
The result will be a list of PLM system functionalities that support the CE concept in a
manufacturing company to the greatest extent. Thus, their implementation and use allow
for shortening the process of implementing this concept in the company.

3.1. Product Lifecycle Management

The concept of Product Lifecycle Management was born to manage and develop
products and product-related information systematically by offering management and
control of the production process and the order–delivery process, as well as control of the
product-related information throughout the product lifecycle. It is defined as a business
strategy to build and maintain a product-oriented knowledge environment to integrate
people, processes, resources, and information. The PLM environment enables collaboration
between multiple product stakeholders throughout its lifecycle [21].

The scope of a PLM operation covers three main phases of the product life (Figure 2).
Beginning of Life (BOL) is about the imagination of a product that comes from peoples’
ideas converted to detailed definitions and specifications. The phase ends by realiza-
tion/manufacturing of the product. Middle of Life (MOF) starts after being delivered to the
customer. The products are in the use/support phase. End of Life (EOL) is when products
come to a phase in which it is no longer useful, during which they are retired, recycled, or
trashed by consumers.

Product Lifecycle Management objectives are to create, preserve, and store information
of the company’s products and activities to secure the fast, easy, and trouble-free finding,
refining, distribution, and reutilization of the data needed for daily tasks. The idea is to
convert data managed by the company’s staff, skilled persons, and specialists into company
assets in a manageable and shareable form. Moreover, the aim also focuses on increasing
product revenues, reducing product-related costs, maximizing the value of the product
portfolio, and maximizing the value of current and future products for both customers
and shareholders. Management of a product’s whole life allows companies to evaluate
and control the environmental impact of products and technologies throughout the entire
lifespan, from raw material extraction through to reuse, recycling, and disposal at the end
of life [24].
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Another objective to mention is the production process innovation fostered by
PLM solutions. A PLM solution enabled by a product innovation platform could solve
many problems in driving innovation with a suite of heterogeneous solutions.

The importance of PLM is to ensure that the products that at the heart of the com-
pany are clearly defined, well documented, and proactive throughout their lifecycle. The
implementation of this primary goal generates tangible benefits for the company [26,27]:

1. PLM improves product development activity by improving innovation, reducing
time-to-market for new products, and providing excellent support and new services
for existing products.

2. PLM enables and maximizes collaboration across the design chain and supply
chain. It also helps manage Intellectual Property and maximize the reuse of products
and knowledge.

With the help of the product development function of PLM, the business can shorten
time-to-market, which makes the negative cash flow minimized then increase the business
revenue. When products come to the second stage, the collaboration between the supply
chain and design chain helps shorten the time to volume.

3. PLM enables a business to reduce product-related costs using tools and gathered
knowledge to minimize product-related material and energy costs defined early in
the product development process. In addition, costs of recall warranty or recycling
that come later in the product’s life are reduced.

4. PLM gives transparency about what is happening over all product lifecycles.
5. PLM enables better support of customers’ use of products by direct access of all

stakeholders to customer feedbacks during EOL.
6. PLM enables the value of a product to be maximized over its lifecycle. PLM ex-

tends the lifetime of a product by adapting different approaches as it moves through
the lifecycle based on precise information about products in their mature state.

Product-related costs are defined by the fixed cost of material and energy. PLM
provides tools and knowledge to minimize these costs and cuts recall, warranty, and
recycling costs later in a products’ life. The functionalities of transparency and maximizing
value target the whole product lifecycle and service lifecycle. Transparency gives managers
visibility about what is happening with products, product development, modification, and
retirement projects. In the MOL, efforts are put into supporting customers properly with
spare parts, repairs, and instructions. PLM brings the connection between CRM, ERP, and
other related departments to speed up customer services.
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Companies manage products from the cradle to the grave as part of their PLM strategy
following a linear model where products are developed, manufactured, used, and disposed.
However, environmental challenges such as loss of biodiversity, water, air, soil pollution, and
particularly reducing natural resources, increasingly threaten Earth’s life support systems,
necessitating a transformation to more sustainable paradigms, e.g., Circular Economy [21].

3.2. Circular Economy

According to Ellen Macarthur (Circular Economy foundation), the Circular Economy
is based on the principles of designing out waste and pollution, keeping products and
materials in use, and regenerating natural systems [1]. In other words, a Circular Economy
is a systemic approach to economic development designed to benefit businesses, society,
and the environment. Contrary to the “take-make-waste” linear model, a Circular Economy
is generative by design and aims to gradually decouple growth from finite resources
consumption. The well-know “butterfly diagram” captures the primary concept [28].
Several ideas have been put into it, but most the recognizable influence is from the Cradle
to Cradle cycles.

The extent of the scope of CE can be defined as below:

• Macro-economic impacts—a result of decoupling economic growth from primary
resource inputs, encouraging innovation, increasing growth, and creating more ro-
bust jobs;

• Environmental and system-wide benefits—by designing out waste and pollution,
keeping products and materials in use, and regenerating natural systems rather than
degrading them;

• The opportunity for companies in creating new profit opportunities, cost reduction
due to lower virgin material requirements, and stronger relationships with customers;

• The opportunity for individuals—ranging from new job opportunities to better living
conditions and the associated health effects.

Based on its scope, Circular Economy carries comprehensive lists of objectives to be
achieved. Some of these include [29,30]:

Macro-economic domain: Economic growth; material cost savings; job creation poten-
tial; increase innovation;

Environmental domain: Lower carbon dioxide emissions; primary material consump-
tion; land productivity and soil health;

Companies domain: Profit opportunities; reduced volatility and greater security of
supply; new demand for business services; improved customer interaction and loyalty;

Individuals domain: Greater utility; reduced obsolescence.
At least six functional components of a Circular Economy model can be distinguished

for a manufacturing company, which can be divided into three main group features [31].
Process model features:

1. Circular value chain: Across the entire value chain, production cycles aim to close
the loop. By using fully renewable, recycled, and/or recyclable or biodegradable
materials, products are made efficiently, minimizing material use without harm-
ing performance.

2. Recovery and collection, including industrial symbiosis: By recovering materials,
waste, and by-products from the manufacturing process and return systems, all
unused resources are retained for other uses by tracing and recovering products
during EOL. Lifecycle extension model features:

3. Durability, modularity with repair services: With an improved design process with
an emphasis on design for disassembly, material selection for durability, or design
for repair, the life of products throughout the product lifecycle can be extended
by maintaining and improving products through repair, upgrade, refurbishment,
or remarketing.

4. Personalization, made to order and support: The goal is to achieve a more person-
alized, long-term customer relationship to close the loops, minimize and recycle
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materials/products, and reduce resource consumption. It gives a better insight into
the potential demand for the product itself and the new business needs of its users.
Service model features:

5. Product service system and dematerialized services: The manufacturer or retailer
takes over a “Total Cost of Ownership”, which forces a focus on product durability,
longevity, and reliability, as well as usage and reusability.

6. Collaborative/sharing economy: Digital technology is used to create new relation-
ships and business opportunities for consumers, businesses, and micro-entrepreneurs
to rent, share, exchange, or borrow unused goods and resources.

Several barriers limit the propagation of CE in the industry. The conducted research in-
dicates that these barriers may be economic and financial in nature (due to limited financial
possibilities and support for companies), social (due to the lack of consumer awareness),
institutional (due to limited government support), technological and informational (caused
by limited information and knowledge sharing and fear of change), and process-related, for
example, in the supply chain (due to the lack of network support and the limited creation
of appropriate partnerships) [3]. The last two barriers can be overcome or mitigate through
intelligent implementation and the use of well-known PLM systems. This approach has
been the subject of many studies [30,32,33].

3.3. PLM and CE Areas of Cooperation/Interactions

Analyzing the literature, we can find general statements that “PLM systems play an
important role in supporting the transition to the Circular Economy, as they are of great
help in integrating information across multiple life cycles and various stakeholders in the
value chain” [34].

It can be noticed that PLM systems can facilitate the process of implementing Circular
Economy/Circular Manufacturing strategies, especially in the area of data gathering and
management [3]:

“This choice can be facilitated with the collection of data, especially from end-of-life phases
of the product lifecycle, with the aim of improving the product design of next product
generations. Therefore, the sharing and usage of data, both internally and externally,
will empower companies in enhancing their organizational and structural capabilities in
extending the resource’s lifecycle”. [3]

PLM systems support the transition to the Circular Economy, as they help integrate
information across multiple lifecycles and various stakeholders in the value chain [35].
Well-designed from a PLM perspective, industrial chains can effectively support the CE
sharing concept [36].

Works were carried out to evaluate certain aspects of the PLM system performance in
the context of CE. For example, it has been proven that PLM can directly support CE by
enabling a reverse supply chain [6] or by using a cascade methodology [37].

A different approach has dealt with the PLM-supported product development process
so that newly developed products and services (product–service system—PSS) align with
the PLM concept [22,38]. The intention was that the method is implemented as an add-on
feature for commercial PLM (Product Lifecycle Management) software, with a lifecycle
focus, including lifecycle cost calculation (LCC).

Another study confirming that PLM systems are an element that can support/facilitate
the transformation to Circular Economy was presented by Pagoropoulos et al. The study,
however, was oriented towards ICT techniques and data scopes—digital technologies—and
was not oriented towards organizational and systemic issues [35].

The research presented above concerned important but limited aspects of the com-
pany’s operations, the product life stage, information technology, and cooperation with the
business environment.

This paper concerns assessing the possibilities and the degree of use of the standard
set of function domains available in the average PLM system to support the CE approach
in product manufacturing processes. The research aims to identify the most efficient
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functionalities of PLM class solutions from the point of view of a production company and
those that are part of the CE concept. The identified function domains and components will
be assessed using an interrelationship matrix, creating the most efficient combinations from
the company’s point of view. As a result, a solution will be proposed that fully exploits the
potential of the PLM system and at the same time offers the highest CE-compliant solutions
for the enterprise.

4. Research and Results
4.1. Recognition of the Boundaries of the Impact of Both Concepts and Their Interdependencies

Microeconomics is the economy of individuals, households, and firms and their
behavior in making decisions and allocating resources. Macroeconomics is the economy
as a whole, usually at the national level managed by the government to achieve specific
outcomes based on indicators such as national income, total employment, or demand
and supply [39,40]. Macroeconomics is broad in scope and includes microeconomics,
which is represented by individuals, firms, and enterprises in this study. The scope of the
environment remains independent of macroeconomics. However, it should be noted that a
whole range of activities, phenomena, and events can cause interactions and influences
between them.

As mentioned above, the PLM’s scope is five phases of the product lifecycle within
the company’s business boundary. In comparison, the scope of Circular Economy cov-
ers two leading border circles of the environment and macroeconomics. In the area of
macroeconomics, we can locate a subset of companies and businesses—Figure 3.
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The scope of the Circular Economy concept also includes individuals, which is not
presented in Figure 3. The individuals/people are a subset of companies and businesses
but may also belong outside of the companies’ subset within the macroeconomy.

The aims of both concepts focus on the benefits within their boundaries. The scope of
the Circular Economy covers four domains: macroeconomy, environment, business, and
individual; hence, its boundary is considerably wider. The PLM concept focuses entirely on
the business area, so at this stage of comparison, we could conclude that the PLM concept
has fewer objectives than the Circular Economy concept. The scope of CE is much larger
than PLM, but the impact of these concepts on various aspects of our lives and the world
around us is not fully understood. Although PLM is mainly used in the business domain,
its effects are undoubtedly positive or negative for other domains, such as the environment,
people, and the economy.
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4.2. Assessment of the Impact of PLM and CE on Business, Environment, Individual Domains

The first step of the research was a literature review to compare the impact of selected
functionalities or components, both PLM and CE, on three domains: environment, business,
and individual. The impact on the macroeconomy has been omitted because research is
limited to only manufacturing processes in the manufacturing sector.

4.2.1. Assessment of the Value of Selected PLM Functionalities in the Analyzed Domains
PLM Value for Business Domain

It has been proven in many publications that the PLM system is necessary for a manu-
facturing company, and its functions mostly bring benefits to businesses and individuals.
However, the question is, how positive are the effects? This paper decided that the ben-
efits of PLM functionalities for enterprises will be assessed using a qualitative method.
According to the authors of these publications, it was achieved by analyzing the content of
selected publications and articles to identify the most significant benefits of PLM solutions,
according to the authors of these publications—Table 1. In order to search for literature
sources, the keyword “PLM benefits” was used in an open internet search engine. The
selection of publications was based primarily on the current professional experience of
their authors in the practical implementation, launch, and support of PLM solutions in
manufacturing enterprises. Gained in this way, up-to-date users’ experience and opinions
are the first and raw source of knowledge about PLM solutions’ characteristics.

Recurring or similar benefits were selected in these sources to reduce uncertainty and
increase objectivity in arranging the leading indicators for assessing the positive impact
of the PLM function on the business. Benefits with a repeatability rate of over 60% were
selected.

Then value/impact level of PLM functionality for the Business domain was assessed
based on nine selected indicators—benefit categories to businesses—Table 2.
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Table 1. Analysis of PLM benefits indicators for Businesses domain [24–26,41–46].

Saaksvuori [41] K ate Eby [25] Propel [44] Concurrent Engineering [45] Designrule [46] Similarity

Improve information security Reduce risk Reduce risk Reduce compliance risk Reduce compliance risk 100%

Reduce overlapping work Increase productivity Increase productivity Increase productivity 80%

Reduce cost Cost management Decrease cost Reduce cost 80%

Less time to market Get the product to market faster Reduce time to market Reduce time to market Reduce development cycle 100%

Reduce tide-up capital Increase product revenue Increase revenue Accelerate revenue 80%

Data available to everybody Provide integrate view Data sharing Collaboration/integration 80%

Centralization Single source of truth 40%

Improve product quality Bring better products to market Better quality product Enhance product quality Enhance product quality 100%

Reduce customer complains Increase customer loyalty Improve customer loyalty 60%

Scale-up business Business scalability 40%

Increase innovation rate Drive innovation Drive innovation 60%

Decrease product innovation costs 20%

Extend mature product life 20%

Retrieve information quickly Traceability 40%

Table 2. Assessment of the value of PLM functionality for the Business domain.

PLM
Functionalities

Reduce
Risk

Increase
Productivity

Reduce
Cost

Reduce Time
to Market

Increase
Revenue

Data
Sharing

Enhance
Product
Quality

Increase
Customer
Loyalty

Drive In-
novation Impact (1–5)

Product development X X X X 2

Collaboration X X 1

Reduced product-related costs X X 1

Transparency X X X X 2

Customer support X X X X 2

Maximizing value X X X 2
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PLM Value for Environment Domain

The impact of PLM on the Environment is not significant enough to obtain a concrete
assessment. There is a lack of research in measuring leads to subjective judgment and
difficulty in generating analyzing indicators [47]. Therefore the range of PLM benefits for
the Environment has been set from −1 to 1, which means negative, neutral, or positive
impact (Table 3).

Table 3. Assessment of the value of PLM functionality for the Environment domain.

PLM Functionality Explanation Impact (−1–1)

Product development

It could bring either negative or positive effects depending on the types of new raw
materials. If the business invests more in researching renewable, recyclable, or

biodegradable alternatives for raw materials, it will positively affect the environment.
Conversely, if the business invents cheaper but more synthetic, non-biodegradable

material, it would negatively impact the economy.

0

Collaboration

Collaboration provides new greenways of communication and teleworking resulting
in no travel, no physical meetings, and better reuse of know-how to incorporate all
environmental aspects of a new product through the effective collaboration of all

stakeholders throughout the product lifecycle [21].

1

Reduced
product-related costs

The analysis revealed a positive impact on businesses and individuals, but at the same
time, a negative impact on the environment was found. Such an impact is because
reduction product-related costs mean lower product prices or increasing add-in on

product features. It means an increase in demand, more purchases, and more
consumption of products, which usually generate additional waste after they have

been consumed [6].

−1

Transparency For the environment, this function does not bring any effect. 0

Customer support
This functionality has a positive effect, e.g., customers are supported during the use of
the product, which extends its life; also, they can access knowledge on how to recover

or reuse materials and properly dispose of products during EOL.
1

Maximizing value For the environment, this function does not bring any effect. 0

PLM Value for Individuals Domain

For individuals, indicators were selected that relate to improving the efficiency of the
everyday work of engineers in manufacturing companies using the PLM system. Only
part of the engineers’ working time is used for creative work: planning and designing.
About 30% of the time is spent acquiring, disseminating, and maintaining information; 20%
redoing things that have already been done once; and 14% meeting to provide information
to other sectors [41] (Figure 4).

Sustainability 2021, 13, x FOR PEER REVIEW 12 of 28 
 

Customer support 
This functionality has a positive effect, e.g., customers are supported during the use of 

the product, which extends its life; also, they can access knowledge on how to recover or 
reuse materials and properly dispose of products during EOL. 

1 

Maximizing value For the environment, this function does not bring any effect. 0 

PLM Value for Individuals Domain 
For individuals, indicators were selected that relate to improving the efficiency of the 

everyday work of engineers in manufacturing companies using the PLM system. Only 
part of the engineers’ working time is used for creative work: planning and designing. 
About 30% of the time is spent acquiring, disseminating, and maintaining information; 
20% redoing things that have already been done once; and 14% meeting to provide infor-
mation to other sectors [41] (Figure 4). 

 
Figure 4. The engineers’ use of time—based on [41]. 

According to the industry experience of PDXpert [48], the potential benefits of PLM 
software can be measured by five indicators. The first one is increasing employee data 
search and collaboration efficiency up to 25%, and the initial investment is around 3%. 
Reducing the processing of engineering changes can save up to 50% by only 5% initial 
investment. Up to 56% of development employees’ time is saved by increased part reuse 
and avoiding duplicate parts by 5% investment. The last benefit is preventing lost, mis-
placed, or unapproved documentation and records, saving up to 20% of the development 
employees’ time by 2% investment.  

Table 4 shows the value/impact of PLM functionality for individuals. The potential 
improvement in labor productivity resulting from PLM use is multiplied by the engineer’s 
time utilization rate for specific operations. 

Table 4. Assessment of the value of PLM functionality for the Individuals domain. 

PLM  
Functionality 

14% Eng. Timeshare 
for  

Unnecessary  
Meetings 

21% Eng. Timeshare for Repeating Work 

24% Eng. Timeshare 
for Information  

Retrieval and  
Sharing Overall Re-

duction of 
Employee 
Working 
Time (%) 

Impact 
(1–5) 

Preventing Lost, Mis-
placed,  

Unapproved  
Documents:  

20% Improvement 

Engineering 
Change Process: 

50% Improve-
ment 

Increased Part  
Re-Use and  

Avoiding the  
Creation of  

Duplicate Parts: 56% 
Improv. 

Data Search and Col-
laboration Productiv-

ity: 
25% Improvement 

14 × 20% = 3% 21 × 50% = 11% 21 × 56% = 12% 24 × 25% = 6% 
Product develop-

ment 
 X X X 29 5 

Collaboration X   X 9 2 

Figure 4. The engineers’ use of time—based on [41].

According to the industry experience of PDXpert [48], the potential benefits of PLM
software can be measured by five indicators. The first one is increasing employee data
search and collaboration efficiency up to 25%, and the initial investment is around 3%.
Reducing the processing of engineering changes can save up to 50% by only 5% initial
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investment. Up to 56% of development employees’ time is saved by increased part reuse
and avoiding duplicate parts by 5% investment. The last benefit is preventing lost, mis-
placed, or unapproved documentation and records, saving up to 20% of the development
employees’ time by 2% investment.

Table 4 shows the value/impact of PLM functionality for individuals. The potential
improvement in labor productivity resulting from PLM use is multiplied by the engineer’s
time utilization rate for specific operations.

Based on the above data analysis and research, it is possible to determine the impact
factor and, at the same time, the values of selected PLM functionalities for the three main
domains. A summary is presented in the table below (Table 5).

4.2.2. Assessment of the Value of Selected Components of CE Concept in the
Analyzed Domains

In general, all of the CE components bring positive effects on three domains. It leads
to the question: “How much positive are the components?”. Data from the Statistics of the
European Union were used to answer this question. Each component was evaluated, and
then the individual component values for the manufacturing company were compared.

CE Benefits for Environment Domain

Circular value chain: Focusing on the biological circle, renewable materials are the heart
of this component. At least 11% of the currently used, reused, composted, or recycled
materials are renewable.

Estimation of the improvement rate was done based on the analysis of the possibility
of reducing derivative products of the manufacturing process, such as fossil energy materi-
als/carriers and biomass, which are not directly related to the design of the new product.
The annual potential positive impact (PPI) of the circular value chain was calculated based
on the following formula:

PPI =
2

∑
i=1

AE × TREi +
2

∑
i=1

AW × TRWi − AR ×
2

∑
i=1

TRRi (1)

where AE—Annual Emission to air; AW—Annual Waste (solid, liquid); AR—Annual Recy-
cling; TREi—material type rate for emission; TRWi—material type rate for waste; TRRi—
material type rate for recycling; i—materials types: 1—fossil energy materials/carriers,
2—biomass. Data based on Figure 5. In TRE1, this ratio was reduced to 30%, corresponding
to the annual natural gas production share in the category of fossil energy materials in
Table 6.

Based on the above calculations, it was concluded that the potential positive impact
(PPI) of the circular value chain on an annual basis means reducing 2266 million tons
of waste.

Recovery and collection, including industrial symbiosis: This component focuses on pro-
cess materials that could be brought back to manufacturing in upcycling, recycling, and
downcycling processes but cannot be biodegradable. Both non-metallic minerals and metal
ores are recyclable. The calculation is as follows:

PPI =
2

∑
i=1

AW × TRWi − AR ×
2

∑
i=1

TRRi (2)

where AW—Annual Waste (solid, liquid); AR—Annual Recycling; TRWi—material type
rate for waste; TRRi—material type rate for recycling; i—materials types: 1—non-metallic
minerals, 2—metal ores. Data based on Figure 5
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Table 4. Assessment of the value of PLM functionality for the Individuals domain.

PLM
Functionality

14% Eng. Timeshare for
Unnecessary

Meetings
21% Eng. Timeshare for Repeating Work

24% Eng. Timeshare for Information
Retrieval and

Sharing

Overall Reduction of
Employee Working

Time (%)
Impact (1–5)

Preventing Lost, Misplaced,
Unapproved
Documents:

20% Improvement

Engineering Change
Process:

50% Improvement

Increased Part
Re-Use and

Avoiding the
Creation of

Duplicate Parts: 56% Improv.

Data Search and Collaboration
Productivity:

25% Improvement

14 × 20% = 3% 21 × 50% = 11% 21 × 56% = 12% 24 × 25% = 6%

Product development X X X 29 5

Collaboration X X 9 2

Reduced product-related costs X 6 1

Transparency X X X 26 5

Customer support X 6 1

Maximizing value X X 23 4
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Table 5. Summary of PLM functionalities for three affected domains.

PLM Functionalities Environment Business Individuals

Product development 0 2 5
Collaboration 1 1 2

Reduced product-related costs −1 1 1
Transparency 0 2 5

Customer support 1 2 1
Maximizing value 0 2 4
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Table 6. Assessment of CE benefits for the environment.

CE Component Environment—The Reduced Weight of
Input/Output Raw Material (Million Ton/Year) Impact (1–5)

Circular value chain 2266 5

Recovery and collection, including industrial symbiosis 882 2

Durability, modularity with repair services 0 1

Personalization, made to order and support 1536 4

Product service system and dematerialized service 960 2

Collaborative/sharing economy 1102 3

Applying this component, the potential positive impact (PPI) is 882 million tons of
waste reduction.
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Durability, modularity with repair services: This component focuses on maintaining
and improving products through repairs, upgrades, refurbishment, remanufacturing,
or remarketing. The target is the products at EOL that are before the disposal stage.
This component prolongs a product’s life and gives effects in the short term, but the
amount of waste is more or less the same in a broad view. Moreover, with the fast
development of technology, new products could consume less energy or be designed with
more environmentally friendly materials. Keeping old products rotating in the system
does not obviously reduce waste to the environment or raw materials utilization. The
positive impact of this component is ambiguous due to only a slight reduction of waste to
the environment.

Personalization, made to order and support: This function affects the BOL by supporting
customers, producing enough upon demand. Through personalization, modularity, and
design for reuse, the amount of raw material used can be reduced by 16% [50], which
means that the amount of raw material introduced into the system and thus the amount
of lost raw material can be reduced by precisely this value. According to Figure 5, this
component aims to reduce the input raw material by about 1280 million tons and raw
material lost (products and losses and discard of societal stock) by about 256 million tons:

Reduction of input raw material : 8000 × 0.16 = 1280 million tons (3)

Reduction of input raw material : (700 + 900)× 0.16 = 256 million tons (4)

The potential positive impact (PPI) is a 1536 million ton reduction of wastes.
Product service system and dematerialized services: Shifting to a performance economy,

businesses encourage consumers to buy the benefits instead of possessing the products.
This action reduces overproduction and dematerializes services. Companies can easily
recall products during the EOL phase and then upgrade, repair, disassemble, and re-
manufacture. Metal ores, non-metallic minerals, and fossil energy materials/carriers are
recyclable, and companies could use this feature to increase recycling. The waste of these
two materials each year is roughly 1386 million tons. The calculation is as follows:

2200 × (0.42 + 0.15 + 0.06) = 1386 million tons (5)

The recycling rate is 426 million tons. The calculation is as follows:

600 × (0.45 + 0.17 + 0.09) = 426 million tons (6)

The full potential for waste reduction benefits for this component is approximately
960 million tonnes each year. The calculations are as follows:

PPI = 1386 − 426 = 960 million tons (7)

Collaborative/sharing economy: this function maximizes return on surplus and idle
assets by creating relationships and business opportunities for consumers, companies, and
micro-entrepreneurs to rent, share, swap, or lend their idle goods. Research suggests that,
on average, 5% [51] of a manufacturing company’s global asset base is idle, meaning it
could be shared. By analyzing the automotive industry itself, more promising data can
be obtained. In Europe, the utilization of cars is 8% [52]. There is a high potential for the
reduction of input materials for production in the automotive sector. With the advancement
of the sharing economy, one shared car could replace around three to eight personal cars
until 2021 [53]. Ideally, the reduction of personal cars due to shared cars could be between
66% and 87.5%. If only the lower figure is taken into account, the reduction in the car
fleet could be up to 66%. This industry uses one-sixth of the world’s metal resources,
one-quarter of non-metallic minerals, and half of all fossil fuel materials [54]. Considering
both forecasts, we can assume that the average reduction in metal consumption due to the
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Sharing Economy can be 15%. For non-metallic minerals and fossil fuels, an average 20%
and 35% reduction can be achieved.

According to Figure 5, we could extract the number of materials by taking total
material input minus the material going to waste. The amount of recycled material is
re-entered into production and is therefore considered to be floating material on the market.
The calculation is as follows:

metal ores : 0.15 × [(1500 × 0.14) + (5800 × 0.03)− (1500 × 0.15)] = 23.85 million tons (8)

non − metallic minerals : 0.20 × [(1500 × 0.05) + (5800 × 0.53)− (1500 × 0.42)] = 503.8 million tons (9)

fossil fuel materials : 0.35 × [(1500 × 0.69) + (5800 × 0.12)− (1500 × 0.06)] = 574.35 million tons (10)

The total amount of materials that can be reduced within this functionality is 1102
million tons.

CE Benefits for Business Domain

By applying CE components, companies can profit from recycling materials available
at a lower cost and also through new services. The method used to evaluate profit oppor-
tunities is to find the price gap between primary raw material and recycled secondary,
renewable material. The research is carried on the statistics of Europe in the period from
2015 to 2016.

In Table 7, raw materials are defined in four categories: non-metallic minerals, metal
ores, fossil energy materials, and biomass.

Table 7. Production, price, gross profit raw material, Europe 2015–2016 [49,55–78].

Category Raw
Material

Price
(Euro/Ton)

Gross Profit
(Million Euro)

Production
(Million Tons) Ratio (%) Recycled/Renewable

Material Price (Euro/Ton)
Price Gap
(Euro/Ton)

Cement 122.7 20,000.1 163 7.8 20 102.7
Non-metalic Lime 233.3 5599.2 24 1.2 160 73.3

minerals Ceramics 50 28,000 560 26.9 10 40
Glass 80 106,664 1333.3 64.1 50 30

Sum: 160,263.3 2080.3 100
Steel 400 70,800 177 93.0 77 323

Copper 4528 35,771.2 7.9 4.2 3140 1388
Nickel 10,452 7316.4 0.7 0.4 4583 5869

Metal ores Aluminium 1350 2970 2.2 1.2 550 800
Lead 1537 461.1 0.3 0.2 733 804
Tin 13,844 4153.2 0.3 0.2 3208 10,636

Zinc 1719 3352.1 1.95 1.0 1155 564
Sum: 124,823.95 190.35 100

Fossil energy Natural Gas 204 79,152 388 31.1 353 −149
materials Coal 55 31,900 580 46.5 20 35

Oil 540 150,120 278 22.3 250 290
Sum: 261,172 1246 100

Crops 336.8 365,400 1085 42.8 353
Biomass Wood 465.4 221,998 477 18.8 353

Animal and
by-products 3600 3,510,000 975 38.4 353

Sum: 4,097,398 2537 100

In the case of non-metallic minerals, secondary materials return to the circle after
demolition. They are used in down-cycling processes or secondary materials that are
unnecessary after processing the primary raw materials. As for metal ores, recyclable
materials are collected from waste, or secondary material is obtained after processing; the
recyclability is high with lower purity than primary raw materials. Fossil energy materials
are burned for energy storage or downstream processes. Most often, biomass is composted
to obtain renewable natural gas (RNG), which is mixed with natural gas.

Circular value chain: Businesses could benefit from alternative energy sources, for
example, RNG. The solid, liquid, and biomass waste, as well as fossil energy carrier emis-
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sions, could be exploited. The potential profit of this function to businesses is calculated
by taking the summation of the price gap of fossil energy materials waste, biomass waste,
fossil energy carrier emission, and biomass emissions.

The biomass waste and biomass emission are calculated as follows; note that recirculat-
ing to input is subtracted. All the below data are based on Figure 5 and Table 7.

The annual potential profit opportunity (PPO) of the circular value chain was calcu-
lated based on the following formula:

• for biomass waste:

PPO = (AE × TREi + AW × TRWi )× (R × PRi) = EUR 412, 657 million (11)

where AE—Annual Emission to air; AW—Annual Waste (solid, liquid); TREi—material
type rate for emission; TRWi—material type rate for waste; PRi—recycled material price;
i—materials types: biomass; The overall efficiency of biomass-based plants for industry or
district heating ranges from 70% to 90% [79]; for calculation, it was assumed R = 0.7.

• for fossil energy material waste:

PPO =
(

AE × TREi × Rgas × PGgas
)
+ (AW × TRWi )× ∑n(i)

j=1(Rj × PGj) = EUR 67, 573.87 million (12)

where Rj—ratio; PGj—price gap; i—materials types: fossil energy materials/carriers; n(i)—
raw materials in type/category: fossil energy materials: 1—coal, 2—Oil.

The total annual protentional profit opportunity of this component is EUR
484,816.65 million.

Recovery and collection, including industrial symbiosis: The profit opportunities
of this feature are derived from the price gap in the event of increasing the amount of
recycling. The calculations used non-metallic minerals and largely recyclable metal ores.
The calculations were made based on the following formula:

PPPO = ∑2
i=1

(
(AW × TRWi )× ∑n(i)

j=1(Rj × PGj)
)
= EUR 119, 057.98 million (13)

where Rj—ratio; PGj—price gap; i—row materials types: 1—non-metallic minerals, 2—metal
ores; n(i)—raw materials in type/category: non-metallic minerals, metal ores.

The annual potential profit opportunity of this component is EUR 119,057.98 million.
Durability, modularity with repair services: Businesses could benefit from this function

by providing additional services to give consumers options for their EOL products. These
services tackle the medium to long life span products, so the materials taken into account
are non-metallic minerals, metal ores, and fossil energy materials. Assuming that 40% of
waste will be processed [52], profit opportunities are calculated as follows:

PPO = 0.4 × ∑4
i=1

(
(AW × TRWi )× ∑n(i)

j=1(Rj × PGj)
)
= EUR 47, 623.19 million (14)

where Rj—ratio; PGj—price gap; i—row materials types: 1—non-metallic minerals, 2—metal
ores; n(i)—raw materials in type/category: non-metallic minerals, metal ores.

The profit from the waste of fossil energy material (e.g., from plastic elements made
from oil and coal) is evaluated as follows:

PPO = 0.4 × (AW × TRWi )×
n

∑
j=1

(Rj × PGj) = EUR 2334.63 million (15)

where Rj—ratio; PGj—price gap; i—materials types: fossil energy materials/carriers;
n(i)—raw materials in type/category: fossil energy materials: 1—coal, 2—oil.

The total annual protentional profit opportunity of this component is EUR
49,957.82 million.

Personalization, made to order and support: The benefit of this CE component for compa-
nies is inventory reduction. Inventories are unsold products consisting of storage costs,
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raw material, energy for production, labor, and real estate. The materials used are short,
medium, and long-life materials such as non-metallic minerals, metal ores, fossil energy
materials, and biomass. Through personalization, modularity, and design for reuse, the
amount of raw material used can be reduced by 16% [50], which means that the amount of
raw material entering the system can be reduced by precisely this value. Profit opportuni-
ties are obtained in MOL products and calculated as follows:

PPO = 0.16 × ∑4
i=1

(
(AI × TRIi + ADE × TRIi)× ∑n(i)

j=1(Rj × Pj)
)
= EUR 635, 710.7 million (16)

where AE—Annual Imports; ADE—Annual Domestic Extraction; TRIi—material type
rate for imports; TRDi—material type rate for domestic extraction; Rj—ratio; Pj—material
price; i—row materials types: 1—non-metallic minerals, 2—metal ores, 3—fossil energy ma-
terials/carriers, 4—biomass; n(i)—raw materials in type/category: non-metallic minerals,
metal ores, fossil energy materials/carriers, biomass.

The total annual protentional profit opportunity of this component is EUR
635,710.7 million.

Product service system and dematerialized services: By prolonging the product lifetime and
providing incentives for more intensive product use, the reuse of parts, and decoupling
value from the delivered physical product, businesses benefit from the use of the raw
material of both MOL and EOL of products. As a result, PPS can bring a measurable benefit
of 22.5% on average [80]. Materials to be tackled are non-metallic minerals, metal ores, and
fossil energy materials and are evaluated as follows:

PPPO = 0.225 × ∑3
i=1

(
(AI × TRIi + ADE × TRIi)× ∑n(i)

j=1(Rj × Pj)
)
= EUR 175, 637.18 million (17)

where AE—Annual Imports; ADE—Annual Domestic Extraction; TRIi—material type
rate for imports; TRDi—material type rate for domestic extraction; Rj—ratio; Pj—material
price; i—row materials types: 1—non-metallic minerals, 2—metal ores, 3—fossil energy
materials/carriers; n(i)—raw materials in type/category: non-metallic minerals, metal ores,
fossil energy materials/carriers.

The total annual protentional profit opportunity of this component is EUR
175,637.18 million.

Collaborative/sharing economy: Businesses could benefit from the reduction in the invest-
ment of equipment. Access to shared infrastructure and better use of unused equipment
can reduce the materials required to produce them. The value of this savings was calcu-
lated based on the data obtained in the Environment section and Table 7 according to the
following formulas:

• Metal ores:

The possible amount of reduction is 23.85 million tons

PPO = 23.85 × ∑n(i)
j=1(Rj × Pj) = EUR 15, 935.04 million (18)

• Non-metallic minerals:

The possible amount of reduction is 503.8 million tons

PPO = 503.8 × ∑n(i)
j=1(Rj × Pj) = EUR 38, 843.08 million (19)

• Fossil fuel materials:

The possible amount of reduction is 574.35 million tons

PPO = 574.35 × ∑n(i)
j=1(Rj × Pj) = EUR 120, 291.29 million (20)

where Rj—ratio; Pj—material price; i—row materials types: 1—metal ores; n(i)—raw
materials in type/category: metal ores. Data based on Table 7.
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The annual profit opportunity of this action is as follows.

15, 935.04 + 38, 843.08 + 120, 291.29 = EUR 175, 069.41 million (21)

Potential profit opporturnity for business domain is summerized in Table 8.

Table 8. Assessment of CE benefits for the Bussiness domain.

CE Component Environment—The Reduced Weight of
Input/Output Raw Material (Million Ton/Year)

Impact
(1–5)

Circular value chain 484,816.65 3
Recovery and collection, including industrial symbiosis 119,057.98 1

Durability, modularity with repair services 49,957.82 1
Personalization, made to order and support 635,710.7 5

Product service system and dematerialized service 175,637.18 2
Collaborative/sharing economy 175,069.41 2

CE Benefits for Individuals

A Circular Economy helps the individual increase disposable income, increase utility,
reduce obsolescence, and improve health. Disposable income can be used to quantify the
potential benefits of each component. One method of estimating the potential disposable
income benefits is to consider reducing annual cash-out costs per household. Figure 6
shows the cost reduction potential in Europe based on the ReSOLVE framework, which is
one of the leading tools for the implementation of the CE concept and at the same time is
also one of the best described and documented, making it a valuable source of data.
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In order to assess the benefits for individuals of implementing the CE concept, the
estimated potential for cost reduction in three main spheres of everyday life (mobility, food,
built environment) was used.

A circular mobility system would offer more choice and be shared, electrified, au-
tonomous, multimodal, and looped. These changes would result in better use of cars, less
congestion, and less air pollution. Food products are designed to be healthy and high qual-
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ity in a Circular Economy, from production to nutrition. Organic resources derived from
food by-products are uncontaminated and can safely fertilize the soil as organic fertilizers.
Some of these by-products can provide added value by developing new food products or
as a source of bioenergy [81]. An environment built based on the CE would reclaim down-
town areas unlocked by the circular mobility system to create high-quality spaces where
people could live, work, and play. A green infrastructure with a sustainable mixed-use
building would be integrated modularly and built of looped and non-toxic materials.

The framework comprises six business actions: regenerate, share, optimize, loop,
virtualize, and exchange. For consistency of the benefits assessment, these actions were
converted with some accuracy to the CE components previously defined in this study [82]
as follows:

• Regenerate: The action aims at using renewable energy and materials; reclaim, retain,
and regenerate the health of ecosystems and return recovered biological resources to
the biosphere. The circular value chain is equivalent to this action.

• Loop: Components and materials are stored in closed loops with priority in inner
loops. In the case of finite materials, this action means remanufacturing products
or components and ultimately recycling the material. Recovery and collection are
equivalent to this action.

• Share: Product loop speed is kept low, and users share products to maximize utiliza-
tion. The collaboration, sharing economy are equivalent to this action. This action also
includes reusing products throughout their technical lifetime and extending their life
through maintenance, repair, and design for durability. This action is equivalent to
durability qne modularity with repair services’ CE component.

• Optimize: The action aims at increasing performance/efficiency of products, remove
waste in production; leverage big data, automation, remote sensing, and steering.
Personalization, made to order, and customer support are equivalent to this action.

• Virtualize: Utilities such as books or music, online shopping, fleets of autonomous
vehicles, and virtual offices are delivered virtually. This action is equivalent to the
product–service system and dematerialized services’ CE component.

• Exchange: The action aims to replace old materials with advanced non-renewable
materials, apply new technologies, and choose new products and services. It is not
equivalent to any CE functions in the research, so it is not considered.

The sum of the cost reduction potentials in all three categories for 2050 determines the
impact factor of the CE function (Table 9).

Table 9. Assessment of CE Benefits in Individuals.

CE Component Equivalent
Action

Mobility
[%]

Food
[%]

Build
Environment [%]

Individual
Benefit Eval.

Impact
(1–5)

Circular value chain Regenerate 6 2 10 18 2

Recovery and collection
including industrial symbiosis Loop 5 <2 <2 9 1

Durability, modularity with
repair services Share 40 2 15 57 5

Personalization, made to order,
and support Optimize <5 35 15 54 5

Product service system and
dematerialized service Virtualize 25 6 <2 33 3

Collaborative/sharing economy Share 40 2 15 57 5

Based on the above data analysis and studies (Tables 6, 8 and 9), the impact factor of
CE components and benefits for three main domains of CE can be defined. This summary
is demonstrated in Table 10.
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Table 10. Summary of CE Benefits for all three affected domains.

CE Component Environment Business Individuals

Circular value chain 5 3 2
Recovery and collection, including industrial symbiosis 2 1 1

Durability, modularity with repair services 1 1 5
Personalization, made to order, and support 4 5 5

Product service system and dematerialized service 2 2 3
Collaborative/sharing economy 2 2 5

4.3. Determination of PLM Functionalities and Their Impact and Relationship with CE
Components to Effectively Support Manufacturing Processes and Bring the Most Significant
Benefits in All Areas

The goal of the next step was to select PLM function domains and their combination
with CE components that bring the best outcomes for the three domains: environment,
business, and individual. A qualitative and quantitative methodology was developed to
evaluate the effectiveness of the functionalities combination of both concepts (PLM and
CE) using an inter-relation function matrix.

The obtained results estimated the total degree of influence of individual functionali-
ties on three domains. These domains represent the boundaries of the CE concept without
macroeconomics. The analysis showed the degree of influence of selected PLM functionali-
ties and CE components on these domains. The sum of these scores makes it possible to
determine their overall impact on the Circular Economy, as shown in Table 11.

Table 11. Summary PLM’s and CE’s effect on domains evaluation.

Environment Business Individuals Total Impact

PL
M

Fu
nc

ti
on

al
it

y Product development 0 2 5 7
Collaboration 1 1 2 4

Reduced product-related costs −1 1 1 1
Transparency 0 2 5 7

Customer support 1 2 1 4
Maximizing value 0 2 4 6

C
E

C
om

po
ne

nt
s Circular value chain 5 3 2 10

Recovery and collection, including industrial
symbiosis 2 1 1 4

Durability, modularity with repair services 1 1 5 7
Personalization, made to order and support 4 5 5 14

Product service system and dematerialized service 2 2 3 7
Collaborative/sharing economy 2 2 5 9

The obtained values were used to find combinations of PLM functions and CE com-
ponents that offer the most significant benefit to the manufacturing company. The inter-
relation matrix presents two dimensions: PLM functionality and CE components and their
impact on CE—Table 12. The intersection of the individual dimension values—matrix
element represents the expected benefit ratio value achievable by implementing the appro-
priate functionalities and components.

The analysis showed that the implemented and operating PLM system in a man-
ufacturing company naturally and to the greatest extent supports two components of
the CE concept, namely: “Personalization, made to order, and support” and “Circular
value chain”.

On the PLM functionality level, the matrix analysis shows that for a manufacturing
company with implemented PLM solutions, there are two PLM functionalities, “Product
development” and “Transparency”, that, in combination with the CE component “Per-
sonalization, make to order, and support”, can offer the most significant benefits for the
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firm in all domains. A slightly lower rate is achievable using the PLM functionality of
“Maximizing value” of a product over its lifecycle and with the same CE component.

Table 12. Interrelation of potential benefits matrix.

PLM Functionality

Product
Develop-ment

Collabo-
ration

Reduced
Product-Related

Costs

Transpa-
rency

Customer
Support

Maximizing
Value

C
E

co
m

po
ne

nt
s

Circular value chain 17 14 11 17 14 16
Recovery and collection

including industrial symbiosis 11 8 5 11 8 10

Durability, modularity with
repair services 14 11 8 14 11 13

Personalization, made to order
and support 21 18 15 21 18 20

Product service system and
dematerialized service 14 11 8 14 11 13

Collaborative/sharing economy 16 13 10 16 13 15

Marked color highlights results that bring the optimal combination.

In the scope of qualitative and quantitative methods in this research, it was assessed
that the above implementation of CE component “personalization, made to order, and
support” brings the highest benefits when combined with three selected PLM functionali-
ties across the environment, businesses, and individuals domains. In PLM’s transparency
functionality, customers are supported by the traceability of products, legalizations, expired
dates, related data, and maintenance procedures. This functionality strengthens the trust
in B2C and B2B business contacts and improves the customer relations of businesses and
the potential profits. Reducing the time-to-market, increasing product variety, and cus-
tomizing the product to user requirements are achieved through the product development
functionality while maximizing value helps companies introduce low-cost ways to extend
the lifecycle (EOL) of revenue-generating products while ensuring resource recovery and
environmental protection.

It should be noticed that other PLM functionalities can bring significant benefits in
the implementation process and cooperation within the CE concept. These functions show
considerably high benefits, especially in combination with CE personalization, made to
order, and support component. A good example is PLM’s collaboration functionality,
which emphasizes the design chain and supply chain connection to manage Intellectual
Property and maximize product and knowledge reuse. It also can influences the ecolog-
ical aspect through, e.g., limiting travel through better use of communication methods
and teleworking.

5. Conclusions

In the present study, the authors selected and assessed the functionalities, components,
and objectives of both PLM and CE concepts and their benefits. Based on these results, the
process of identifying and assessing the degree of their compatibility and their limitations
were carried out, which allowed proposing (based on the interrelation matrix) the optimal
combination of PLM functional domains to facilitate CE implantation.

This study confirmed that the PLM approach and systems could support the prod-
uct manufacturing process according to the Circular Economic concept. There are PLM
functions that, when combined with CE functions, provide the most significant benefits for
the environment, business, and individual domains. This is mainly because the scope of
Circular Economy is much larger than PLM. In other words, the scope of the PLM concept
is a subset of the scope of the Circular Economy concept.

The conducted study proved that the implemented and properly working PLM solu-
tion could simultaneously support CE concepts. The selected main functionalities offered
by PLM class systems can be used to maintain the CE concept in the enterprise. Func-
tionalities such as product development, transparency, and value-maximizing turned
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out to be particularly effective. These functions offer the most significant support for
CE in the functional area: personalization, made in order, support. They are almost as
effective in supporting other CE components, particularly evident in the circular value
chain component.

In addition, functions and benefits of PLM and CE can support the same actors/domains,
and therefore they can also support each other’s implementations. Although PLM is used
mainly in businesses, its effects are positive or negative to other aspects such as the envi-
ronment, people, and the economy. We could also see that both concepts have similar aims
to increasing the profit of companies and businesses. It would be the bridge that puts two
concepts in cooperation in practice.

The use of Product Lifecycle Management systems in the process of implementation
of the Circular Economy concept will eliminate many barriers to the spread of this idea.
The most severe barriers that are eliminated in this way include the lack of knowledge
and concepts for Circular Economy implementation in the enterprise, especially in SMEs;
the fear of lack of competence of employees who would have to obtain new knowledge
and skills; reducing financial costs by using the existing IT solutions; the lack of databases
and knowledge about the product at the stages of its life; and the lack of cooperation and
information exchange in the supply chain both at the initial stages of product life and at
the final ones.

Confirming the concept of using Product Lifecycle Management class solutions in
the process of the implementation and maintenance of the Circular Economy concept in
manufacturing enterprises will allow for changing the approach to planning the process of
implementation of this concept both in the organizational, financial, and technical areas.
Another implication of this research is the possibility of using Product Lifecycle Manage-
ment systems to assess the readiness of an enterprise, especially SMEs, to implement a
Circular Economy.

In assessing the impact of individual PLM functionalities and CE components on each
other, numerical data were used, mainly concerning the impact of both concepts on the
environment in the possibility of recovering the introduced raw materials and generated
waste and losses. The authors also see the possibility of using other indicators to assess the
impacts, e.g., those based on energy efficiency.

It should be noted that the concept of implementing CE using PLM functionality also has
its weaknesses. As a result of their use, the proposed approach cannot be universally applied.
This is related to the widespread use and scope of PLM systems in manufacturing companies.

Analyses show that PLM systems are used in large enterprises with an established
IT culture [83]. Small and medium-sized enterprises relatively rarely use these systems
because their use requires some organizational and technological effort. In addition, they
often cooperate in the supply chain as subcontractors, and they do not have their new
product development phase—they work with provided documentation.

Another limitation of the presented concept may be the functional scope of the imple-
mented PLM solutions. The vast majority of such implementations are limited to the area
of new product development (PDM), not covering all stages of the product lifecycle [84].
In the presented concept, a significant role is played by activities in the area of cooperation
in a distributed production company and a distributed supply chain and those related
to the support of products and processes during the last phases of the product’s EOL. In
most implementations, there is a lack of appropriate functionality to support the activities
mentioned above, making it impossible to close the product life loop with the CE concept.

The presented research, containing the assessment of individual elements of the CE
concept, was mainly based on assessing the impact of its components on the consumption
of raw natural resources, generation, and recovery of waste and emitted gases. The
choice of these indicators resulted from the concept of assessing selected boundary values,
i.e., components entering and leaving the ecosystem. This assumption, which is also a
limitation, can be expanded by using other indicators related to social or technological
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changes related to CE in the evaluation process, e.g., Sharing Economy or machines and
energy efficiency.

Nevertheless, despite some limitations of the presented concept, it should be stated
that the well-known and well-documented PLM solution can be used to improve the CE
implementation process by reducing the risk of the entire project and speeding up the
achievement of the assumed results. Moreover, it can be a perfect element of the strategy
of sustaining CE in the company.

Future research studies may investigate the extent to which PLM can support the CE
implementation process in a manufacturing company and what changes or modifications to
existing PLM functionalities should be introduced to support the CE concept. An interesting
development of the presented approach could be the extension of the indicators used with
others related to social or technological changes related to CE, e.g., Sharing Economy or
machines and energy efficiency. Another research topic may be assessing the effectiveness
of the CE implementation process based on the analysis of the impact of organizational
capabilities imposed by PLM solutions in all lifecycles on the identification of synergies
and opportunities for cooperation and building alliances for the circular economy.
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