N

N

Application of Value Stream Mapping tool to improve
circular systems

Maria Victoria Hernandez Marquina, Peggy Zwolinski, Fabien Mangione

» To cite this version:

Maria Victoria Hernandez Marquina, Peggy Zwolinski, Fabien Mangione. Application of Value Stream
Mapping tool to improve circular systems. Cleaner Engineering and Technology, 2021, 5, pp.100270.
10.1016/j.clet.2021.100270 . hal-03350647

HAL Id: hal-03350647
https://hal.science/hal-03350647
Submitted on 16 Oct 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03350647
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S2666790821002305
Manuscript_677¢7cb48cdd74626e8¢1049b986ac27

10
11
12
13
14
15
16

17

18

Application of Value Stream Mapping tool to Improve Circular
Systems.

Maria Victoria Hernandez Marquina® *, Peggy Zwolinski?, Fabien Mangione?
aUniv. Grenoble Alpes, CNRS, Laboratoire G-SCOP, 38000 Grenoble, France
* Corresponding author. E-mail address: maria-victoria.hernandez-marquina@grenoble-inp.fr
Abstract

Circular Economy is a model that proposes the closure of loops in the production of goods and services to
reduce the depletion of natural resources, pollution, and high levels of production. On the other hand, Lean
Manufacturing, is a philosophy that focuses on the development of productivity through the elimination of
waste and the increase of value. This article explores the integration of lean manufacturing concepts and
tools in a circular context. First, a literature review is presented on the common concepts of waste and
value, the circular economy model and the indicators developed previously in the literature. Subsequently,
the adaptation of the Value Stream Mapping (VSM) is presented, with the integration of a set of indicators
proposed related to the concepts of circularity and longevity. Finally, the application of this tool is
presented through a case study, which proves that circular systems can be represented and evaluated with
the adaptation of Lean tools.
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1. Introduction

The Circular Economy was born as a new economic model to overcome the problems related to the
depletion of natural resources and the environmental crisis, due to the growing consumption of products
and services. This demonstrates the importance of changing the classical consumption model, usually
related to a linear supply chain (take-make-dispose). Therefore circular economy is based on rethinking and
redesigning products and services, implementing the recirculation of materials, in order to regenerate
natural systems and reduce the generation of pollution and waste (EMF-Ellen MacArthur Foundation,
2013).

Although in recent years, there has been an increase in research to understand its implementation and
consequences. This economic model represents a challenge due to the existing barriers between the
theories developed by the academy and those of the practitioners (Nadeem et al., 2019). Indeed its broad
concept linked to sustainability makes it difficult to implement and evaluate it in the development of
efficient practices (Geissdoerfer et al., 2017).

For the deployment of competitive and efficient production systems, it is necessary to implement
mechanisms to measure and improve their performance. To this end, the Lean Manufacturing philosophy
developed in the Toyota Production System proposes various tools to achieve this goal, focusing on time
reduction through the elimination of non-value-added activities (Womack and Jones, 1996).

On the one hand, Circular Economy seeks a better use of resources to solve problems related to shortage of
raw materials and environmental issues through the closure of loops. On the other hand, the Lean
philosophy seeks to eliminate waste to create value and thus obtain more efficient systems (Nadeem et al.,
2019). Therefore, the concepts of Circular Economy and Lean Manufacturing pose different meanings of
value and waste, which in turn could complement each other, bringing great benefits to the development
of the manufacturing sector.

In accordance with the above ideas, the question "How Lean approaches could represent and evaluate
circular systems?” is posed. Subsequently, the evidence collected to establish the relationship between the
Circular Economy and the Lean Manufacturing is reviewed. Afterwards, the adaptation of the Value Stream
Mapping (VSM) is introduced to represent, evaluate and improve a circular production system. In addition,
a group of indicators based on the concepts of circularity and longevity (Figge et al., 2018) is proposed to be
integrated into the VSM.

This research is structured as follows. A literature review is presented in section 2 to explain the process
that was carried out to determine the gap under study, the background and main associated concepts, as
well as the methodology to be followed to answer the research question posed above. Section 3 describes
the adaptation of the VSM to a circular system, which, for the purposes of this article will be referred to as
circular VSM, and the integration of a proposal of indicators for the measurement of longevity and
circularity. Section 4 corresponds to the validation of the hypothesis through the circular VSM. In section 5,
the application of the proposal through a case study is showed, and finally, in section 6 the discussion and
the conclusions are presented.

2. Literature Review

2.1. Methodology

This research is based on four phases, corresponding to (1) a review of the literature to define the scope
and hypothesis of the research, and understand the relationship between Circular Economy and Lean
Manufacturing. (2) the adaptation of the VSM to represent and evaluate circular systems with the
integration of new indicators. (3) the validation of the circular VSM. and finally, (4) the application of this
tool in a case study.
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A literature review was conducted in February 2020 to find the common concepts and possible divergences
between Lean philosophy and Circular Economy. At this stage three database (Science direct, Web of
Science and Google Scholar) were used to find academic publications related to the research terms
“Circular Economy”, “Reverse Logistic”, “Lean Manufacturing”, “Lean Tools”, “Barriers in Circular
Economy”, “Circular Economy Indicators”, “Sustainability” and their possible combinations. The search
included title, abstract and keywords and was limited to works published within the past 10 years.

Subsequently, according to the information contained in the abstracts, 56 articles were selected, which
were classified into 8 main groups corresponding to: Circular Economy Concept, Closed Loops and Reverse
Logistics, Indicators in Circular Economy, Industrial Symbiosis, Lean and Circular Economy, Lean-Green-
Sustainability, Lean tools, and Value and Barriers in Circular Economy. In this research the selection of the
articles was based on the following criteria of relevance:

e Contribution to the definitions of the two main theories (Circular Economy and Lean
Manufacturing).

* Possible combination of both theories in the same literature.

e |dentification of concepts in common between the two theories.

e Barriers in the implementation of circular systems.

e Measurement of the Circular Economy.

Circular Economy and Lean Manufacturing are theories frequently used in the research of the last years,
however, to refer to their fundamental concepts, there is a group of authors that is continuously named in
the literature. By the part of the Circular Economy, Webster (Webster, 2013) and Ellen MacArthur
Foundation (EMF-Ellen MacArthur Foundation, 2013) guide the principles of this model. While in the case
of Lean Manufacturing, the main precursor of the Toyota Production System is Taiichi Ohno (Ohno, 1988),
and the authors Womack and Jones (Womack and Jones, 1996) who define the principles and tools of this
philosophy.

2.2. State of the art

2.2.1. Waste and value

In the analysis of the literature it was observed that Circular Economy and Lean Manufacturing have been
combined for the elaboration of conceptual frameworks at a strategic level and they have in common the
terms of waste and value. Nadeem et al. 2019, combined both concepts under the Lean philosophy and the
Circular Economy, giving as a result:

Value “Any activity/output that utilizes its required resources in a manner that maximizes its utility at all
stages of its lifecycle including the afterlife, as well as to ensure the longevity of its lifecycle while satisfying
the needs/demands of the stakeholders (People [present and future] and Planet) and making impact for
them.”

Waste “Any activity that leads to the harmful outputs for the stakeholders (People [present and future] and
Planet) and does not incorporate the sustainability of the two in long-term, is a wasteful activity.” In other
words, it defines any activity that negatively affects the development of people and the planet in a
sustainable way.

2.2.2. Boundaries of the Circular Economy Concept

Previous research has associated the Lean Philosophy as a means to apply the Circular Economy, and they
have developed conceptual frameworks for its implementation (Nadeem et al., 2019). It was also noted
that in the literature have been integrated these two areas with the product-services system (PSS) model
(Gonzélez Chavez et al.,, 2019) (Romero and Rossi, 2017). However, these works have focused on the
strategic aspect of the organizations.
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Following this order of ideas, a question arises about the management of operations in circular
environments. Since the fact of closing the loops and the low certainty about procurement due to the
recirculation of materials puts in evidence the integration of new operations (Korhonen et al., 2018).
Consequently, new waste in terms of Lean philosophy and Circular Economy could be generated. Thus, the
process of procurement represents a challenge in the implementation of Circular Economy, which led to
the definition of a first statement:

a) The re-entry of the material into the production process could represent low certainty in the
quantity, quality, and variety of the procurement. (Tura et al., 2019) (Hart et al., 2019) (Singh and
Ordofiez, 2016) (Brissaud and Zwolinski, 2017).

With this first statement it was determined that this low certainty in procurement is associated with an
operational level, for this reason, a second statement arose:

b) It is necessary to add new operations for the recovery and restoration of the material in the closing
of the loops such as transport, classification, inspections, cleaning, and disassembling. (United
States International Trade Commission, 2013) (Nee et al., 2013) .

In order to define the circular economy concept, we took as a starting point the three principles defined by
Ellen MacArthur Foundation, 2013: (a) rethink and redesign products and services, (b) keep products and
materials in use, and (c) regenerate natural systems. Then, with the ultimate goal of study the impact of
managing operations under a circular and Lean approach, it was decided to limit this concept to the second
principle which is closely related to recirculation and material flow.

2.2.3. Circular Metrics

Several authors have elaborated tools and indicators to measure the performance of circular systems,
proposing evaluations for different scopes (micro, meso and macro level) (Kristensen and Mosgaard, 2020),
and for different stages of the product life cycle (design, manufacturing, consumption, disposal, end-of-life)
(Mesa et al., 2018) (Huysman et al., 2017) (Corona et al., 2019).

According to the concepts of this economic model, the main dimensions evaluated are associated with
principles of sustainability (Corona et al., 2019), such as economic, societal and environmental
performance, and the addition of a new parameters related with the loops closure. Due to the fact that the
Lean tool selected for this study already took into account sustainability metrics in the Sustainable VSM
presented by Brown et al., 2014, it was decided to go deeper into the metrics related to circularity.

To evaluate the performance of circular systems, several authors agree that the way to do it is through
circularity (“number of times a resource is used in a product system”) and longevity (“the length of time
that a resource is used”) (Figge et al., 2018). These are related to the permanence of the product in loops
within the same production system and the time linked to this permanence (Franklin-Johnson et al., 2016).
For this reason, these two concepts are considered to measure the performance of the circular system
under study.

2.3. Hypothesis

Based on the literature review, the statements described above and the research question "How Lean
approaches could represent and evaluate circular systems?”, a hypothesis was established:

Lean Manufacturing highlights the waste produced in a circular industrial system, which allows its
subsequent improvement.

3. Adaptation of the VSM Tool for Circular Systems

To test the hypothesis described in section 2.3 and to answer the research question "How Lean approaches
could represent and evaluate circular systems?”, the adaptation of the VSM in a circular environment is
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proposed, since it is a Lean tool that allows a global vision of the system's interactions and also highlights
the generation of waste (Kuhlang et al., 2011).

As a proposal, a Circular VSM is designed which establishes the evaluation criteria for circular systems,
considering the concepts of value and waste (Nadeem et al., 2019). Hence an overview of the supply chain
and its interactions, as well as the material flow, can be obtained. At this phase the aspects to be evaluated
are divided into four main groups (Faulkner and Badurdeen, 2014) (Figge et al., 2018): (a) economic
metrics, (b) environmental metrics, (c) social metrics and (d) circular metrics, and a series of indicators were
established according to each metric, which are shown in Table 1.

Table 1. Metrics and indicators of Circular VSM

Economic metrics Environmental metrics Social Metrics Circular metrics
Lead Time Energy, water, and material Physical work, level of  Circularity and
consumption. noise and work longevity.

environment.

3.1. Proposition of circular indicators

As expressed in the background, many authors have proposed metrics related to the circular economy and
the concepts of longevity and circularity, but when trying to integrate them to the VSM tool under its initial
conception, these metrics become complex to be represented in the mapping.

Based on the concepts of circularity and longevity defined by Figge et al., 2018, a series of indicators is
developed to be integrated into the VSM. These indicators are proposed under a modular vision of the final
product. Because at the end of its useful life, it allows its later disassembly in components that can be
integrated again in the production process of the same final product through loop closures such as
remanufacturing or refurbishment.

3.1.1. Circularity Indicator

From the modular vision of the product, we propose the calculation of a weighted average circularity,
which is based on the number of times each component/product is used in a circular system (cycles).

For the development of the calculations shown below, it is proposed in a first time, the calculation of the
average circularity by type of component, in other words, the average circularity for each component that is
integrated in the final product. In a second time, the average circularity of a finished product assembled
from several components is proposed.

This first indicator of circularity per component showed in equation (1) is the weighted average of the
respective number of cycles (di = number of cycles type i) with the number of components (g; = quantity of
components with the number of cycles type i). n represents the total number of cycle groups.

Yr i qixd;
Z?=1 qi

Circularity of the component (cc) = (1)

To explain the application of this equation we take the following example: suppose that the production
process gives as a final result a Product (D). As an input, there are 3 components (A, B, C) which are
assembled in the process to give D as a result.

To know the circularity of each incoming component (A, B, C), it is necessary to apply equation 1, for which
it is required to know the number of cycles associated with each incoming component.

Table 2 shows the data that will be considered for the calculation, which are the quantity of components
for each class (A, B, C) and their respective number of cycles in the input inventory and the result of the
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circularity of each component. In the case of a new component, the number of cycles (dj) is equal to 0, since
this element is virgin and has not been used previously in another product.

Table 2. Data for the calculation of the circularity and their result per component

Type of Number of cycles Quantity of components with Circularity of the
Component (d) the number of cycles type i component (cc)
(g1)

0 (new components) 10 3,53 Cycles
A 2 20
4 30
7 15

0 (new components) 12 3,11 Cycles
B 1 7
5 20
6 5

0 (new components) 11 2,35 Cycles
C 2 12
3 8
4 15

Through the previous example, a different circularity is calculated for each type of component, and in turn
it is observed that for each type of component there are different subgroups according to the number of
cycles, these subgroups represent n according to equation (1).

In the case of the assembly of the final product the circularity will be calculated as the weighted average of
the circularity of each component (cc; = Circularity of the component j) with the quantity of this component
in the final product (gc; =Quantity of components j used in the final product). m represents the total
number of component types, according to the equation (2). The unit of measurement of circularity is the
number of cycles per unit (component or final product).

Z}Zlccj*ch
2;‘11 acj

Circularity of the final product (cp) = (2)

Continuing with the previous example, table 3 shows the data necessary for the calculation of the
circularity of the final product, as well as its respective value, after applying equation (2).

Table 3. Data for the calculation of the circularity and their result per final product.

Type of Component  Quantity of components Circularity of the Circularity of the
used in the final product component (cc) final product (cp)

(qci)
A 2 3,53
B 1 3,11
2,80 cycles
C 4 2,35

This circularity of the final product means that D at the end of the production process on average has
performed 2,80 cycles, i.e. the final product carries the closure of almost three loops. This makes it clear
that as the products circulate in the system and the cycles increase, the circularity increases.

3.1.2. Longevity Indicator
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From the modular vision of the product, we propose the calculation of a weighted average longevity, which
is based on the age that each component has in a circular system.

For the development of the calculations shown below, it is proposed in a first time, the calculation of the
average longevity by type of component in the operations of the production process. In a second time, it is
proposed another equation to obtain the average longevity of a finished product, which is assembled from
several components.

This first indicator of longevity per component showed in equation (3) is the weighted average of the
respective age (i = Age type i of the component) with the number of components (g’i = Quantity of
components with the age type i). n represents the total number of groups of ages.

Zi=1 q’i*li (3)

Longevity of the component (Ic) = TR
i=14'i

To explain the application of this equation, we continue with the example mentioned above, table 4 shows
the data necessary for the calculation of longevity and its respective result by component.

Table 4. Data for the calculation of the longevity and their result per component

Type of Age of the component Quantity of components Longevity of the
Component (I;) (years) with the age type i (q’) component (/c)
0 (new components) 15 3,87 years
A 3 15
5 25
6 20
0 (new components) 15 1,48 years
B 1 7
2 15
4 7
0 (new components) 16 1,74 years
c 2 10
2 10
4 10

Through the previous example, a different longevity is calculated for each type of component, and in turn it
is observed that for each type of component (A, B, C) there are different subgroups according to the ages.
These subgroups represent n according to equation (3). In the case of a new component, the age of the
component (/;) is equal to 0, since this element is virgin and has not been used previously in another
product.

In the case of the assembly of the final product the longevity will be calculated as the weighted average of
the longevity of each component (/c; = Longevity of the component j) with the quantity of this component
in the final product (gc; = quantity of components j used in the final product). m represents the total
number of component types, according to the equation (4).

25'11 lejxqcj
z:;'11:1 qcj

Longevity of the final product (Ip) = (4)

Continuing with the previous example, table 5 shows the data necessary for the calculation of the longevity
of the final product, as well as its respective value, after applying equation (4).

Table 5. Data for the calculation of the longevity and their result per final product.

Type of Quantity of components Longevity of the component Longevity of the
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Component used in the final product (ic) final product (Ip)

(qc)
A 2 3,87 years
B 1 1,48 years 2,31 Years
C 4 1,74 years

This longevity of the final product means that D at the end of the production process on average has a
longevity of 2.31 years. This makes it clear that as the products circulate in the system and the age increase,
the longevity increases.

Thus, proving that through the proposed indicators of circularity and longevity it is possible to evaluate
loop closures and the permanence of resources in the system under study.

3.2. Proposition to represent a circular supply chain through the VSM

3.2.1. Loop closures

In the case of this research, two possibilities were considered for closing the loops through the
remanufacturing process and through the refurbishing process. As a starting point we have the concept of
remanufacturing, which according to Turki et al. 2017 is defined as “an industrial process in which used
end-of-life products are restored to “like-new” conditions”. On the other hand, as far as the concept of
refurbishment is concerned, there is not such a clear definition, in the case of Ellen MacArthur Foundation
2019, they use the term of Refurbishing product “...synonymously with remanufacture and reconditioning
as these terms are used interchangeably depending on the product group”. In this work, the concept of
refurbishment is defined as renewing and restoring a product for later reuse.

In this particular case, the difference between the process of remanufacturing and refurbishment is that
the first is a process that involves a transformation of the product to be integrated into the linear supply
chain (linear process), to subsequently obtain new products. While the second, is related to a
reconditioning process that is carried out completely parallel to the linear supply chain. It is important to
note that both processes will result in "new" products that serve the same market. Figure 1 shows an
illustration of these processes through the original icons of a VSM.
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Figure 1. Representation of the refurbishment and remanufacturing processes in the VSM

3.2.2. Set of linear models

Inventory

Since the uncertainty of procurement in the loops closures (Tura et al., 2019) (Hart et al., 2019) (Singh and
Ordoiez, 2016) (Brissaud and Zwolinski, 2017), and the uncertainty of consumer behavior (Kirchherr et al.,
2018), do not allow establishing a fixed rate of return of the product at the end of its useful life. Then the
recovering process and the entry of material to these processes can be represented through companies
that market used products (Suppliers of refurbishment and remanufacturing processes). In consequence,
the production process consisting of a conventional linear process and two loop closures represented by
the remanufacturing and refurbishment processes, are illustrated as a set of linear processes, as shown in

Figure 2.

The fact of representing the circular system under a set of linear systems is valid, because the loop closure
is being represented through the integration of circularity and longevity indicators in the VSM.
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257 Figure 2. Representation of the refurbishment and remanufacturing processes in the VSM through a set of

258 linear systems.
259
260 3.3. Economic, environmental, social and circular dimensions in the Circular VSM

261  According to the principles of circular economy presented above, the measurement of four main
262  dimensions (economy, environment, society and circularity) is necessary to the evaluation of circular
263 systems, which in this paper will be denominated circular performance. For this reason, it is shown below
264 how each of these dimensions is represented and evaluated through the VSM.

265 3.3.1. Economic dimension

266  This dimension is represented by the timeline (Figure 3), which is one of the main indicators of an original
267  VSM. In this line is observed the total time that takes the product from its arrival to the production process
268 until it is delivered to the final customer. In turn in this line it is possible to observe the individual times of
269  each process, and at the end it is observed the time that added value and the total time of the process
270 (Lead time).

2h 4 h 3h
| 80 sec 60 sec Lead Time |9 h
Value Added | 140 sec
271
272 Figure 3. Timeline of the VSM
273
274 3.3.2. Environmental dimension

275  The environmental dimension is represented by the symbols parallel to the timeline, which represent water
276  required (per specifications), used (actual), and net (lost) and energy (transportation and process)
277 consumption (Figure 4). These representations were previously developed by Faulkner and Badurdeen
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2014 in the Sustainable VSM. In addition, informative tables show the percentages of material used and
wasted below the process symbols.

Required Used Net

60gal [ 120gal 30 gal - - - 60 gal 120 gal 30 gal

Energy
2 Wh 2 Wh /_\ 3Wh Transportation 7 Wh

1600 Wh N/A 1600 Wh
Energy process

Figure 4. water and energy consumption in the VSM

3.3.3. Social dimension

The social dimension is quantified through the indexes of physical work and work environment, which were
developed in the sustainable VSM established by Faulkner and Badurdeen 2014.

The Physical Load Index (PLI), is a measure determined through the answers of a questionnaire, which
considers the frequency of occurrence of different body positions and the handling of various loads. In the
development of the sustainable VSM (Faulkner and Badurdeen 2014), the authors suggest including the
maximum and average value for each work station. This value ranges from 0 to 56.

The second social metric included on the Sustainable VSM by Faulkner and Badurdeen 2014, measures the
work environment. This metric cover four risk types: Electrical Systems (E), Hazardous Chemicals/ Materials
Used (H), Pressurized Systems (P), and High-Speed Components (S). These are evaluated on a scale of 0 to
5, where 0 means that there is no risk and 5 means that there is a risk that has a high impact of damage and
high probability of occurrence. In addition, the noise level is also included in the information table of each
process.

Figure 5 shows the integration of these indicators in the VSM representation. The upper part shows the
metric of the work environment, in which each of its quadrants represents the 4 types of risk described
above. In this particular case there is no risk from electrical systems, nor hazardous chemicals or materials.
On the contrary, there are risks associated with pressurized systems and high-speed components, which
have an evaluation of 2, suggesting that there are risks with low impact and high probability of occurrence,
or high impact with low probability of occurrence.

In the case of the physical work metric (PLI), it shows the average value corresponding to 21.2 and the
maximum (worst) value that can be reached in this work process corresponds to 34.3. Finally, the noise
level corresponding to that workstation is shown, which in this example is 89 dbA.
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Figure 5. Integration of social metrics in the VSM [Faulkner and Badurdeen 2014].
3.3.4. Circular dimension

To complement our proposal and to be able to represent a circular system through the VSM, the indicators
of longevity and circularity presented in section 3.1. are added to this type of mapping. For their
representation, these new data were added to the figure of VSM inventories, as their measures are
associated with the identity of each component or product and do not vary according to the transformation
processes.

An example of this representation is shown in Figure 6. Taking as reference the examples exposed in
section 3.1. linked to the indicators of circularity and longevity, we have a final product D which is
composed by the assembly of the components A, B and C. In this illustration, two processes P1 and P2 are
shown, which have two associated inventories, represented by the red triangles. In turn, these inventories
show the average units of components/product and their respective measures of circularity and longevity.

To determine these values, in the case of the components (A, B, C), equations 1 and 3 were used, which
serve to determine the circularity and longevity of each component (results of table 2 and table 4). In the
case of product D, equations 2 and 4 are used, which are associated with the assembly that results in the
final product D (results of table 3 and table 5).

P1 P2
- ) Shipping
O O
75 A
Component A 30
Circularity= 3,53 cycles Product D
Longevity = 3,87 years Circularity= 2,80 cycles

Longevity = 2,31 years
44
Component B
Circularity= 3,11 cycles
Longevity = 1,48 years

46
Component C
Circularity= 2,35 cycles
Longevity =1,74 years

Figure 6. Representation of longevity and circularity indicators in the VSM.
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According to the indicators and illustrations shown above, we prove that a circular system can be
represented and evaluated through the VSM tool, thus answering our research question ““How Lean
approaches could represent and evaluate circular systems?”. Subsequently, through the information
provided by these indicators, improvement points can be identified where the metrics do not show the
appropriate values, considering the classic procedure of the application of the VSM. First, improvement
points must be identified, and then appropriate solutions should be proposed to generate a new VSM to
compare the current and proposed situation, with the ultimate goal of obtain significant improvements in
the four dimensions of the circular performance.

3.4. Measurement of waste in the circular VSM

Considering the concept of waste described in the state of the art, it is observed that through the circular
VSM several types of waste are put in evidence, which are listed below and linked to the mapping element
to which they are associated. Under this approach it can be seen that the description of wastes is more
extensive than for a conventional VSM, since more elements are considered as waste generators. Table 6,
shows in a systematized way the VSM metrics associated to each waste and value.

e Waiting times: This type of waste is visible in the time line, through the inventory times, because
through this it is visualized how long a piece waits to be processed in each process.

e Inventory: This type of waste is visualized through the average number of units waiting in the
different inventories.

e Over production: This kind of waste can be determined through the comparison of the system's
production and customer demand. In turn, this waste can be studied internally among the suppliers
and internal customers of each process.

e Defects and over-processing: These types of waste can be studied through the information tables
that provide the amount of material consumed and wasted, considering the causes of their origins.
Also, complementary information that can help in the determination of these wastes can be found
in the lines of water and energy consumption.

e Transportation: This waste is observable through the transport symbols and their duration in the
timeline, as well as in the energy consumption through their illustration in the cartography.

e Motion and unutilized talent: These two types of waste are associated with the workers of the
productive processes and their performance, which is why their appearance can be reflected in the
social metrics, which allow us to have a vision of the work environment and the physical effort.

In addition, circularity and longevity are measures that support the "value creation", because according
to the definition established in the state of the art, these two metrics allow to measure both the
reintegration of goods to the productive processes, and the prolongation of its useful life.

Table 6. VSM metrics and each waste type and value.

Wastes / Value

5 & c
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Lead time X X X
Water consumption X
Energy consumption X X
Social metrics X X
Material consumption X X
Circularity
Longevity




360

361
362
363
364
365

366
367
368
369
370
371

372
373
374
375

376
377
378
379
380

381

382
383
384
385

386
387
388
389
390

391
392
393
394

395
396
397
398

399
400
401

402

403
404

4. Validation of the Hypothesis

The VSM has been adapted to integrate new processes (remanufacturing and refurbishment) to lead to the
Circular VSM, which allows the representation and evaluation of circular production processes. Therefore,
the necessary operations to close the loops (inspections, disassembles, cleaning, transportations, etc.) had
to be included and will generate new waste in terms of Lean, as mentioned in the second statement, in
section 2.2.2.

To illustrate this an example is provided (Figure 2). It can be seen that new processes are associated with
new inventories, transports and movements that were not previously necessary in a linear supply chain.
These new elements, are also related to the uncertainty characteristic of circular economy procurement,
due to the diversity of incoming material in terms of quantity and quality, defined in the description of a
first statement in the section 2.2.2. It is important to emphasize that under this model the linear supply
chain is still necessary, since the other processes depend on it.

On the other hand, there are new production rhythms associated with the remanufacturing and
refurbishment branches, which could generate overproduction and/or over processing. Finally, the
development of these new processes could lead to defects in the products in process and/or finished
products.

According to all previously mentioned, the hypothesis presented in section 2.3 "Lean Manufacturing
highlights the waste produced in a circular industrial system, which allows its subsequent improvement" is
validated. Because through the adaptation of this mapping, it is possible to identify improvement points
(known as waste) in the circular supply chain and perform them through the method associated with a
conventional VSM.

5. Application of the Circular VSM through a Case Study

A case study (Faulkner et al., 2012) was taken to validate the proposed Circular VSM. This case study was
previously developed under a sustainable Lean approach, implementing the Value Stream Mapping (VSM)
tool, and adding sustainable metrics to evaluate the economic, societal, and environmental performance of
the system.

In the case of this research, it was decided to adapt this tool to show closed loops with remanufacturing
and refurbishment processes, as well as the adaptation of circular metrics (circularity and longevity) to
evaluate the performance of the system. To complete the data for the VSM, empirical information was
collected, and then possible loop closure scenarios were raised and tested through a simulation software to
complete the circular VSM case study.

The circular system is a hybrid system (linear and circular), in which circularity can be seen through two
closed loops in the processes of remanufacturing and refurbishment. This circular system was conceived in
a hybrid way. Indeed, in practice it is not possible to have a perfect circular system, so this model is
proposed as an approach to a real productive system.

Figure 7 shows a global view of the case study represented in a VSM, while the details will be presented
later on this paper. In this mapping (figure 7), it is exposed in the first stage the process of refurbishment, in
the second stage the process of remanufacturing and in the third stage the linear process (linear supply
chain) and its interactions for the fulfillment of the demand of the consumers.

Through the case study represented by the circular VSM, it can be observed that the four previously
established dimensions of circular performance (economic, social, environmental and circular) are
quantified through the indicators presented.

5.1. Material flow, circularity and longevity in the circular VSM

It is important to highlight that the VSM considers the flow of 4 different types of materials (components A,
B, C and the final product D). These materials flow in three processes that are carried out in parallel with
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indicators of longevity and circularity respectively, through the information of the inventories. Figures 8, 9,
and 10 represent the set of linear processes belonging to refurbishment, remanufacturing and linear
process.

Figure 8 shows the beginning of the material flow in the refurbishment process, which starts with one
supplier, corresponding to the supply of used products D, component A, component B and component C.
Indeed, a refurbished product can be composed of used and new parts, and at the end of the process the
product is shipped directly to the consumer. In this process, it is observed that at the beginning, the
guantities in inventory of each type of product/component are shown with their respective indicators of
circularity and longevity. As these are used products of type D, the indicators show a circularity of 3.16
cycles and a longevity of 4.59 years, and in the case of components A, B and C, they have a circularity and
longevity of 0, because they are new.

Refurbishment process
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Figure 7. Circular VSM of case study
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Subsequently, the inventory of the end of the refurbishment operation shows the new values of circularity
(A= 0.55 B=1.60 and C= 0.40 cycles) and longevity (A= 0.99 B= 0.75 and C= 1.74 years) of the components.
This is due to the fact that after having gone through the disassembly, cleaning and classification and
refurbishment operations, the flows of new and reused components converge to assemble the products D
that will soon be shipped to customers, with a circularity of 0.85 cycles and a longevity of 1.16 years, which
are shown in the shipping inventory. Below the cleaning and classification process, a table of percentages is
shown. This corresponds to the portion of each type of component that continues in the production

process and the percentage that becomes waste.
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A A 165
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Component B

3
Component C

5
Component B
Circularity= 5,40 cycles
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Component C
Circularity= 1,53 cycles
Longevity = 6,64 years

Figure 8. VSM — Refurbishment process

197
Component B
Circularity= 1,60 cycles
Longevity =0,75 years

760
Component C
Circularity= 0,40 cycles
Longevity = 1,74 years

In the case of figure 9 (Remanufacturing process), there is one supplier of used products, for this reason, an
initial inventory of product D with a circularity of 2.87 cycles and a longevity of 3.54 years is shown.
Subsequently, before the overhaul operation, the circularity (A= 2.52 B= 1.55 and C= 4.55 cycles) and
longevity (A= 1.52 B= 4.55 and C= 4.55 years) of each reused component are shown. And then these
components are reintegrated into the linear process in two different flows, components A for painting
operation and components B and C for the kitting operation. Also, Figure 9 shows the percentages of
material used according to the cleaning and classification operation in a data table below the process icon.
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Figure 9. VSM — Remanufacturing process

Re-entry into
the process

Figure 10 shows the conventional linear process, with the supplier of new components at the beginning of
the mapping, with a circularity and longevity of 0. And later, the entry of components types A from the
remanufacturing process in the end of washing operation, which, when converging with the linear flow, has
a circularity of 0,66 cycles and a longevity of 0,40 years.
convergence with the remanufacturing process is shown through components B and C, which show a
circularity (B= 0,59 and C= 2,24 cycles) and a longevity (B= 1,73 and C= 2,24 years) respectively. and finally,
after assembly, there is the final product D with a circularity of 1,16 cycles and a longevity of 1,46 years.
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Figure 10. VSM — Linear process

5.2. Timeline, energy and water consumption in the circular VSM
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In the case of the refurbishment process, the material that enters through this process is sent to the
costumers, so the time line, water consumption and energy consumption are totalized directly after the
shipment in the same process (Figure 11). Otherwise is the remanufacturing process, because it is
integrated to the linear process, so it is observed that the process is cut through dotted lines (Figure 12), to
give entry to the material in the indicated points of the linear process.

128,83 h
TIME 21,23 h
0,46 h 1,24h 1,78 h 72,58 h 2268h | oo e d
60 sec I 80 sec 80 sec | | 40 sec ead fime ! ays
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PROCESS WATER
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Energy Transportation 18 Wh
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E 2069 Wh
- TwWh nergy process
3
Figure 11. Timeline, energy and water consumption in the refurbishment process.
TIME
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ENERGY CONSUMPTION

Figure 12. Timeline, energy and water consumption in the remanufacturing process.

Figure 13 shows the time line, water consumption and energy consumption of the linear process, as well as
the convergence of these indicators with the remanufacturing process through the dotted lines. As in this
last process converge the linear production and the remanufacturing production, the final products are
assembled from mixed components of both processes. Therefore, at the end, in the totalization of the
indicators, we have the levels in which the time, water consumption and energy consumption of these
products vary. That means, the indicators of the continuation of the linear process show the consumption
of a product that is completely linear, while the totalization of the remanufacturing process shows the
consumption of a product that is completely remanufactured, that is why these values will be the limits in
which the real values of each finished product coming from these two processes fluctuate.
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472 Figure 13. Timeline, energy and water consumption in the linear process.
473 5.3. Comparison of the indicators associated with a finished product D from each branch of the
474 circular VSM

475 When comparing the performance of each branch of the circular process (Table 7), we can observe that in
476 terms of lead time, the refurbishment process delivers the finished products in less time (6,46 days),
477  followed by the linear process (9,71 days), and the remanufacturing process (10,86 days). With respect to
478 water consumption, it is shown that the refurbishment process consumes less water (105 / 159 / 32 gal.),
479 followed by the linear process (160,01 / 231,01 / 64,01gal.) and finally the remanufacturing process (203 /
480 255 / 51 gal.). With respect to energy consumption, it is shown that the refurbishment process has a better
481 performance (18 / 2069 Wh), followed by the remanufacturing process (993 / 2093 Wh), and finally the
482 linear process (985 / 2600 Wh). With respect to the circularity and longevity indicators, it is observed that
483 only two aspects can be compared, due to the convergence of the remanufacturing process in the linear
484  process, resulting that these two processes generate products with a higher circularity (1,16 cycles) and
485 longevity (1,46 years) than the refurbishment process (0,85 cycles and 1,16 years).

486  With respect to the social metrics, in order to study their performance, it is necessary to carry out a specific
487 review of each process, since it is not possible to make a general totalization that yields a value for the
488 entire system.

489  Table 7. Comparison of the indicators associated with a finished product in the circular VSM

Refurbishment Remanufacturing process Linear process
process
Lead time (days) 6,46 10,86 9,71
Water consumption (gal.) 105/159/32 203 /255/51 160,01 / 231,01/
Required/ used/ net 64,01
Energy consumption (Wh) 18 /2069 993 / 2093 985 / 2600
Transportation / process
Circularity (cycles) 0,85 1,16

Longevity (years) 1,16 1,46
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This case study reaffirms that a circular industrial system can be represented and evaluated through the
VSM, as well as confirms our initial hypothesis that " Lean Manufacturing highlights the waste produced in
a circular industrial system, which allows its subsequent improvement”. This can be seen in greater detail in
the different indicators associated with each dimension. In the case of the conventional VSM metrics
(economic metrics), the waiting times and inventories related to the remanufacturing and refurbishment
processes, can be seen through the time line and lead times, which show different production rates and
capacities. In the case of environmental metrics, waste is observed through the consumption of water,
energy and resources. In the case of the social metrics, the different indices associated with each workplace
are shown and finally, in the case of the circular dimension, it is evidenced through the longevity and
circularity of each branch of the system.

6. Discussion and Conclusions

Through the present research it was possible to establish a relationship between the concepts of value and
waste under the Circular Economy and Lean Manufacturing philosophy, which allowed to define specific
metrics to evaluate the circular systems. According to the information found in the literature, these metrics
correspond to the economic, social, environmental, and circular dimensions. Subsequently, the indicators
corresponding to each metric were determined through the adaptation of the VSM tool, to which the
circularity and longevity indicators were proposed and added to consider the value related to the Circular
Economy.

With the adaptation of the VSM to circular environments, it was possible to prove that this tool can be
useful to represent this type of systems and obtain relevant information to support decision making from
an operational perspective. In addition, with the inclusion of these new indicators, a clearer global vision is
projected, which includes new dimensions that allow to evaluate a system considering the economic,
social, environmental and circular performance.

With the application of the mapping in the case study, it was possible to determine that a circular product
(generated through a closed loop by refurbishment and/or remanufacturing processes) will not necessarily
be better than a linear product (generated through the linear process), for this it is necessary to consider all
the dimensions mentioned above.

Finally, it was possible to test the hypothesis, allowing to prove that a system composed of different loop
closures can be represented and evaluated through the VSM and it was shown how a Lean approach can
support the improvement of a circular system. Waste and improvement opportunities could be detected
and corrected with future proposals, in order to increase the value in the system.

The limitations of this research are linked to the fact that the information gathered for the case study came
from the literature and was complemented with empirical information provided on websites and
assumptions of the authors. In addition, it is important to note that there is very little evidence in the
literature that can link Circular Economy with Lean philosophy.

For future research we recommend the use of the Circular VSM in practical case studies, where more
specific field information can be obtained, as well as its application in different production systems for
further validation.

7. Acknowledgments

This work is supported by the French National Research Agency in the framework of the
“Investissements d'avenir” program (ANR-15-IDEX-02).

8. References



534
535
536

537
538
539

540
541
542

543
544

545
546
547

548
549
550

551
552
553

554
555

556
557

558
559
560

561
562
563

564
565
566

567
568
569

570
571

572
573
574

575
576
577

Brissaud, D., Zwolinski, P., 2017. The scientific challenges for a sustainable consumption and production
scenario : the circular reuse of materials for the upgrading and repurposing of components. Procedia
CIRP 61, 663-666. https://doi.org/10.1016/j.procir.2016.11.148

Brown, A., Amundson, J., Badurdeen, F., 2014. Sustainable value stream mapping (Sus-VSM) in different
manufacturing system configurations: Application case studies. J. Clean. Prod. 85, 164-179.
https://doi.org/10.1016/j.jclepro.2014.05.101

Corona, B., Shen, L., Reike, D., Rosales Carredn, J., Worrell, E., 2019. Towards sustainable development
through the circular economy—A review and critical assessment on current circularity metrics.
Resour. Conserv. Recycl. 151, 104498. https://doi.org/10.1016/j.resconrec.2019.104498

EMF-Ellen MacArthur Foundation, 2013. Towards the Circular Economy: Economic and Business Rationale
for an Accelerated Transition. vol.1.

Faulkner, W., Badurdeen, F., 2014. Sustainable Value Stream Mapping (Sus-VSM): Methodology to visualize
and assess manufacturing sustainability performance. J. Clean. Prod. 85, 8—18.
https://doi.org/10.1016/j.jclepro.2014.05.042

Faulkner, W., Templeton, W., Gullett, D., Badurdeen, F., 2012. Visualizing sustainability performance of
manufacturing systems using sustainable value stream mapping (Sus-VSM). Proc. 2012 Int. Conf. Ind.
Eng. Oper. Manag. Istanbul, Turkey 815—-824.

Figge, F., Thorpe, A.S., Givry, P., Canning, L., Franklin-Johnson, E., 2018. Longevity and Circularity as
Indicators of Eco-Efficient Resource Use in the Circular Economy. Ecol. Econ. 150, 297-306.
https://doi.org/10.1016/j.ecolecon.2018.04.030

Franklin-Johnson, E., Figge, F., Canning, L., 2016. Resource duration as a managerial indicator for Circular
Economy performance. J. Clean. Prod. 133, 589-598. https://doi.org/10.1016/].jclepro.2016.05.023

Geissdoerfer, M., Savaget, P., Bocken, N.M.P., Hultink, E.J., 2017. The Circular Economy — A new
sustainability paradigm? J. Clean. Prod. 143, 757-768. https://doi.org/10.1016/j.jclepro.2016.12.048

Gonzalez Chavez, C.A., Romero, D., Rossi, M., Luglietti, R., Johansson, B., 2019. Circular lean product-service
systems design: A literature review, framework proposal and case studies. Procedia CIRP 83, 419-424.
https://doi.org/10.1016/j.procir.2019.03.109

Hart, J., Adams, K., Giesekam, J., Tingley, D.D., Pomponi, F., 2019. Barriers and drivers in a circular
economy: The case of the built environment. Procedia CIRP 80, 619-624.
https://doi.org/10.1016/j.procir.2018.12.015

Huysman, S., De Schaepmeester, J., Ragaert, K., Dewulf, J., De Meester, S., 2017. Performance indicators for
a circular economy: A case study on post-industrial plastic waste. Resour. Conserv. Recycl. 120, 46-54.
https://doi.org/10.1016/j.resconrec.2017.01.013

Kirchherr, J., Piscicelli, L., Bour, R., Kostense-Smit, E., Muller, J., Huibrechtse-Truijens, A., Hekkert, M., 2018.
Barriers to the Circular Economy: Evidence From the European Union (EU). Ecol. Econ. 150, 264-272.
https://doi.org/10.1016/j.ecolecon.2018.04.028

Korhonen, J., Nuur, C., Feldmann, A., Birkie, S.E., 2018. Circular economy as an essentially contested
concept. J. Clean. Prod. 175, 544-552. https://doi.org/10.1016/j.jclepro.2017.12.111

Kristensen, H.S., Mosgaard, M.A., 2020. A review of micro level indicators for a circular economy — moving
away from the three dimensions of sustainability? J. Clean. Prod. 243, 118531.
https://doi.org/10.1016/j.jclepro.2019.118531

Kuhlang, P., Edtmayr, T., Sihn, W., 2011. Methodical approach to increase productivity and reduce lead
time in assembly and production-logistic processes. CIRP J. Manuf. Sci. Technol. 4, 24-32.
https://doi.org/10.1016/j.cirpj.2011.02.001



578
579
580

581
582
583

584
585

586

587
588

589
590
591

592
593
594

595
596
597

598
599

600
601

602

Mesa, J., Esparragoza, I., Maury, H., 2018. Developing a set of sustainability indicators for product families
based on the circular economy model. J. Clean. Prod. 196, 1429-1442.
https://doi.org/10.1016/j.jclepro.2018.06.131

Nadeem, S.P., Garza-Reyes, J.A., Anosike, A.l., Kumar, V., 2019. Coalescing the lean and circular economy,
in: International Conference on Industrial Engineering and Operations Management. Bangkok,
Thailand, pp. 1082—-1093.

Nee, A., Song, B., Ong, S., 2013. Re-engineering Manufacturing for Sustainability, in: 20th CIRP International
Conference on Life Cycle Engineering. Singapore. https://doi.org/10.1007/978-981-4451-48-2

Ohno, T., 1988. Toyota Production System: Beyond Large-Scale Production. CRC Press.

Romero, D., Rossi, M., 2017. Towards Circular Lean Product-Service Systems. Procedia CIRP 64, 13—18.
https://doi.org/10.1016/j.procir.2017.03.133

Singh, J., Ordofiez, I., 2016. Resource recovery from post-consumer waste: important lessons for the
upcoming circular economy. J. Clean. Prod. 134, 342-353.
https://doi.org/10.1016/j.jclepro.2015.12.020

Tura, N., Hanski, J., Ahola, T., Stahle, M., Piiparinen, S., Valkokari, P., 2019. Unlocking circular business: A
framework of barriers and drivers. J. Clean. Prod. 212, 90-98.
https://doi.org/10.1016/j.jclepro.2018.11.202

United States International Trade Commission, 2013. Remanufactured goods: An overview of the U.S. and
global industries, markets, and trade, Remanufactured Goods: U.S. Activities, Sector Studies, and
Global Markets.

Webster, K., 2013. What might we say about a circular economy? Some temptations to avoid if possible.
World Futur. J. Gen. Evol. 69, 542-554. https://doi.org/10.1080/02604027.2013.835977

Womack, J.P., Jones, D.T., 1996. Lean Thinking: Banish Waste And Create Wealth In Your Corporation.
Simon & Schuster, New York, NY.





