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Abstract

simulation

Circular economy enables to restore product value at the end of life i.e. when no longer used or damaged. Thus, the
product life cycle is extended and this economy permits to reduce waste increase and resources rarefaction. There
are several revaluation options (reuse, remanufacturing, recycling, ...). So, decision makers need to assess these
options to determine which is the best decision. Thus, we will present a study about an End-Of-Life (Eol) decision
making which aims to facilitate the industrialization of circular economy. For this, it is essential to consider all variables
and parameters impacting the decision of the product trajectory. A first part of the work proposes to identify the
variables and parameters impacting the decision making. A second part proposes an assessment approach based on
a modeling by Generalized Colored Stochastic Petri Net (GCSPN) and on a Monte-Carlo simulation. The approach
developed is tested on an industrial example from the literature to analyze the efficiency and effectiveness of the
model. This first application showed the feasibility of the approach, and also the limits of the GCSPN modelling.

Keywords: Circular economy, Sustainability, Decision making, Generalized colored stochastic Petri net, Monte-Carlo

1 Introduction

According to the world population growth curve, we ob-
serve that the increase in the world’s population is simi-
lar with the increase in energy, materials consumed and
CO, in the atmosphere [1]. The transition of companies
to Industry 4.0 brings new technological advances with a
greater source of information to solve some of these issues.
Nevertheless, product customization and planned obso-
lescence both generate today a significant end-of-life (EoL)
product stream and for a long time [2].

The concept of circular economy based on the pillars of
sustainable development is defined by the Ellen Mc Arthur
Foundation as follows: circular economy is based on the
principles of designing out waste and pollution, keep-
ing products and materials in use, and regenerating nat-
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ural system (https://www.ellenmacarthurfoundation.org/
circular-economy/what-is-the-circular-economy). In cir-
cular economy, the goal is to reduce the waste produced
by consumer society, in a circular cycle composed of a set
of processes such as reuse/refurbishment/remanufactur-
ing/recycling/... These loops enable a product to be re-
newed, reconstituted and to extend its life cycle. Never-
theless, one question seems essential: how does one choose
the optimized process of revalorization? In fact, the pro-
cess that allows a product to be regenerated for the longest
time and at the lowest cost will be favored among all the
possibilities offered to companies.

An analysis of the literature shows that there are many
papers on these different processes, but very few that
group these different processes into a unified process. The
objective of our work over the last few years is to propose
a global vision of product regeneration. In Diez 2015, we
defined the regeneration paradigm as [3]: “set of actions,
natural or technical, to restore a waste or its constituents
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to an acceptable state (functional and operational) allow-
ing to extend its life cycle” Nowadays this process is not
yet industrialized and regeneration activities are mainly
handmade [4]. When a manufacturer decides to regen-
erate a product, it should consider that revalorizing the
product enables to reduce implicit costs such as the end-
of-life product management costs, which are more and
more regulated, and to reduce the manufacturing costs
such as operating costs and raw material purchases. So, in-
dustrializing regeneration provides economic advantages
with reduced implicit costs and makes it possible to reach
a new clientele potentially demanding regenerated prod-
ucts, which are by definition less costly than new products.
From an environmental point of view, a life cycle analy-
sis of the product and in particular at the end of its life
would ensure the ecological advantages to regenerate a
product in such or such revalorization process. However,
there is no doubt that extending the life of a product by
reusing it, repairing it, remanufacturing it and recycling
it allows reducing the depletion of natural resources and
waste volume. So, the objective of this paper is to propose a
methodology and a decision making tool to determine the
best regeneration to perform, based on the product health
state, on information regeneration processes and market
needs.

In a sustainable point of view, we assume to assess each
product in an individual way to find the best regenera-
tion trajectory for each product. Indeed, if we assess a
product set, the best regeneration trajectory mean could
be not appropriate for all products. The second assump-
tion is to work with products with high value added and
multi-components to justify an individual assessment to
each product. In addition, some regeneration processes are
divergent because they require a partial or complete de-
composition (reconditioning, remanufacturing, disassem-
bly, ...). Thus, the decision making tool must also be se-
quential to be able to diagnose and assess each decom-
posed element. The third assumption is that there are sev-
eral regeneration alternatives for a product. Furthermore,
we consider that these alternatives are prioritized from an
environmental and economic point of view. For example,
reuse is the smallest recovery loop, therefore the least ex-
pensive and with the best environmental impact compared
to remanufacturing and recycling. Thus, if reuse is not pos-
sible for a product then the next option such as remanu-
facturing can be considered. This assumption could be in
opposition with current market but not from a sustainable
development point of view.

Regarding these assumptions, the decision making must
be able to adapt the decision according to different vari-
ables and parameters impacting the decision. Thus, this
work considers complete loops in the regeneration cycle
(Collect product, Assess product and Regenerate prod-
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uct) for decision-making and the assessment of differ-
ent regeneration alternatives depending on the product
health state, regeneration processes (reuse, remanufactur-
ing, recycling, ...) and information on the market. The
health state is built for a product, as a function of func-
tional, operational and dysfunctional variables. Indeed,
when considering an EoL product, the health state de-
pends on the information collected throughout the prod-
uct use phase. To take into account these uncertainties,
a modeling method for regeneration decision making is
proposed using generalized stochastic Petri net modeling
(GCSPN) combined with Monte-Carlo simulation. We ob-
tain a decision making tool to estimate the best regenera-
tion trajectory.

The paper is structured as follows: a review of decision
making in the regeneration process is proposed in Sect. 2.
Section 3 develops the proposed decision making method
for the EoL product. Section 4 is devoted to the applica-
tion of the method on an example from the literature and
its analysis. Section 5 concludes the paper and proposes
several perspectives for future research.

2 Literature review: decision making in
regeneration process

The regeneration objective is to reuse products waste
(products, sub-assemblies and components) to remain in
use phase as long as possible (extend the product life cy-
cle) and delay the dismantling phase. This process is com-
posed of several activities as we can see in Fig. 1. The de-
cision activity is an indispensable building block to assess
the different regeneration alternatives and to choose the
best regeneration decision. Indeed, the assessment result
will depend on variables collected over the entire prod-
uct life cycle, but also on regeneration activities like refur-
bishment, cleaning, disassembly, rework or re-assembly.
So, the assessment must take into account all the ele-
ments that may impact the regeneration trajectory, as well
as product, processes and market variables and parame-
ters. In addition, the decision making must consider that
some variables and parameters are uncertain. Thus, we
propose a literature review to answer the following ques-
tions:

+ What does the end-of-life product assessment cover?

+ What are the variables and parameters used in

decision making?

+ What are the tools used for decision making?

+ What are the assessment criteria?

+ Do the models take uncertainty into account in the

assessment?

From the articles presented in Table 1, it is clear that
there are several assessment methods (graphical or algo-
rithmic). Each paper uses heterogeneous product, process,
market variables and parameters to perform assessment.
As the regeneration process has an input stream that is



Vanson et al. Autonomous Intelligent Systems

(2022) 2:3

Page30of 18

MARKET VARIABLES
o N ]'
| < T —
- Eol — =»|  EolLProduct [~:®] EolL Product Regenerate
/ : oLt EolL Product
— Product > Health Decision &
Recovery Diagnostic making Requaification
PRODUCT VARIABLES I____:T__‘__‘__‘__-__-__—__'_f'__'_____—: _____
— EoLProduct i PROGESSESVARIADLES |
=== Eol Data for Decision Making
Figure 1 Example of regeneration activities
Table 1 End-of-life decision-making methods in literature
Assessment type  Target Variables Modeling tool Solving tool Criteria Uncertainty
parameters
Eol assessments  The best EOL Market/Process A multicriteria decision-aid Economic/ No
alternative [5] Environnemental
The optimal EoL option  Product/Process/  PESTEL Analytic hierarchy Economic/ No
[6] Market process and Environnemental
Cost/benefit
analyses
The best EOL Process/Market A Product Recovery Multi-Criteria Decision Tool ~ Economic/ No
alternative [7] Environnemental/
Social
The best circularity Product/Process A multi-criteria decision-making method Environmental/ No
strategies for a product Economic/Social
and/or service [8]
Disassembly The optimal Product Fuzzy Reasoning Petri  Reasoning algorithm Economic Yes
assessments disassembly sequence Nets (FRPN) based on FRPN
(9]
The optimal Product/Process ~ FRPN/matrix operation A reasoning Economic Yes
disassembly sequence algorithm of
(10l formalisation
The best disassembly Process A mathematical model  Heuristic SS Economic No
sequence [11] algorithm
The best disassembly Product/Process A mathematical model A stochastic program Economic Yes
sequence [12]
Other The optimal strategy Product/Process A mathematical model Tabu search/scatter Economic Yes
assessments between with prioritization search/neural
manufacturing or networks
remanufacturing [13]
The best collection Market Fuzzy Coloured Petri Model simulation Economic/ Yes
strategy [14] Net models Environmental
The optimal facility Product/Process/ A mathematical model A stochastic Economic Yes
locations and flows Market multi-objective
between facilities [15] model/Pareto-
optimal
solution
The best PSS scenarios  Process A multi-criteria analysis/"ELECTRE I” method Environmental/ No
6] Economic/Social
The best design for Product Multiagent systems Economic No

new products from
post-used components
(171
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not controlled, it is essential to consider the uncertainty
on the product variables but also the effect of the regenera-
tion actions. As shown in Table 1, many papers do not take
uncertainty into account in their models. The applications
only deal with product or subassembly level equipment.
Another observation is that only 4 papers in Table 1 assess
more than three regeneration processes [5-8]. Else other
articles focus solely on one theme as disassembly or collect
or PSS scenario [9-17]. However, only papers working on
the disassembly activity such as [9, 10] and [11] propose
a customized decision making for each product to deter-
mine the best disassembly sequence with an industrializa-
tion perspective. On the contrary, papers [5, 6] and [7] as-
sess several regeneration options for a product individually
but at a strategic, static level, i.e., without considering the
product’s health state but only according to the product’s
characteristics such as its nomenclature and/or its com-
position in terms of material. Therefore, it is not possible
to use these decision making tools for the purpose of in-
dustrializing regeneration. So, to increase profit, the best
regeneration trajectory for each product should be deter-
mined in a personalized way rather than using the statis-
tical optimization of many products [12]. Indeed, even if
statistical optimization allows to reduce the importance of
the assessment time, this could lead to slowdowns in the
regeneration chain because the trajectory of a few prod-
ucts assessed globally could disrupt the process. The ma-
jority of the papers studied in Table 1 do not specify calcu-
lation times — which is an important omission — given that
the time criterion is crucial for the implementation of prof-
itable industrialization for manufacturers. So, [18] pro-
vides a review of decision making work in the solid waste
management area. In this review, several critical decision-
making points are highlighted: for example, most critical
issues are the assumptions and selection of evaluation cri-
teria and further the selection of the criteria weight val-
ues. In Table 1, the criteria column shows that all papers
use economic criteria, four papers use environmental cri-
teria, and three papers use criteria in all three sustainability
categories. The economic criteria are important because
they provide evidence for companies to demonstrate the
economic feasibility of product regeneration. In addition,
the articles using the most criteria are the articles assessing
several end-of-life alternatives. While the articles assessing
the disassembly activity focus only on the economic crite-
ria. In our work, we defined assumptions and the criteria
type (environmental, economic) in introduction. We pro-
posed consider all assessments with product, process and
market variables. Thus, the assessment trajectory of an
EoL product is more relevant since the variables used con-
cern the whole regeneration cycle. Thanks to this global
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vision, it is obvious that the assessment of the regenera-
tion trajectory will be more accurate and more profitable.

3 Decision making method for EoL product
Following the state of the art, we will propose a decision
making approach that allows to determine the best regen-
eration strategy for a product depending on its health state
but also on the regeneration process and market informa-
tion. To do this, the proposed approach is divided into 3
steps:

+ Identification of the variables that influence the health
state and those that are related to the regeneration
process and the market.

« Instantiation of the proposed models.

+ Evaluation of the strategies by Monte-Carlo
simulation.

As a reminder and to complete the assumptions men-
tioned in introduction: with an industrialization point
of view, we consider a single type of product, complete
(containing all its components), which arrives in the cy-
cle through a push flow (suppliers randomly provide EoL
products). In this way, products can arrive with informa-
tion about their usage, either provided by the supplier or
integrated into the product (smart product), or most fre-
quently any information requiring diagnosis and tests to
assess EoL product health state. Thus, we assume that it’s
feasible to collect EoL product information with a certain
cost. To industrialize regeneration, the following activities
must be implemented (Fig. 1):

1. EoL products recovery through users or other
collectors.

2. Diagnose the product health state:

(a) by recovering information on the product by
collecting all the information available on the
product and provided by the supplier. If
necessary, carry out additional tests to retrieve
missing information for decision making.

(b) by assigning a class to the product based on the
data collected, which allows the product to be
categorized to facilitate its assessment.

3. Determine the best regeneration route for the
product to be regenerated according to its condition,
criteria and constraints (cost, customers needs,
environmental impact...). According to its
assessment, the waste product will be oriented
towards the most adapted process for its regeneration
(reuse/remanufacturing/recycling/...).

4. Regenerate the EoL product and requalify it
according to its new health state. The requalification
objective is to position the product in a class in view
of its reinsertion in remanufacturing or resale.

It is important to specify that the activities described

for regeneration are recursive for certain trajectories with
product decomposition. Indeed, for each decomposed el-
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ement, activities 2 to 5 are repeated because the process
can deteriorate the product. Moreover, the diagnosis of the
physical and/or functional aspect at the lower level of the
nomenclature is not necessarily possible before decompo-
sition. Thus, the decision-making is important because it
is necessary to assess the regeneration trajectory for each
decomposed element. Nevertheless, before designing a de-
cision making system, it is required to identify and analyze
the variables and parameters impacting the decision mak-
ing.

The first sub-section proposes a formalization in order
to identify the variables influencing the decision making.
The second, a modeling into Petri Net following the regen-
eration activities. Finally, to obtain a decision making tool
that allows to determine the best regeneration trajectory
according to the product’s health state, process and mar-
ket, a Monte-Carlo simulation is used. With this tool, we
obtain the best regeneration trajectory, success probability
and potential gain.

3.1 Variables identification impacting the decision-making
So, the need to identify variables and their influence on the
decision making is essential. Figure 2 presents a causal loop
diagram [19] which contains a non-exhaustive list of vari-
ables/parameters impacting the decision making. Thus, as
presented in the previous section and with a global vision,
three groups are identified: product variables, process vari-
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ables and market variables. The interactions that exist be-
tween the identified variables are modeled through cause-
effect relationships. These interactions are represented by
polarized arrows. This polarity describes the type of in-
fluence that one variable has on another. The “S” (Same)
polarity means that the two variables evolve in the same
direction. Conversely, the “O” (Opposite) polarity means
that the two variables move in opposite directions. During
its regeneration, a product can be decomposed into sev-
eral elements, the causal loop diagram (Fig. 2) is instanti-
ated recursively for each sub-assembly and component of
a product.

The variable DECISION MAKING is therefore influ-

enced:

+ by the variable PRODUCT HEALTH STATE with a
“O” polarity because if the health state is acceptable
and the product is still in use, then there is no need to
take a decision.

« by the parameters of the regeneration processes
grouped by the REGENERATION PROCESS variable
to make the model more comprehensible with a “S”
polarity.

+ by the var MARKET DEMAND with a polarity “S”
because the market demand prioritizes the
regeneration processes. For example, if customer
acceptability of regenerated products is low then the
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recycling process will be preferred over
remanufacturing.

3.1.1 Product variables

The PRODUCT HEALTH STATE stock variable repre-
sents the real state of a system in a vector indicators form
of various kinds. Theses variables can be deterministic,
uncertain and/or unknown. So, product variables are de-
fined according to the following families: functional, dys-
functional and operational for each level of the element
to be regenerated (equipment/sub-assembly/component).
The work of [20] proposes product prioritization to estab-
lish health assessment at each level, and a method to re-
construct the health state of the higher level or to project
for the lower levels. This principle is reused in disassem-
bly/reassembly activities.

In Fig. 2 the PRODUCT HEALTH STATE stock variable
is seen as a stock that can be filled through the “Increasing”
valve and emptied through “Decreasing”. The PRODUCT
HEALTH STATE stock variable evolves according to the
phase of the life cycle it is in. During the first manufactur-
ing phase the health state is maximal, during the use phase
the product’s health state is reduced while the regeneration
actions increase its health state.

Thus, in the use phase we find the different functional,
dysfunctional and operational variables that are direct
indicators of the health state. Two types of variables
are used: Boolean variables for all-or-nothing indicators
(example: is the move function for product still avail-
able? YES/NO) and real variables for performance, rate
or percentage indicators (example: OperatingDuration,
RustPercentage...). Moreover, the polarity of the arrows
allows to know how the variables interact. For example,
if we consider the OperatingDuration variable its polarity
with FunctionalVariable is “O” because the more the op-
erating duration increases the more FunctionalVariable
will decrease. For the FunctionAvailable boolean vari-
able, it evolves in the same way as FunctionalVariable,
if the function in question is no more operational then
FunctionalVariable will decrease.

3.1.2 Process variables

Depending on the availability, capacity, performance, en-
vironmental impact, cost and other indicators of each re-
generation process, the decision on the trajectory will be
different. In addition, these variables evolve over time and
must be continuously updated so that the decision making
system can determine the best regeneration trajectory for
each product. For example, remanufacturing process vari-
ables such as the component inventory, the process avail-
ability, or the process environmental impact can influence
the decision to remanufacture the product following this
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process and thus potentially improve the product condi-
tion. Thus, these variables have an indirect influence on
the product’s health state, but are crucial in the decision
making process.

Process variables in Fig. 2 can be instantiated for each
regeneration process (reuse, reconditioning, remanufac-
turing, recycling...) considered in the model. In addi-
tion, it is important to note that each activity in each re-
generation process can have a negative influence on the
health state. For example, a disassembly activity between
two elements can physically damage one or both com-
ponents. Indeed, the variability of the products’ state to
be disassembled makes the operations complex. The dif-
ficulty of adapting regeneration operations to the vari-
ability of the products justifies taking into account the
potential failure of the activity in the decision making
process. Thus, this possibility must be considered by in-
serting uncertainty for each regeneration process mod-
eled in the decision making system. Thus, Fig. 2 shows
that if the decision has been made to regenerate the
product through the remanufacturing process based on
the regeneration process’s performance the product can
either go well and thus improve the product’s health
state or not go well and further deteriorate the product.
Thus, the polarity from “RemanufacturingPerformance” to
“RemanufacturingSuccess” is “S” but is “O” to “Remanufac-
turingFailure’.

3.1.3 Market variable

The MARKET DEMAND variable is also seen as a stock
that can be filled through the “Inc” valve and emptied
through “Dec”. This variable shows that customer demands
for the new or regenerated product influence decision
making through the target health state for regeneration.
This is because the regenerated product health state de-
pends on the market demand in terms of quantity and
quality. If there is no demand, there will be no remanufac-
turing. In addition, as more customers purchase product,
the demand will decrease.

3.2 Generalized colored stochastic Petri net formalization
The second step of our approach is to model the prod-
uct evolution throughout the regeneration process. This
model represents the impact of the regeneration actions
on the product variables, depending on the product health,
the company’s strategy (cost, customer needs, environ-
mental impact, etc.) and the market demands.

The objective is therefore to propose the best regen-
eration trajectory of a product, considering uncertainties
(product and processes) and constraints (ranges, cost, cus-
tomer requirements, environmental impact...). We pro-
pose generalized colored stochastic Petri net (GCSPN) for
modelling all the previous aspects [21]. Colored aspect al-
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lows information to be added to the tokens, which reduces
the complexity and combinatorial explosion linked to the
many variables considered in the model. The stochas-
tic aspect allows the introduction of uncertainty when
transitions occur (probability laws modelling uncertainty).
A GCSPN is defined by: (P; T'; C; Pre; Post; Inh; pri; Mo; W)
where:

« P isa finite set of places;

+ T is a finite set (disjoint from P) of timed transitions
and immediate transitions;

+ C:PUT — w is the color function that associates to
each element s € PU T a color domain C(s) € w where
o is a set that contains finite and non-empty sets of
colors. An element of C(s) is called the color of s;

« Pre, Post and Inh are the incidence and inhibition
functions, which associate to each place p € P and to
each transition ¢ € T, an application of C(t) to
Bag(C(p)) Notes Bag(X): the set of multi sets on X;

o pri: T — {0;1} is the priority function which
associates to each delayed transition value 0 and to
each immediate transition value 1;

+ M the initial marking, is a function defined on P,
such as Vp € P; My(p) € Bag(C(p));

o W:VteT; W(t): C(t) - R* is a function which
associates to each delayed (or immediate) transition,
for a given color ¢ € C(t) a crossing rate (or a weight).

The GCSPN model will allow to model:

+ the dynamics of the regeneration process using the
place/transition structure of the Petri net;

+ The evolution of the product’s health state, the
different regeneration alternatives and the market
needs using token colours;

Token color C(s) is a tuple (Cﬁ;‘l’ﬁlh, CLevel CsLtf)VCil) allows

the following information to be displayed:

+ Health state based on the functional, dysfunctional
and operational variables in Fig. 2: Ck];:;etl}\ and the
resulted class from diagnosis. Color Cﬁ::ﬁ'h is defined
from a variable depending on the level in the
nomenclature. Thus, this color is defined for each
element of the product nomenclature using the
product variables identified by the pattern of Fig. 2.

+ Regeneration alternatives: CL¢"¢ is an element of the
set of regeneration processes identified in Fig. 2 =
{reuse, remanufacturing, recycling, ...}.

« Stock based on sub-assemblies and components in

reserve and updated by the regeneration processes:

Level
Cstock :

The regeneration evolution is represented by GCSPN.
Each transition of this GCSPN corresponds to a regen-
eration activity or a regeneration process. Figure 3 shows
a GCSPN example that provides an overview of the regen-
eration activities: diagnosis (black), path selection activity
(blue), regeneration processes (dark green) and inventory
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(brown). The largest place at the bottom is the charac-
teristics of a regenerated product possibly from reuse or
remanufacturing. The following paragraph explains each
type of activity (diagnostic, trajectory selection, regenera-
tion process, stock) in more detail.
+ The health diagnosis updates the product class
variable based on the incoming product’s health state.
To do this, it is necessary to enter the thresholds of
each variable upstream, which will allow the product
to be categorized by assigning it a class (Fig. 4). Some
variables can have a single threshold, for example for a
functional variable: either the function is operational
or it is not. Other variables can have several
thresholds, especially for variables representing a
percentage, for example the rust percentage of a
product can be divided into three categories thanks to
two thresholds: a normal level and an acceptable level.
The pattern equation to determine the variable
Classeyeve in the diagnosis activity must verify
equation (1). If the equation is verified, color
Classerevel Of the token takes the color of the class
associated with the equation

K
(/\ varBool; == a,»)

Jj=1

L
A ( /\(mrThresholdsi ° Level,»))

i=1

== true (1)

with a; Boolean variables, level; real threshold, “e”
represents a comparison operator, K number of
boolean variables and L number of real variables.

« The activity that determines the regeneration path
comes after the diagnosis activity. The activity
determines the regeneration process for the product
based on the product class, in-stock assemblies and
components, market parameters, and strategic
parameters (Fig. 5). For example, strategic parameters
can be the prioritization of regeneration processes in
terms of environmental impact and/or economic cost.
Strategic parameters depend on the company’s
preferences and their sales strategy. Market
parameters can for example indicate what the
customer needs are in terms of product class
preference. In our study, and according to the second
assumption stated in the introduction, the strategy is
to privilege the process with the lowest environmental
impact, i.e., the smallest regeneration loops as a
priority, such as reuse, then remanufacturing and
finally recycling.
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To simplify the equation of this activity, we consider
that there are as many test conditions as there are
regeneration processes to select. In addition, we use a
desired state (DS) parameter based on the company’s
decision-making strategy and market variables. The
pattern equation to determine the model regeneration
process is defined by the equation (2). If the equation

is verified, color CX&'¥ of the token takes the color of

the class associated with the equation:

lf (\/21 Cl{'lssLevel == Clﬂssiterjetf
ANDS ::DSstrati
A StockLevel = StockLevelS™ti
then (RegenerationProcess1)
else
cint-1... o
, Strat,
if (\/f):0+1 ClaSSLeVel = ClﬂSSLter:etl
ADS = DSStrati
A StockLevel = StockLevel>t™ti

then (RegenerationProcessN-1)

else (RegenerationProcessN)

+ The inventory is updated if product components have
been disassembled and requalified (Fig. 6).
The pattern equation for the inventory activity is
therefore the following:

if (Classievel = A)

then (Stocklnity + 1,
StockInitpg,
StockInitc)

else

Cooit = | if (Classi.eva = B) (3)

then (Stocklnit,, Stocklnitg + 1,

Stocklnitc)

else (Stocklnit ,
Stocklnitg,
StockInitc + 1)
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+ Then, according to the determined trajectory, the
product is sent to the chosen regeneration process to
be revalorized (reuse or remanufacturing or recycling
or...) (Fig. 7).

Reuse: only affects the highest level of the product
nomenclature. Indeed, if the incoming product is
similar to a new product or corresponds to a “class A”
product, then a cleaning action is sufficient before
requalifying the product.

Remanufacturing: is defined by [22] as a process
which “consists of seven key activities to turn cores
into remanufactured products/components including
core acquisition, disassembly, cleaning, inspection,
reworking, reassembly, and testing” In this work, we
use only disassembly, reworking and reassembly
activities (Fig. 8).

— Disassembly: determines the color of each
sub-assembly or component obtained after
decomposition. Each token has a color that
depends on the health state of high level element,
the disassembly route and the parameters of the
disassembly process.

— Rework: used to increase the health of a
sub-assembly or component. The new token has a
color that depends on the incoming component’s
health state, the regeneration trajectory, and the
parameters of the rework activities.

— Assembly: determines the color of the assembly
from the health state of n sub-assemblies or
components composed high level element, the
assembly route and the parameters of assembly
process.

— Recycling: is defined by [23] as “a product recovery
option that involves techniques for creating new
materials from wastes” The new token has a color
that depends on the health state.

GCSPN transitions change the color of the tokens and
thus the characteristics of the regenerated product, sub-
assemblies and components. In addition, the parameters
of the regeneration set of activities and thus the decision
making depend on the business strategy of the company’s

Stock initial

1 Paramsmcklnit

Level L 1
Product or Chevsin . clevet
Sub-assemblies or O_*> Inventory activity Stock Inventory
Components

Figure 6 Input/Output of Inventory activity
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resources, the regeneration process performance and the
product characteristics and its ability to be regenerated.
For example, are all sub-assemblies disassemblable and re-
workable? Thus, the structure of the GCSPN and the dif-
ferent parameters depend on the strategy, constraints and
resources of the company. So, the decomposition/recom-
position equations of the product’s health state must be de-
termined.

In addition, the direction of the arrows for the different
variables going to either the “Increasing” or “Decreasing”
valves (Fig. 2) allows to know when (in which phase) and
how EoL product color variables change through the GC-
SPN transitions (improvement or deterioration). Once the
model colors have been defined, regeneration activities are
used to create recursive patterns to form the structure of
the GCSPN. Thus, depending on the company’s resources
and the regeneration processes compatible with the prod-
uct, it is possible to integrate new process blocks (Fig. 7)
into the model and/or to delete process blocks if a regen-
eration path is now unusable. This hierarchical aspect of
the PN modeling allows to simplify the modeling of the
decision making system.

In addition, the variables used to define health state
are not always known, some variables are formalized with

an uncertainty. In order to represent this uncertainty, the
value of the variable is drawn randomly following a prob-
ability law whose parameters depend on the color of the
token:

+ for unknown variables before disassembly, a value is
drawn according to truncated probability laws
(normal, uniform, ...) defined which represent the
possible values variability. In this study, the probability
laws of the stochastic variables are assumed to be
known. They can be determined by statistical studies,
by experts, from the monitoring of products in real
time or by feedback.

+ The success probability for a specific process
operation, is modeled by discrete laws between 0 and
100%. Depending on the draw and the result of the
operation, it is either a success (the variables follow
the defined equations) or a failure (the variables are
degraded).

The model equation for the regeneration processes takes
place in three steps: first, a guard is used to activate or
not the regeneration process depending on the regener-
ation path selected in the upstream activity (Fig. 9). Sec-
ondly, actions are associated with the transition to per-
form the drawing of probability laws. For each activity
of a regeneration process there is at least one probability
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law (ProbabilityLaw;), the one corresponding to the un-
certainty of the success or failure of the activity. Thirdly,
according to the law0, the performance parameter of the
resource N (PerfProcess, ) and the process characteristics:
a new color is created if the activity was a decomposition
otherwise the input color is updated (improved or dete-
riorated state if the activity is a failure). In addition, after
each pass in a regeneration process, the new color must
pass again in the diagnostic activity to be assigned a new
class (A, B or C). Indeed, the variables of the element leav-

ing the process depend on the variables of the element en-
tering and the regeneration process:

1. Guard: [ProcessN = CL&'] “Transition activation’”

2. Action: “Probability law drawing”
PerfDrawingProcessy = ProbabilityLaw,
NewVarl = ProbabilityLaw,

NewVarN = ProbabilityLaw,;.
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3. Token color changes according to the following

equation:

if (PerfDrawingProcess,,
< PerfProcessN)

then (unknown,
VarlBool = ay,...,
VarNBool = ay;,
NewVarl + by, ...,
NewVarN + by,

CLevel SameVarl + cy, ...,

health =

(4)

SameVarN + cy)
else (unknown,
VarlBool = x,...,
VarNBool = xy,
NewVar, +y1,...,
NewVarN + yn,

SameVarl + zy,...,

SameVarN + zy).

Figure 10 shows the GCSPN of the disassembly activ-
ity for a product P4 whose health state is defined by
Cﬁ:alth = (vary,vary, classp,). Product P4 is composed of
a sub-assembly S4p and a component C¢. Sub-assembly
Sap is composed of 2 components Cp and C.

There are two possibilities to disassemble product Py:

« Route DRy: if the health state of P, is classified B, it is

decomposed into Sy and Cc.

Page 12 0f 18

+ Route DRy: if product Py is classified C, it is first
decomposed into S4g and C¢ and then Syp is
decomposed into Cp and Ck.

In the case of route 1, the following equation is used to
determine the health state: Cﬁg‘flth = (vars, vars, classs, ).
Component Syp has 2 variables and var; is not measur-
able. Thus, when product A is disassembled to obtain S43,
the normal parameter law (1, o) models the variable un-
certainty. In addition, the disassembly operation is also
uncertain. In 70% of cases the operation is a success. In
30% of cases, variables are deteriorated. Function transi-
tion is therefore constructed as well as the place (Ps, ) rep-
resented the sub-system S5 with color:

+ Parameters for DR1 activity:

— ProbabilityLaw, = Uniform(0, 100);
— ProbabilityLaw, = Normal(50, 10).

« Parameters for disassembly S4p:

PerfProcessN = Pop1 = 70, al = true, b1 = 0, x1 = false,
y1=-30,

if (Perf = Unif(0, 100))
<70

then (Unknown, al,
NewVarl + bl)

else (Unknown, x1,
NewVarl + y1).

SAB  _
Chealth -

(5)

+ Parameters for disassembly Cc:

ProduitA” route
[route=DR1 orelse route=DR2]

input(Produita)
output(NewVarl,PerfDrawingProcess)
action

let

val Uvar = Norm(50,10)

~val Pf = Unif(0,100)

: if PerfDrawingPrpcess <= P_OP1
| then 1° (Unknown,al,NewVarl+bl)
| else 17 (Unknown, x1,NewVarl+y1l)

Figure 10 GCSPN for disassembly activity

S_AB

SubAssamblyAB
% [route=DR2]

route

1
1

1

1

1

1

1
input(SubAssemblyAB) :
output(NewVarl,PerfDrawingProcess) )
action \
let |
val Uvar = Norm(90,30) ]
_val Pf = Unif(0,100) ]
1

1

1

1

1

1

1

1

1

in
(Uvar,Pf)
end

if PerfDrawingProcdss <= P_OP4
then 1" (Unknown,3 1,#35ubAssemnyAB+c1):
else 1 (Unknown,xil,#3SubAssemblyAB+y1) )
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PerfProcessN = Popy = 80, al = true, c1 =0, x1 = false,
yl=-15,

if (Perf = Unif(0, 100))

<80
ccc _ then (Unknown, al, ©)
health NewVarl + c1)

else (Unknown, x1,
NewVarl + y1).

Section 3.2 showed how to use the causal diagram for-

malism in Fig. 2 to construct the colors:

« representing the product and component health state
from the identified functional, dysfunctional, and
operational variables of each level (CE& ).

« representing the choice of the regeneration path
according to the number of regeneration processes
available for the product to be regenerated (CLevel).

+ representing the number of components,
sub-assemblies in stock per class(CLe¥e)).

Moreover, from the identified process parameters (the per-
formance of the different operations, their capacity to in-
crease the product’s health state or to deteriorate it....) and
the different regeneration activities (diagnosis, trajectory
selection) the structure of the GCSPN is designed. Once
the construction of the model is completed, it must be sim-
ulated to obtain results and to make a decision.

3.3 Simulation of the GCSPN
From this GCSPN model, it is possible to generate different
regeneration trajectories as reuse, remanufacturing (disas-
sembly and reassembly routes, reworking) and recycling.
In order to assess them, a set of criteria such as the poten-
tial gain, the probability of reaching the desired state, the
class of the remanufactured product, etc. are used. These
criteria are added to the previous models in order to assess
their value according to the health state of the incoming
products and regeneration trajectory decisions.

By simulating the model, many times (Monte-Carlo pro-
cess) with the same product variables and analyzing the
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results, we obtain reliable estimates that allow us to de-
cide on the regeneration trajectory. Indeed, the model re-
peats the simulation as long as the stopping criteria do not
converge below a chosen step. One or more criteria can be
chosen to stop the simulation.

To sum up, the stochastic aspect is found at several levels
in the model: random drawing of the uncertain variables of
the product according to probability laws, random draw-
ing of the process operations by discrete laws and Monte-
Carlo simulation.

To summarize, Sect. 3 outlined the methodology for
building a decision making tool in GCSPN. The first step
was to construct a causal diagram to identify and analyze
the variables useful for determining the product’s health
state and the different variables useful for decision making.
Then, from this formalism it is possible to define the col-
ors and transitions of the GCSPN. Once the model is built,
this section explains how to simulate the model to obtain
results and to be able to make a decision in a personalized
way to each product entering the decision making process.
The next part, will highlight the proposed methodology
through an application from the literature.

4 Numerical illustration to an industrial case

The model is tested with an example from the litera-
ture [12]: a Knorr-Brese EBS 1 Channel Module which
allows us to verify the effectiveness and efficiency of
the model (Fig. 11). We consider 3 sub-assemblies: the
cover, the cap, the support which is composed of 2 sub-
assemblies (electronic card and the body). The follow-
ing variables are considered for the Knorr-Brese module
level (Fig. 12). So, variables threshold are pre-defined. EBS
module FjandF, functionalities are tested on test benches.
The OperatingDuration is given by the supplier and the
RustPercentage is determined by observation of the mod-
ule. The color of the token corresponding to the EBS mod-
ule health is formed of 5 variables:

EBS
Crrontth = (classggs, Fiess, Faens, Des, Reps). (7)

In this scenario, we have 3 functional variables (Figgs,
Foeps, Deps) and one dysfunctional variable (Rgps). classgps

Figure 11 EBS module and components of the returned module [12]

p ElGetronic card
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Table 2 Variables for the equipment level: EBS module

Variables Values
Controlling brake pressures (F]EBS) 0: False
1: True
Containing the air (FZEBS) 0: False
1: True

OperatingDuration (Dggs)

RustPercentage (Reps)

0: Dgps > AcceptableLevel_D
1:NormallLevel_D < Dgps <AcceptableLevel_D
2: Dggs < NormalLevel_D

0: Reps > AcceptableLevel _R
1:NormallLevel_R < Rgps < AcceptablelLevel_R hours
2: Regs <NormalLevel_R hours

variable of the incoming product is first null and then up-
dated after the diagnostic activity. Table 2 illustrates the
variables categorized according to the thresholds deter-
mined by the company. The first two variables correspond
to functions essential to the EBS module and are catego-
rized with a binary state. Either the function is operational
or it is not. For the OperatingDuration and RustPercentage
variables, the threshold parameters must be filled in by the
company.

The colors of each sub-assembly and component are
defined in the same way. Some variables at module level
allow, by deduction, to determine the elements variables
(sub-assemblies, components) which represent elements
that have just been disassembled (e.g., the usage sup-
port is the same for EBS duration). For variables that

cannot be inferred, uncertainty must be introduced (e.g.,
TightnessLevel of the valves).

The next step is to classify the classes (A, B and C) of
each element (product, sub-assemblies and components)
according to their variables (EBS module example in the
Table 3). When crossing the transition and according to
Table 3, the transition function determines the health state
of the EBS module by the following color and parame-
ters:

« EBS Parameters for OperatingDuration:
NormalLevelD = 20,000 hours, AcceptableLevelD =
40,000 hours.

« EBS Parameters for RustPercentage: NormalLevelR =
20% rust, AcceptableLevelR = 40% rust.
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Table 3 Variables for the equipment level: EBS module
Var F1 F2 D R1
1 0 1 0 2 1 0 2 1 0
A X X X X
B X X X X
B X X X X
C If not A and not B
« Color evolution is defined by:
if (FIEBS =true N\ F2EBS = true
A (Deps < NormalLevelD)
A (Regs < NormalLevelR))
then (A, Fiegs, Foess, Degs)
EBS else
Chealth = 8)

if (Figps = true A Fygps = true
A (Dgps < AcceptableLevelD)
A (Rgps < AcceptableLevelR))
then (B, Fiegs, Faeps, DEgs)
else (C, Fieps, F2eps, DEps)-

The activities: reuse, remanufacturing and recycling
must be defined according to the equation (4). Disassem-
bly/reassembly ranges, projection/reconstruction rules,
costs, operations yield, stocks, customer demands and the
laws of probability most representative of the uncertain
variables must be defined. In this application, it’s possible
to:

+ reuse EBS module with some minor cleaning

activities.

« remanufacture EBS module. There are 2 ranges of
disassembly (DR;, DR;) and 2 ranges of reassembly
(RR1,RR,) possible. DRy aims at disassembling the
EBS module into three sub-assemblies and DR, aims
at obtaining the two sub-assemblies cap and cover as
well as the two components electronic board and
body. Rework is possible for the cap, the cover and the
body. The electronic board is considered too complex
to be reworked. For the reassembly, the company has
the manufacturing resources to integrate the
regenerated components in the manufacturing line:
electronic board and body to obtain the support. The
production line can also integrate the regenerated
sub-assemblies to remanufacture an EBS module.

« recycle the EBS module’s cap, cover and body. The
electronic board is considered too complex to be
recycled. So, in this scenario, if the electronic board is
disassembled, another partner regenerates it.

Therefore, the color of the route is defined by: (CLeve)
is an element of the set: {Reuse, DRy, DR,, Stock, Rework,
Recycle, RRy, RRy, Nog}.
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To simplify the company’s decision-making strategy, we
use a desired state (DS) parameter determined according
to market variables. Thus, depending on the DS, the class
of the incoming product and the stock, the decision mak-
ing process will choose a regeneration process (CES).

The assumption in this application is that the remanu-
factured product market only requires class A or B prod-
ucts and in the event that a product or sub-assembly is
diagnosed as C then it is disassembled and then recycled
to recover raw material. In addition, for the reassembling
process, we don’t surpass the class element assembling.
For example, for reach a DS product B, we only use sub-
assemblies and components from class B. The three possi-
ble regeneration routes are defined as follows:

+ If an incoming EBS module is class A, the DS is class
A and the class A EBS module inventory is below the
company’s recommended threshold, then the module
will enter the reuse process to be cleaned and
requalified for resale.

+ If an incoming EBS module is class A, the DS is class
A but the inventory of class A EBS modules is below
the company’s recommended threshold, then the
module will be disassembled following the DR1 range
to store sub-assemblies for future reassembly. Another
possibility for route DRI to be chosen is that the
incoming product is of class B with a DS equal to B
and no matter how much stock of element B there is,
or that the product is of class B and the DS is equal
to A.

« In the case where an incoming product is class C,
disassembly range number two DR?2 is systematically
selected with the objective of recycling class C
sub-assemblies and components.

These three regeneration route are translated into the

equation:

if (classggs == A ADS = A
A stockfys < normalLevelEBS )
then (Reuse)
else
CEBS _ if (DS =A A classgpgs == A ©)
route A stockips > normalLevelEBS )
V (DS == B A classgps == B)
V (DS == A A classggs == B)
then (DR;)
else (DR»).

Decisions regarding the regeneration possibilities of the
cap: If the DS is class A and cap is class B then the cap
is rework to try to improve the cap’s health state regardless
of component stock. If the disassembled cap is class C then
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recycling is chosen. Else the cap is stored.

if (DS == A A classcap == B)
then (Rework)

oS _ else

route 71 §f (classcap == C)

then (Recycle)
else (Stock).

The decision to reassemble is only made once all the ele-
ments have been regenerated. In this scenario, the com-
pany prioritizes the regenerated components in the re-
assembly process. If this is not possible, then elements
are taken from stock, with a preference for reassembling
sub-assemblies (semi-finished product) rather than going
through component assembly.

Regarding the body disassembly, 2 variables are uncer-
tain because they cannot be diagnosed before the disas-
sembly (TightnessLevel and RustPercentage). Thus, for the
TightnessLevel valve, we use a truncated normal law be-
tween 0 and 100% with as parameter a fixed standard de-
viation assumed to be statistically determined and an aver-
age which is a function of the equipment level service life
variable (EBS module). Once the parameters of the normal
distribution have been determined, a random draw in the
distribution assigns a value to the TightnessLevel.

Process uncertainty is modelled by discrete laws. Proba-
bilities are defined according to the performance of each
operation. Either the operation is a success or a failure.
If it is successful, the values of the variables are affected
normally according to the rules determined, otherwise the
variables are deteriorated by adding or decreasing.

Before simulating, it is necessary to choose the variables
of the input product supposedly determined in the diag-
nostic activity upstream of the decision-making model. We
propose 6 possible scenarios:

1. Scl:a class A product with a class A DS with a stock
is supposed to be null for sub-assemblies but not for
the components.

2. Sc2:aclass A product and a class B DS with a stock
is supposed to be null for sub-assemblies but not for
the components.

3. Sc3:aclass B product and a class A DS with a stock
is supposed to be null for sub-assemblies but not for
the components.

4. Sc4: a class B product and a class B DS with a stock
is supposed to be null for sub-assemblies but not for
the components.

5. Sc5: a class B product and a class A DS with null
stock.

6. Sc6: a class B product and a class A DS with
complete stock.
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Table 4 Alternatives costs

Alternatives Alternatives cost (€)

Reuse 0.5
DR1 15
DR2 35
Rework Cap 4
Rework Cover 5
Rework Body 9
Recycle Cap or Cover or Body 0.5
RR1 1
RR2 2
No 0

Table 5 Alternatives resale prices per class

Alternatives Alternatives cost (€)

A 796,6
B 100
C Not saleable

Material Recovery 1,49€

The alternatives that we are trying to assess, knowing the
resale grid, are listed in the following tables. Table 4 and
Table 5 are based on the work of [12]. The alternative costs
are determined based on the disassembly operation cost
which is “0.29 cents of € per second”. The alternatives re-
sale prices per class are determined between 796.6€ which
“represents an estimate of its actual average market price”
and “the resale value of a remanufactured 1 channel EBS
module [which] is about 100 €”. Regarding recycling, “The
revenue which can be generated by recovering the material
of this product is taken to be 1.49€.”

We observe the potential gain and the probability of
reaching the desired state with a stopping step of 0.01
which corresponds to 1 euro-cent for the potential gain
and 1% for the probability. As we observe two decision cri-
teria, we have to wait for the two criteria to converge, be-
fore stopping the Monte-Carlo simulation. So, after many
simulations to reach the stopping criteria and the pro-
cessing of this data, it can be decided which will be the
best regeneration trajectory. To illustrate, Fig. 13 shows
for Sc4 scenario the number of Monte-Carlo simulations
required for the potential gain and the success probabil-
ity to converge. Thus, every 10 simulations the average of
each criteria is recalculated and compared to the previ-
ous one until the difference is lower than the chosen stop-
ping step. To perform the decision-making for the applica-
tion presented and with an Intel(R) Core(TM)/i7-10850H
CPU @ 2.70 GHz/2.71 GHz the time follow this equation:
time = 0.053 x SimulationNbr. So, for a product that re-
quires 1000 simulations to converge to the best decision,
the decision making time would be: 53 s.

The results presented in Table 6 show that depending on
the product’s health state, the DS and the stocks, the regen-
eration trajectories change and do not necessarily lead to
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Figure 13 Monte-Carlo convergence, example for the Sc4 scenario
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Table 6 Results of the six scenarios

Criteria Scl Sc2 Sc3 Sc4 Sc5 Sc6
Gain€ 796.1 =239 15066 673 -823 7873
Success% 1 0 0.23 0.7 0 1
Reuse % 1 0 0 0 0 0
DR1 % 0 048 0 054 O 0
DR2 % 0 0.52 1 046 1 1
Rework % 0 0 0.8 0 0.8 0.85
Recycle % 0 0.52 0.78 046 0.8 0.81
RR1 % 0 0 0 054 O 1
RR2 % 0 0 0.2 0.17 0 0
No % 0 1 0.8 03 1 0
nbr of simulations 20 160 860 440 160 180

the production of a regenerated product. Indeed, for Sc2
and Sc5 we obtain a negative potential gain, so, the re-
generation decision could be to stock these products and
wait for market variables (DS) to be favorable to regener-
ate them. Nevertheless, in cases where the probability of
reaching the DS is less than 50%, for example, it is possi-
ble, thanks to the decision making system, to predict which
regeneration trajectory has the best chance of leading to a
result that is beneficial to the company. In addition, it is
noted that the more a product has the possibility of trajec-
tory as for example for Sc3 and Sc4, the more the number
of simulation is high. The higher number of simulations
can be explained by the fact that in these scenarios, de-
pending on the drawing of the probability laws, several tra-
jectories can be envisaged such as remanufacturing with
disassembly, reworking and reassembly activities and recy-
cling. The results show that the simulation number varies
to converge and stop the data processing. However, with
stopping criteria, no time is lost and the assessment can
switch to another product to be regenerated.

One way to reduce trajectory fluctuations would be to
reduce uncertainties in both the uncertain product vari-
ables and the regeneration processes that can deteriorate
the product if the operation to restore the product fails.

In addition, the different scenarios show that the results
vary depending on the DS to be achieved, the product con-
dition, and the available inventory. Thus, decision mak-
ing is needed because there are many possible alternatives.
Moreover, the settings of the processes can also influence
the regeneration trajectory, in particular the performance
of the regeneration operations which, through a discrete
draw, determines whether the operation is successful or
not.

5 Conclusion

Regeneration processes plays a key role in the EoL’s prod-
ucts valorization. They effectively enable used products
to be reintroduced directly into the market. In this pa-
per, we have proposed a formalization, in order to iden-
tify the variables influencing the decision making. This for-
malism is the starting point in the methodology to build
a tool to help the assessment of the regeneration level by
modeling generalized colored stochastic Petri nets. This
proposed approach takes into account some uncertainties
related to the product’s health state and some uncertain-
ties concerning the regeneration processes. The proposed
model was applied to an industrial instance of the litera-
ture (EBS Module).

A first application showed the approach feasibility, but
also the limits of the GCSPN modelling. If the proposed
method was applied to large scale systems, the complex-
ity of the model would explode because of a large number
of sub-assemblies and components. Indeed, for each disas-
sembled element a decision making activity is required to
guide this element towards the most appropriate regener-
ation process for it. So, the structure of the model is based
on the proposed regeneration processes (reuse/remanu-
facturing / recycling), and the product information is car-
ried out by the token color. This choice of modelling im-
plies redefining all the transition function equations if the
product characteristics change. One perspective is to pro-
pose generic models regardless of the product nomencla-
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ture and the variables characterizing the health state. This
generalization would allow the methodology to be applied
to more complex products and processes.

In Sect. 4, the equation’s time is determine for the ap-
plication but this time depends on the capacity of the
computer and the transition place number of the GCSPN
model. Indeed, for a more complex product with more el-
ements in the model, the simulation time would be longer.
Thus, a relation between the number of place/transition
in the model should be established to obtain an equa-
tion for the execution time. In addition, we should analyse
the impact of the execution time in different regeneration
processes when a trajectory implies several random draw-
ings in probability laws. A perspective would be to com-
pare this time with another decision making approach with
the same product studied. Another perspective is to com-
pare our approach with statistical optimisation approaches
such as that of [12] in order to determine the characteris-
tics of the products to be treated by our approach.
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