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ARTICLE INFO ABSTRACT

Keywords: This paper proposes a fuzzy-based method for estimating demand in forward and reverse logistics networks
Environm'en.tal engineering (F&RLNs) subject to carbon pricing in the post-COVID era. We investigate the complex relationships between
Green loglitlzs carbon prices, the reverse logistics network (RLN), and the ever-changing product demand by utilizing fuzzy
Fuzzy metho inference systems (FIS) capabilities. The case study from Mexico confirms the effectiveness of the proposed

Post-COVID era . .. . .
technique. The findings demonstrate the precision and predictive power of our proposed FIS-based method and

Carbon tax show how well it can predict the number of items in demand and the number of goods that will be returned and
subject to carbon taxation in the post-COVID era. The results illustrate the significant impact that carbon pricing
has on the RLN and the associated product demand. For logistics managers seeking to make informed decisions
about the establishment and operation of forward and RLNs within the carbon pricing paradigm, this empirical
data provides insightful information in the post-COVID era.

Abbreviations (continued)

Symbolism Description
Symbolism Description — -
F&RLD Forward and reverse logistics design
SC Supply chain F&RL Forward and reverse logistics
RLN Reverse logistics network VRP Vehicle routing problem
FLN Forward logistics network RLVRP Reverse logistics vehicle routing problem
FIS Fuzzy inference systems SCM Supply chain management
RLND Reverse logistics network design CLSC Closed-loop supply chain
FLND Forward logistics network design ARIMA Autoregressive integrated moving average
RL Reverse logistics SCN Supply chain network
FL Forward logistics SSCND Sustainable supply chain network design
MOMIP Multi-objective mixed-integer programming SSC Sustainable supply chain
MILP Mixed-integer linear program EOL End-of-life
RSCD Reverse supply chain design
GSC Green Supply Chain
GRSC Green reverse supply chain
OFs Objective functions
coP Conference of parties 1. Introduction
GHG Greenhouse gas
LND Logistics network design To summarize, in the post-COVID context, logistics networks are
LN Logistics network . .. .
F&RLN Forward and reverse logistics network being reshaped to be more adaptable, local, digital, and risk-aware. The

epidemic has drawn attention to the need for increased resilience of
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logistics operations while accelerating current trends towards
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digitalization [47]. The importance of the logistics sector to the global
economy is likely to increase during the next several years. Nevertheless,
the sector also makes a sizable contribution to GHG emissions, which are
a known cause of climate change. As a response, governments every-
where are putting regulations in place to lower emission levels of car-
bon, such as carbon taxes. These taxes increase the cost of emitting
carbon to encourage businesses to lessen their carbon footprint [1].
During the background of commercial sustainability, environmental
activities, and concerns have progressed from a localized focus on pol-
lutants to a worldwide focus on universal sustainable development by
efforts such as the United Nations Worldwide Compact [2]. Many
worldwide meetings and accords have been held over the past thirty
years, such as the current COP, highlighting the ought to reduce the
global impacts of GHG emissions [3]. Global leaders agree on the need to
limit GHG emissions. Given that a substantial portion of the economy
significantly strains the natural resource base, which is constantly
dwindling, global organizations understand the necessity to address
intergenerational viability as a means of survival. Among many famous
company environmental efforts, remanufacturing and its accompanying
operations will play an important part [4]. Aside from the environ-
mental advantage, there are also commercial benefits. Firms may
differentiate themselves strategically from rivals by lowering costs,
creating benefits to their SC and end consumers, and attaining sustain-
able development through RL and remanufacturing activities [5].
Furthermore, it is worthwhile for businesses to ignore the elements that
impact the release produced by the RLN and its activities [6]. The size of
refurbishing, collection, and testing center services, different kinds of
vehicle loads, and the length of the route they travel are all factors that
might affect emissions [7]. RLND has typically concentrated on the
network, logistical operations, and effective return management [8].
Reverse flows of raw materials, in-process inventory, packaging, and
finished goods from the point of manufacture and distribution or con-
sumption to the point of recovery or proper disposal must be planned,
implemented, and regulated for effective remanufacturing [9]. RL op-
erations involve the essential duties: of creating examination and
refurbishing centers, controlling center capacity to meet requests, and
selecting among keeping as stocks or buying new items or disposing of
returned items [10]. Vehicle kind choice is a crucial element of these RL
operations that has received little attention in the literature but has been
acknowledged as a topic for future study on vehicle allocation in SCs
that are more environmentally friendly [11].

Finding the ideal number of cars of various types to satisfy customer
needs while reducing the overall cost of transportation may be done by
modifying the Vehicle type selection issue. These objectives have
developed to include reducing carbon emissions and using fuel more
efficiently. The nature of these issues can be significantly changed by
factoring in the expenses associated with carbon emissions at different
examination and remaking facilities and vehicle types [12]. As a result,
the GRSC challenge should take into account RL, choosing the right
vehicle type, and emissions of carbon dioxide [13]. The link between
conventional F&RL has been extensively studied in early RLND research.
The topological and methodological levels were the focus of this
research. At the topological level, the goal was to examine how product
recovery affected the structure of the network. It was emphasized that it
is harder to manage the access of used products for recovery than it is to
manage standard SC capabilities. As a result, there may be a significant
mismatch between supply and demand in terms of time and quantity ina
recovery network. Additionally, the accessibility and quality of
secondhand goods are typically unknown before [14]. At the level of
method, things are more challenging than in conventional forward LND
since external supply and demand are coordinated through limitations.
In the logistics network, the facility placement issue is mostly modeled
using the MILP technique. A MILP technique has been modified by
several scholars to simulate issues in RL contexts [15]. Khosravi Rastabi
et al. [71] suggested model for a dynamic CLSCN using accelerated
benders decomposition. Rastabi et al. [72] investigated benders
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decomposition for SCN.
Our contributions and motivations to the corpus of literature can be
summarized as follows.

Presenting a FIS for demand forecasting regarding both regular de-

mands and returned products in F&RLN.

Considering the influences of carbon pricing and carbon tax policy

on the performance of F&RLN from both FLN and RLN points of view

at the same time in the post-COVID era.

Presenting a MOMIP model to obtain optimal solutions in the design

of F&RLD under carbon pricing effects in the post-COVID era.

e We account for carbon emissions from cars and buildings in a real-
world setting, to achieve a GSC, while attention is taken into ac-
count to select vehicle-type alternatives for transporting products
between centers in F&RL in the post-COVID era.

e Making decisions to determine how the RSCD would affect the design

of environmentally friendly SCs, with and without accounting for

carbon emissions.

The remainder of this paper is organized as follows: Section 2 pro-
vides a literature review of previous research. The problem description
for the study setting is introduced in Section 3. Section 4 offers details of
mathematical modeling for FRL and RLN considering a carbon tax. In
Section 6, the solution approach explained. In Section 6, we present a
computational experiment and case study. Section 7 explains the
sensitivity analysis of the model. The conclusions and remarkable out-
comes, limitations, and future works are shown in Section 8.

2. Literature review
2.1. Related studies

In the post-COVID period, Dwivedi et al. [66] focused on the causes
of freight transportation for SSC. Decarburization discussion in SC
tweets during and after COVID-19 was studied by Shahzad et al. [67]. SC
agility was viewed by Wang & Wang [68] as the prerequisite for firm
sustainability in the post-COVID. Data mining approaches were used by
Kalezhi et al. [51] to explain the modeling of COVID-19 infections in
Zambia. Florida’s state-wide evaluation of changes in air quality during
the COVID-19 epidemic was conducted by Ghanim et al. [52]. Abbasi
et al. [53] examined outsourcing logistics services. A sustainable
nonlinear model that takes into account a piecewise function was
created by Abbasi et al. [54] to address the danger of hazardous material
routing-locating issues. The consequences and difficulties of the
COVID-19 pandemic on global waste management for sustainable
development were explored by Abbasi & Sicakyiiz [55]. In the
post-COVID-19 period, Tian et al. [63] examined a worldwide
low-carbon energy transition. The delivery network of necessary goods
was created by Abbasi et al. [64] under the demanding circumstances of
simultaneous COVID-19 and earthquakes.

Manufacturers are being pushed to incorporate RL into the SC by
compelled legislation, societal perception, and creating competitive
advantages in the market. Research on logistics and SC strategic plan-
ning is increasingly integrating RL into current logistics designs [17].
Manufacturers are being pushed to incorporate RL into the SC by
compelled legislation, societal perception, and creating distinct advan-
tages in the market. Research on logistics and SC strategic planning is
increasingly integrating RL into current logistics designs [18].

Remarkably, economic concerns frequently took precedence over
environmental concerns in many of these modeling studies [19]. For
instance, Abbasi et al. [20] used combinatorial optimization to decide
whether to recycle, refurbish, or remake products to maximize revenue.
In certain studies, multi-period RLN models that emphasize long-term
aspects enable more effective decision-making analysis [21].

This research also took into account the variable costs, like opera-
tional expenses, and the dynamic nature of location-allocation.
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However, there is little scope for incorporating the quality of used goods
into these models. Consideration of facility location analyses in an RL
system with limitless capacity, among these has been used to gather EOL
cars and provide more details [22]. Based on these findings, it was
discovered that transportation costs are the determining factor for the
RL network. Another line of study focuses on addressing product attri-
butes and designs in the RL network, with MILP formulations appearing
to be the preferred approach [23]. Abbasi et al. [24] built an RLN to
recycle buildings and demolition debris while taking into account the
social and environmental effects as well as cost in a multi-period situ-
ation. In their analysis of the SDGs, Danladi et al. [73] looked at
financial inclusion and collaborative approaches to fintech uptake in
poor nations.

Chen et al. [26] proposed and solved a VRP with simultaneous
pickup and delivery utilizing a bacterial foraging efficiency method.
Sangamithra et al. [27] provided an RLVRP with time windows where
product return/pickup is permitted only during specified periods and
attempted to handle the problem using heuristics and enhance the
runtime of outcomes using a simulated heating process. Using green
technology for material transportation and utilization at facilities helps
to create an image of sustainability. Gonzalez et al. [25] designed a CLSC
for recycling EOL automobiles in Turkey using a model with a finite
planned window. Various phases of RL, such as the gathering of core
returns, the recovery of items, and the generation of goods with varying
levels of quality, have been deemed crucial modeling characteristics
[28]. The cost of emissions from transportation and facility operations is
an essential part of RLND. Recent growth and consideration of wide LND
use both forward and reverse flows to minimize carbon footprint, and
overall cost along the SC is beginning to become incorporated into the
decision-making environment [29]. Babai et al. [30] provided a
comprehensive review of fuzzy demand forecasting in SCM. It discusses
various fuzzy forecasting techniques and their applications in different
SC contexts [31].

Inventory has been a crucial choice feature in multi-period reverse
LND, matching inventory and disposal expenses [32]. The level of new
vs reused modules in manufacturing can additionally be considered
when balancing LND considerations [33]. These characteristics are also
included in this study, which broadens the decision environment by
integrating more attainable difficulties [34]. Several papers have been
published that address routing issues in reverse network design. Abbasi
et al. [35] assessed and evaluated the impact of carbon emissions on
forward and RSCs, and confirmed their findings for an Australian based
corporation. Xu & Liao [36,37] prepossessed a fuzzy time series fore-
casting model to predict carbon emissions in China. The model takes into
account the uncertainties and complexities of carbon emissions data and
provides more accurate and reliable forecasts [38].

Inspired by such outcomes, this incorporated dynamic study repre-
sents the first endeavor in the literature to combine these features into a
MILP model for RLND to assist the practitioner community by giving
significant management ideas [39]. It also provides investigators with
knowledge for predicting and evaluating outcomes in this setting.
Furthermore, in today’s environment, the transportation sector must
change its focus from overall operational costs to sustainability [40].
The study that is now available has developed rather complicated al-
gorithms, such as different analytical modeling and pricing models with
a clear focus on industrial and price issues [41]. Carbon footprint-based
RL solutions also featured transportation-specific technologies [42].
Abbasi et al. [43] created a model for integrated F&RLNs and the
planning of routes. Li & Zhang [44] developed a fuzzy time series
forecasting model for carbon emissions in China. The model in-
corporates the fuzzy set theory and the ARIMA model to capture the
uncertainties and complexities of carbon emissions data.

The agroforestry as residual biomass SC was improved by Bastos
et al. [48] by taking into account a novel method to improve forest
management and reduce logistical expenses. Lotfi et al.’s study [49]
looked into a SC that took into account vendor-managed inventory
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together with a learning method and consignment stock policy. El
Hafdaoui et al. [50] examined potential futures and energy-related ini-
tiatives for Morocco’s long-term low-carbon policy.

SCN was created with the economy and environmental sustainability
in mind during the crisis by Abbasi et al. [56]. In uncertain settings,
Shahparvari et al. [57] revised the sustainable closed-loop RLN. A CLSC
model under uncertainty based on carbon footprint and risk analysis
[58]. In light of COVID-19 rehabilitation efforts, Koley [59] outlined the
social value possibilities of Australia’s construction sector for the
Aboriginal people. In light of the factors that led to the transition from
crop production to mining operations, Wongnaa et al. [60] proposed
sustainable food crop cultivation. Jiang and colleagues [61] proposed an
SSCND for China based on its carbon footprint. The use of trash electrical
and electronic equipment in China was investigated by Wang et al. [62].
The fast impact assessment matrix approach was employed by Abbasi
etal. [65] to evaluate the environmental effect of catastrophe situations.

2.2. Research Gaps and contributions

In their prior study, the researchers solely addressed CO5 emissions
from shipping or analyzing at facilities. However, the carbon emissions
from both activities are evaluated in this work. The prior studies
described above evaluated either vehicle type selection or the release of
carbon dioxide, but not both simultaneously. Logistics is crucial in lo-
gistics and supply networks. Vehicle type selection is included in the
model to save costs and regulate emissions caused by transportation.

In this study, we provide a strategy for predicting demand in F&RLNs
under a carbon price using a FIS during the post-COVID ear. We
concentrate on a recent carbon price that was put into place in Mexico as
a case study. Our approach employs fuzzy logic and takes into consid-
eration how the carbon price will affect demand to estimate demand
accurately. In light of carbon prices and other environmental laws, we
think that our strategy can assist logistics firms in Mexico and other
nations in making wiser decisions. For a more accurate study, we are
evaluating two models. The RLN was investigated in model A, and
F&RLNs were considered in model B.

It is now necessary to describe our contributions to overcome the
limitations.

Proposed a MOMIP was given to discover optimal solutions.

e Assessed the effects of the carbon tax policy on FLN and RLN at the
same time in the post-COVID era.

Included the selection of appropriate vehicle-type alternatives for
transporting products between centers in F&RLN in the post-COVID
era.

e To have a better image of the green issue, we accounted for carbon
emissions from cars and buildings in a real-world setting.
Examined the managerial implications of the mathematical model in
the post-COVID era.

Decisions made both with and without accounting for carbon emis-
sions are included in the study to determine how the RSCD research
would affect environmental design.

Forecasting demand with the FIS method.

3. Description of the problem
3.1. Problem statement

The efficiency of F&RNL in this mathematical framework is influ-
enced by environmental performance metrics and economic perfor-
mance indicators. We will assess the model’s performance using a
common carbon price scheme.

The mathematical model A mentioned above takes into account five
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different sorts of facilities.

1. Potential Customer Centers (c)

2. Potential Collection Centers (p)

3. Potential Remanufacturing Centers (r)
4. Potential Secondary Markets (s)

5. Potential Disposal Centers (d)

Within the mathematical model B mentioned above, four sorts of
facilities are taken into consideration.

1. Potential Customer Centers (c)

2. Potential Distribution/Collection Centers (p")
3. Potential Manufacturing/Remanufacturing Centers (r')
4. Potential Disposal Centers (d)

The network schematic for forward and reverse logistics, which can
be explained as up, is presented in Fig. 1(a and b).

3.2. Network structure

The initial stage in designing an RLN is to ascertain the network’s
general structure. The network’s design is examined in this section.
Based on the various network structure features of the articles, we
grouped them into the following two groups.

3.2.1. General network structure (model A)

Customers, collecting, remanufacturing, secondary markets, and
disposal facilities are seen in RLNs. The first stage, shown in Fig. 1 (a), is
the client zone, where utilized goods are produced. The second step is
the collection center, where used goods are gathered from consumer
zones before being examined and dismantled. After collecting them,
some of them are sent to the disposal centers and others are sent to the
repair centers for repair. Finally, second-hand items are sent to sec-
ondary markets.

3.2.2. Hybrid facility network structure (model B)

This part discusses the stracture of hybrid model network. A hybrid
facility, as depicted in Fig. 1 (b), refers to a customer, hibrid centers,
remanufacturing/manufacturing centers and disposal centers. This
model has two distinct purposes and a mix of forward and backward
logistics simultaneously. The creation of these sorts of hybrid facilities
enables the use of existing forward logistics network nodes to optimize
the architecture of the RLN for remanufacturing. Furthermore, this
strategy can remove the requirement for a RLN, thereby lowering
expenses.

Some assumptions suggested in the two models include.

v The locations of all facilities in models A and B are potential.

v The amount of returned products is determined in two models.
v CO- emissions for all activities in the two models are determined.

Secondary markets

— ——

Remanufacturing

centers

Reverse
logistics

e ——
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v CO, emissions for all transfers in the two models are determined.

v The problem in the post-COVID era.

v There are several possibilities for transferring for every node, and the
sorts of transportation options have no restriction on capacity.

v The distances between network nodes of two models must be
feasible.

4. Mathematical modeling

In this section, a MOMIP model was proposed to design a multi-
echelon F&RLN. The model includes many practical significant fea-
tures such as carbon emissions, with five facilities for model A and four
facilities for model B and vehicle type selection for transportation. The
model notations including sets, parameters, and decision variables are
presented below. Mathematics models are formulated using OFs and
constraints. Tables 1 and 2 provide the notations of models A and B,
respectively.

4.1. Model formulation without carbon emission consideration (cost-only
model)

A multi-echelon F&RLN were proposed to be designed using this
paper during the post-COVID era. Numerous important and useful as-
pects are included in the model, including vehicle type choices, carbon
emissions, and five facilities for model A and four facilities for model B.

4.1.1. Model A

For strategic and operational choices, cost-only approaches rely
entirely on financial results. A cost-only approach is going to be used to
reduce the overall estimated cost of RLN.

MinZ (cosg.onty TF+TV +TT @

model A) =

Total Cost = Fixed costs (TF) + Variable costs (TV (4 Transportations
costs (TT)

C P R S D
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c=1 p=1 r=1 s=1 d=1
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Fig. 1(a). The framework of general RLN (Model A).
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(Distribution/Collection centers)
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1
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Disposal centers

Fig. 1 (b). The framework of hybrid facility F&RLN (Model B).
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4.1.2. Model B

MinZ (Cost-only model B) —TF + TV + TT.
Total Cost = Fixed costs (TF) + Variable costs (TV )+ Transportations
costs (TT)
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c=1 p'=1 te=1 p=1r=1 p'=1 p=1 d=1 p'=1
R P TR o
T2 X X oyyy,
r=1p=1 =1
P C T
D IDID B
p=1 c=1 tc=1
Subject to
P
dem; < S VeeC 14)
p=1 tp'=1
p TC
> > ¥E <dem; VceC 5)
p=1 tc=1
Dy < Tyxy Vp'eP (16)
ceCtceTc
Y5y <Tpxy WreR a7)
p'ePtreTR
2, <Taxgvd € D (18)
pPEP P TP
HESIPI 4 19
P EP P ETP ceCtceTC
Yo <Y Dy WP (20
pEPp eTP ceC tceTC
¥i<Y > ybvrer @n
seS treTR PpEP tpeTP
SN <> N ¥ vpePvreR (22)
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CP ypf,ypd>0\7ceCVpePVreRVdeD (23)
Xe, Xy, Xr,Xa € {0,1} Vc € C,¥p' € P,Vr e R,Vd € D 24)

The OFs are mathematically formulated in Equations (1) and (13) in
models A and B respectively. The total cost is the sum of the fixed,
variable, and transportation costs. Equations (2)-(12) and (14)-(24)
present the constraints for models A and B. Constraints (2), (-14) and
(15) explain the demand of customers for models A and B. Constraints
(3)-(6) explain the capacity of facilities in model A and Constraints (16)-
(18) does the same for model B. Constraints (7)-(10) explain the flow
balance in model A and Constraints (19)-(22) do the same for model B.
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Table 1
Notations of model A.

Results in Engineering 23 (2024) 102830

Sets of model A

c Potential Customer Centers

P Potential Collection Centers

r Potential Remanufacturing Centers

s Potential Secondary Markets

d Potential Disposal Centers

tc Transportation type from Customer Centers
tp Transportation type from Collection Centers
tr

Transportation type from Remanufacturing Centers

Parameters of model A

dem™~ .  The demand of customer center ¢ during the post-COVID condition

Iy The capacity of the collection center p during the post-COVID condition

I, The capacity of the remanufacturing center r during the post-COVID condition

Iy The capacity of the secondary market s during the post-COVID condition

I'q The capacity of the disposal center d during the post-COVID condition

discp Distance between customer center ¢ and collection center p

dis,r Distance between collection center p and remanufacturing center r

disys Distance between remanufacturing center r and secondary market s

disyq Distance between collection center p and disposal center d

F, Fixed costs for founding the customer center ¢

F, Fixed costs for founding the collection center p

F, Fixed costs for founding the remanufacturing center r

F Fixed costs for founding the secondary market s

Fy Fixed costs for founding the disposal center d

\’A Variable costs in the customer center ¢

A Variable costs in the collection center p

|’ Variable costs in the remanufacturing center r

Vs Variable costs in the secondary market s

Va Variable costs in the disposal center d

Ve Transfer costs between the customer center ¢ to collection center p with transportation tc

v Transfer costs between the collection center p to remanufacturing center r with transportation tp

78 Transfer costs between the remanufacturing center r to secondary market s with transportation t

V/;;fi Transfer costs between the collection center p to disposal center d with transportation tp

em, The CO,, emissions caused by activities in customer center ¢ during the post-COVID condition

em, The CO, emissions caused by activities in collection center p during the post-COVID condition

em, The CO, emissions caused by activities in remanufacturing center r during the post-COVID condition

em The CO,, emissions caused by activities in secondary market s during the post-COVID condition

emy The CO, emissions caused by activities in disposal center d during the post-COVID condition

emtg, The CO, emissions caused by the transfer of the goods between customer center ¢ and collection center p by transportation type tc during the post-COVID condition
emtg’, The CO, emissions caused by the transfer of the goods between collection center p and remanufacturing center r by transportation type tp during the post-COVID condition
emt’; The CO,, emissions caused by the transfer of the goods between remanufacturing center r and secondary market s by transportation type tr during the post-COVID condition
emtg’d The CO, emissions caused by the transfer of the waste between collection center p and disposal d by transportation type tp during the post-COVID condition
8 The carbon tax rate per unit (Amount of tax paid per unit emitted) during the post-COVID condition

Decision (Binary & Continuous) variables of model A

X; If potential customer center c is founded, equal 1; otherwise 0
Xp If potential collection center p is founded, equal 1; otherwise 0
Xr If potential remanufacturing center r is founded, equal 1; otherwise 0
X5 If potential secondary market s is founded, equal 1; otherwise 0
Xd If potential disposal center d is founded, equal 1; otherwise O
o The number of goods transferred from customer center c to collection center p with the method of transportation tc
Yo The number of goods transferred from collection center p to remanufacturing center r with the method of transportation tp
hA The number of goods transferred from the remanufacturing center r to secondary market s with the method of transportation tr
y}% The number of goods transferred from collection center p to disposal center d with the method of transportation t

Note: For model B, all common components remained except new sets, parameters, and decision variables.

Constraints (11)&(12) and (23&24) express the non-negative and

integer of the decision variables, respectively for models A and B.

4.2. Model formulation of carbon tax policy (Ma & Mp)

The rule in question provides options for stringent carbon limita-
tions. This policy does not impose any emission restrictions or limita-
tions on emissions, as do carbon cap regimes. Nonetheless, emissions are
punished by a carbon price. The tax is a monetary penalty (§) in which

emissions are linked to taxes on carbon.

¢ P T1C ¢ P TC P R TP )
te e tc  tc tp P
g em Yy + E E emp,yip, + E emlyy.,
c=1 p'=1 tc=1 c=1 p'=1 te=1 p=1r=1wp'=1
P TP' »
+ > emy Yy q
p=1d=1p'=1
R P TR ) P Cc TP P D TP
' o'\ P o'\ P
+ emy yy, + E em? yy. .+ E emg ¥y,
r=1p'=1t'=1 p'=1c=1p'=1 p'=1d=1pp'=1
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Table 2

Notations of model B.

New Sets of model B

p’

’
p

/

i

Potential Collection/Distribution Centers p'=1,2.,P
’

Potential Remanufacturing/Manufacturing Centers r=12.,R

Transportation type from Collection/Distribution Centers ' =1, 2, ...,
TP

Transportation type from Remanufacturing/ r=12..,

Manufacturing Centers TR'

New Parameters of model B

ry
rr

disgy
disyy

disya

tc
Ve

v
emt; 4

The capacity of the collection/distribution center p’ during the post-COVID
condition

The capacity of the remanufacturing/manufacturing center r during the
post-COVID condition

Distance between customer center ¢ and collection/distribution center p’
Distance between collection/distribution center p’ and remanufacturing/
manufacturing center r’

Distance between collection/distribution center p' and disposal center d
Fixed costs for founding the collection/distribution center p’

Fixed costs for founding the remanufacturing/manufacturing center '
Variable costs in the collection/distribution center p’

Variable costs in the remanufacturing/manufacturing center r

Transfer costs between the customer center ¢ to collection/distribution
center p’ with transportation tc

Transfer costs between the collection/distribution center p’ to
remanufacturing/manufacturing center ¥ with transportation tp’

Transfer costs between the remanufacturing/manufacturing center ' to
collection/distribution center p’ with transportation tr'

Transfer costs between the collection/distribution center p’ to customer
center ¢ with transportation tp’

The CO, emissions caused by activities in collection/distribution center p’
during the post-COVID condition

The CO, emissions caused by activities in remanufacturing/manufacturing
center r during the post-COVID condition

The CO, emissions caused by the transfer of the goods between customer
center ¢ and collection/distribution center p’ by transportation type tc
during the post-COVID condition

The CO, emissions caused by the transfer of the goods between collection/
distribution center p’ and remanufacturing/manufacturing center r by
transportation type tp’ during the post-COVID condition

The CO, emissions caused by the transfer of the goods between
remanufacturing/manufacturing center r’ and the collection/distribution
center p’ by transportation type t during the post-COVID condition

The CO, emissions caused by the transfer of the goods between collection/
distribution center p’ and customer center ¢ by transportation type tp’ during
the post-COVID condition

The CO, emissions caused by the transfer of the goods between collection/
distribution center p’ and disposal center d by transportation type tp’ during
the post-COVID condition

New Decision (Binary & Continuous) Variables of model B

Xy
Xy

c
o

v
Y5e

v
Yia

If potential collection/distribution center p' is established, equal 1;
otherwise 0;

If potential remanufacturing/manufacturing center r is established, equal
1; otherwise 0;

The number of goods transferred from customer center c to collection/
distribution center p’ with the method of transportation tc

The number of goods transferred from the collection/distribution center p’
to the remanufacturing/manufacturing center r with the method of
transportation tp’

The number of goods transferred from remanufacturing/manufacturing
center r' to the collection/distribution center p’ with the method of
transportation tr'

The number of goods transferred from collection/distribution center p’ to
customer center ¢ with the method of transportation tp'

The number of waste transferred from collection/distribution center p’ to
disposal center d with the method of transportation tp’
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4.2.1. Model A (Mp)

MinZ (Tax = MinZ (Cost-only T 8 (Z1+2,) 27)

model A) model A)
Subject to:
Constraints (2)-(11)

Therefore, Equations 25-27is made the formulation of the Tax model
for Ma.

4.2.2. Model B (Mg)

MinZ (rax  =MinZ cogtonly +0 (Z1+2) (28)

model B) - model B)

Subject to:
Constraints (13)-(21)

c P TIC c P TC P R TP
B=) D > emYo+d D D> emye+d > > emiyy
c=1 p=1 tc=1 c=1 p=1 tc=1 p=1 r=1 tp=1
R S 1R
tr-
+ 200 > emiyr
r=1 s=1 tr=1
P D TP
o, P
20D emiyy
p=1 d=1 tp=1
29
c P TC P R TP .
Z= Y ) emtysdisy + Y > emt? y¥ disyy
c=1 p'=1 tc=1 =1 r=1 p'=1
P D TP W
+ > > emt] p,ddzsprd (30)
p=1d=1 p'=1
R P TR , P C TC
XN eml iy disy + >0 emt? y¥ disy.
r=1 p'=1 t'=1 p=1 c=1 tc=1

Therefore, Equations 28-30 is made the formulation of the Tax
model for Mg,

5. Solution approach
5.1. Fuzzy inferences system (FIS)

The utilization of fuzzy systems is progressively growing with each
passing day. These systems find application across diverse domains,
including fuzzy expert systems, decision support systems, risk analysis,
control systems, image processing, communication, commerce, medi-
cine, military, education, robotics, power systems, nuclear reactors, and
automobile engineering [45]. In this article, FIS is employed for the
purpose of predicting demand. Initially, the criteria necessary for ful-
filling the demand are acquired through a review of existing literature
and insights from experts. These identified criteria then undergo the
process of fuzzification. Subsequently, membership functions for the
fuzzy criteria are established. For each criterion, a corresponding fuzzy
operator is designated, followed by a customization of these operators.
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Experts define the fuzzy rules that govern the system. The rules outlined
here are organized according to the designated operators, and then they
are combined in a specific order. Ultimately, the output is presented in
the form of the defined demand. The fuzzy inference engine employed in
this research aligns with the model introduced by Mamdani & Asilian
[16].

5.2. Identifying criteria

In this research, 29 experts who have worked in the field of the
electronic equipment industry were selected. All the experts had aca-
demic degrees, including master’s degrees and doctorates, and had more
than 5 years of experience. Initially, 30 criteria were chosen by the ex-
perts, and screening was performed using the fuzzy Delphi approach.
Finally, 9 criteria were selected. Based on the opinion of experts and the
literature review, the following criteria that affect the demand for
electronic devices have been selected [69,70].

e C1: Technological Advancements: Consumers often seek the latest
technology and features in their electronic devices. Innovations such
as smart home integration, energy efficiency, voice control, and
improved connectivity can significantly impact demand.

e C2: Energy Efficiency: With growing concerns about environmental
sustainability and energy costs, energy-efficient devices are in high
demand. Energy-efficient appliances not only reduce utility bills but
also contribute to a greener lifestyle.

e C3: Cost: Price is a major factor affecting demand. Consumers will
assess whether the benefits and features offered by a device justify its
price tag. Lower-cost alternatives or discounts can stimulate demand,
especially during economic downturns.

e C4: Ease of Use: Devices that are user-friendly and intuitive tend to

have higher demand. Consumers are more likely to opt for products

that do not require a steep learning curve.

C5: Brand Reputation: Established and trusted brands often have a

higher demand due to their reputation for quality and reliability.

Consumers are more likely to invest in devices from brands they

know and trust.

C6: Lifecycle and Durability: Consumers consider the expected life-

span of a device and its potential for repairs or upgrades. Devices that

are built to last or have upgradeable components can attract higher
demand.

C7: Health and Wellness: Devices that contribute to health and

wellness, such as air purifiers, fitness trackers, and smart scales, are

gaining popularity as consumers become more health-conscious.

e C8: Cultural and Lifestyle Trends: Socio-cultural factors, such as the
trend toward remote work or the desire for a connected lifestyle, can
impact demand for devices that facilitate these trends.

e C9: Replacement and Upgrading Cycles: As technology evolves,
consumers may replace or upgrade their devices to stay current with
the latest features and capabilities.

5.3. Fugzzification and membership functions

The membership functions for each input and output are defined by
the selected criteria. The fuzzy weights are assigned to the chosen
criteria. In this study, triangular fuzzy values are utilized, denoted as
Moderate Significance (MS), Limited Significance (LS), and High Sig-
nificance (HS). The proposed linguistic weighting terms are as follows.

Linguistic Terms Fuzzy weights
Limited Significance (LS) (0.1,0.2,0.3)
Moderate Significance (MS) (0.4,0.5,0.6)
High Significance (HS) (0.7,0.8,0.9)

Results in Engineering 23 (2024) 102830

5.4. Applying fuzzy operators

In this research, two operators proposed by the Mamdani & Asilian
[16] FIS have been used. The operators used include min’ and ’multi-
plication.” These operators are employed based on related equations in
the FIS (Equation (31)&(32).

R(x,y) =min [i(x). )| €N
R(x,y) = pi()-1;(y) (32)
6. Computational experiments

6.1. Input parameters

This section tests the applicability of the suggested models using a
numerical example. Consider five customer centers (|C| = 5), two
collection centers (|P| = 2), four remanufacturing centers (|[R| = 4),
three Secondary Markets (|S| = 3), one disposal centers (|D| = 1), three
distribution/collection centers (|p'| = 3), two manufacturing/remanu-
facturing centers (|r| = 2), two transportation type from customer
centers (|TC| = 2), one transportation type from collection centers (| TP|
= 1), two transportation type from remanufacturing centers (|TR| = 2),
two transportation type from collection/distribution centers (|TP’| = 2),
one transportation type from remanufacturing/manufacturing centers (|
TR’| = 1). In general, it is acknowledged that COy emissions from
various facilities and modes of transportation vary significantly. The
rule parameters are chosen as § (carbon tax) = 0.7 $/kg to highlight
differences in selling and purchasing prices in a market after accounting
for transaction expenses after the post COVID-19. The additional pa-
rameters reported in two models are solved using LINGO19 and on a
notebook with an Intel core i7 CPU running at 2.40 GHz and 8.0 GB of
RAM. Table 3 shows the optimal value solution of objective functions for
models A & B under no carbon policy and carbon tax policy. The carbon
tax scheme increases the RL’s expenses. Figs. 2 and 3 provides a com-
parison of optimization values for models A and B in cost-only and tax
scenarios.

The numerical example’s outcomes provide light on the possible
advantages of employing fuzzy-based demand forecasting models in
forward and RLNs in the context of carbon tax laws. The study also
emphasizes how crucial it is to take into account the uncertainty sur-
rounding carbon tax laws when designing and operating logistics net-
works, and how crucial it is to have reliable demand forecasting models
to assist in making decisions in this situation.

6.2. Case study

A real-world case study setting has been used to assess the model’s
results. The location of the case study is Puebla state in Mexico The
model’s accuracy and usefulness are assessed using the case study data.
Last but not least, the proposed model should be referred to as FLN and
RLN, as well as being trustworthy and adaptable. The facilities, based on
this report, consist of consider two customer centers (|C| = 2), one
collection centers (|P| = 1), two Remanufacturing centers (|R| = 2),

Table 3
Optimal value solution of objective functions under no carbon policy and carbon
tax policy for models A and B.

Optimization value of ~ No Carbon No Carbon Carbon Tax Carbon Tax

the objective function ~ Policy (M)  Policy (M)  Policy (Ma) Policy (Mg)
P1 3950 5432 3560 4000

P2 2653 4721 2020 4500

P3 2320 1830 1980 1900

P4 1680 910 1001 750

P5 925 804 320 500
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Fig. 2. The comparison optimization value for cost-only situations between
model A and model B.

Cost-only models
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e=@== Cost-only model 1 Cost-only model 2

Fig. 3. The comparison optimization value for tax policy situations between
model A and model B.
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Fig. 4 (a). A schematic of the general network structure in the post-COVID era
(Model A) [46].

three secondary markets (|S| = 3),one disposal centers (|D| = 1), four
distribution/collection centers (|p’| = 4), for manufacturing/remanu-
facturing centers (|f'| = 4), one Transportation type from Customer
Centers (|TC| = 1), two Transportation type from Collection Centers (|
TP| = 2), three transportation type from remanufacturing centers (|TR|
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Fig. 4 (b). A schematic of the hybrid facilities network structure in the post-
COVID era (Model B) [46].

= 3), one transportation type from collection/distribution centers (| TP’
= 1), one transportation type from remanufacturing/manufacturing
centers (JTR’| = 1).

In general, it is acknowledged that CO2 emissions from various fa-
cilities and modes of transportation vary significantly. The rule param-
eters are chosen as § (carbon tax) = 0.5 $/kg to highlight differences in
selling and purchasing prices in a market after accounting for trans-
action expenses.

The carbon tax scheme increases the RL’s expenses. Fig. 4(a and b)
provide a comparison of optimization values for models A and B in cost-
only and tax scenarios. Fig. 5 displays the optimization value compari-
son between Model A and Model B in a real-world scenario, just focusing
on costs. The comparative optimization value between Model A and
Model B in a real-world scenario, taking into account the tax policy
conditions, is displayed in Fig. 6.

In the framework of Mexico’s carbon tax legislation, this case study
focuses on demand forecasting in forward and RLNs. The goal of the
project is to create a fuzzy-based demand forecasting model that may
assist in decision-making regarding the design and operation of logistics
networks while also successfully incorporating the uncertainties related
to carbon tax regulations.

The following goals are particularly addressed in the case study.

1. Creating a demand forecasting model with a fuzzy foundation in the
post-COVID era.

2. Designing logistics networks with carbon price plans in mind in the
post-COVID era.

3. Examining how carbon tax laws affect the efficiency of logistics
networks in the post-COVID era.

The case study’s findings shed light on the possible advantages of
employing demand forecasting models with fuzzy logic in forward and
RLNs in the context of carbon tax laws. The study also emphasizes how
crucial it is to take into account the uncertainty surrounding carbon tax
laws when designing and operating logistics networks, and how crucial
it is to have reliable demand forecasting models to assist in making
decisions in this situation.

7. Sensitivity analysis

In this section, we look at how objective function two changed when
the carbon tax parameter was adjusted. A base value is regarded as the
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Fig. 5. Comparing optimization value considering the cost-only situations between model A and model B in real case in the post-COVID era.
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Fig. 6. Comparing optimization value considering the tax policy situations between model A and model B in real case in the post-COVID era.

same as the current value and is progressively enhanced. As you can see, 8. Conclusions and outlook
RL expenses will rise as a result of the increased carbon price. We pro-
vide sensitivity calculations for several carbon pricing regimes in Fig. 7 The method used in this study is to predict demand in a logistics
(a and b). network affected by a carbon price in the post-COVID era. The study
Table 4 presents the optimal value of the third objective function intends to inform decision-makers in the sector on possible carbon price
achieved by increasing the carbon price. Table 5 presents the optimal effects on logistics operations and assist them in making plans for a more
value of the third objective function achieved by increasing the carbon sustainable future. The research focuses on the Mexican logistics
price. network and takes into account both forward and reverse logistics,
The considered rules amount to 445 unique laws, as per the expert dealing with the transit of products from producers to consumers and,
opinions. Here, 15 rules are presented as examples. For instance, in rule accordingly, the return of products from consumers to manufacturers in
one, if all criteria except the price (which is low) are deemed high, the the post-COVID era. To predict demand in this network, the authors
demand is assessed as high. The formulation of the rules was established create a FIS model that takes into consideration several variables,
following the if-then rule structure. if y; is @; andys is b; then zis c;," the including the carbon tax, transportation expenses, and consumer pref-
variables y1, y2, and z are interpreted as fuzzy terms represented by the erences. Two models were proposed to assess the impact of RL strategic
respective variables a;, b, and c;. and functional actions on the optimization process in the post-COVID

era. For one of the most well-liked carbon policies (Carbon tax), the
implications of forward and reverse logistics are investigated. A

10
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Fig. 7(a). Sensitivity analysis for different carbon tax policies for model A.
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Fig. 7 (b). Sensitivity analysis for different carbon tax policies for model B.
Table 4
The third objective function’s value as optimized via raising the carbon tax. Table 5
The optimization value of the objective Increased/decreased change in The third objective function’s value as optimized via raising the carbon tax.
function (Ma) carbon tax % The optimization value of the objective Increased/decreased change in
905,033 —30 % function (M) carbon tax %
1,205,000 —20 % 1,305,000 30 %
1,315,044 ~15% 1,415,011 —20 %
1,591,035 —5% 1,691,088 ~15%
oo ,
S 0 1,710,120 0
2,193,330 10 % 2.993.430 50
3,477,898 15 % 3.007.811 10 %
3,692,255 20% 4,611,288 15%
4,799,819 30% 5,799,010 20 %
7,744,888 30 %

statistical evaluation of the model is performed, and the implications of
various regulations on the total cost and CO; emissions of the RL are
examined. Although carbon pricing regimes offer more freedom, firms
are under enormous financial pressure to meet carbon reduction targets.

11
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To attain the mandated emission levels, businesses and politicians must
regain their RLs about operational and strategic decisions.
The research yields several remarkable outcomes and conclusions.

e Under the impact of a carbon price, the FIS model appears to be a
useful tool for demand forecasting in a logistics network. Using
actual data from a Mexican corporation, the model’s accuracy is
assessed, and the findings demonstrate that it surpasses conventional
forecasting techniques like linear regression and artificial neural
networks in the post-COVID era.
The study shows that the installation of a carbon tax can result in
major modifications to the logistics network, such as modifications
to the modes of transportation, the quantity of inventory, and the
methods of production and distribution. The requirement to reduce
carbon emissions and adhere to tax laws is what motivates these
reforms in the post-COVID era.

e The carbon tax directly influences the price of transportation, which

in turn has an impact on the logistics network’s overall cost. They

suggest a two-step optimization strategy to reduce the network’s
overall cost while taking the carbon tax and consumer preferences
into account in the post-COVID era.

The study emphasizes how crucial it is to take into account both

forward and reverse logistics when designing and organizing a sus-

tainable logistics network. The authors contend that more effective
and ecologically friendly operations might result from a holistic
strategy that considers the complete product life cycle in the post-

COVID era.

The study offers useful information for decision-makers in the lo-

gistics sector, assisting them in comprehending the possible effects of

carbon taxes and formulating plans to prepare for a more sustainable
future.

e By contrasting models, A and B, research was carried out to deter-
mine the impact of the carbon price on RLN and FLN in the post-
COVID era.

e We employed a MOMIP model to evaluate these problems.

To better explain the impacts of carbon tax policy on the RLN and

FLN framework in 2023 and assess the effectiveness of this project,

this research offered a genuine case study in Mexico.

This paper has some limitations as follows.

%

The availability and quality of the input data have a considerable
influence on the FIS model’s correctness, and the findings’ probable
lack of direct transfer to other regions or sectors of the economy may
restrict the results’ generalizability.

This study’s historical data may not be typical of other industries or
regions due to the author’s use of historical information from a
Mexican company. Furthermore, the lack of a clear explanation of
the data used for training and testing the FIS model makes it difficult
to assess the reliability of the results.

The performance of the model in diverse contexts or its sensitivity to
input parameters is not thoroughly examined. The benefits and
drawbacks of the FIS model as well as its application in diverse set-
tings may be clarified through a comparative study.

The FIS model favors internal factors like transportation costs and
carbon levies above external factors like competition and market
demand. The inclusion of these external factors in the model may
lead to better decision-making in the logistics network and more
precise demand estimations.

*

*

*

The Perspectives on the future of research are as follows.

e Although the paper’s main focus is on the Mexican industry, the FIS
method may be used by various companies and countries. The
effectiveness and applicability of the FIS approach in various

12
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contexts may be examined in further studies, supporting the asser-
tion that it is resilient and universal.
The research looks at how the carbon price has a big influence on the
demand in the F&RLNs. However, demand may also be influenced by
other factors such as consumer preferences, governmental policies,
and monetary conditions. The incorporation of these additional
factors into the FIS approach may be the subject of future research to
improve the accuracy and applicability of its predictions.

The FIS technique presented in the article, which focuses on demand

forecasting, may be integrated with other tools for decision-making

to provide a more comprehensive approach to achieving better
logistics.

e The paper acknowledges that demand forecasting involves uncer-
tainty in the setting of a carbon price. To help those in charge make
more reliable and informed decisions, future research may look at
methods for evaluating and managing this ambiguity and possible
risk.

e Although long-term forecasting may be useful for decision-making
and strategic planning, the research concentrates on projecting
short-term demand. Further study may look at methods for long-term
demand forecasting in the context of a carbon tax and other factors,
to aid decision-makers in predicting and planning for future changes
in demand.
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