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FUZZY REVERSE LOGISTICS INVENTORY MODEL OF SMART ITEMS WITH
TWO WAREHOUSES OF A RETAILER CONSIDERING CARBON EMISSIONS

SUBHASH KUMAR!, BISWAJIT SARKAR>* AND ASHOK KUMAR!

Abstract. Running the business smoothly for protecting the environment is a significant challenge, on
which industries are trying something to do at their level best. Reverse logistics play an important role
in system design by reducing environmental consequences and increasing economic and social impacts.
Given the recent fluctuations of the market, the production cost and ordering cost are considered
triangular fuzzy numbers in this study. Customers’ demand is met at the right time, and there is
no shortage of items; thus, attention can be paid to two warehouses of a retailer. The setup costs
Purchasing costs and deterioration costs of this system are affected by the learning effects, which lead
to a decrease in the total cost. Inflation is a significant problem in the market because manufacturing,
remanufacturing, and retailers are all affected. This study proposes a reverse logistics system model
so that customers can resolve their complaints about defective items and carbon emissions under two
warehouses. Numerical results show that the fuzzy model is more economically beneficial than the
crisp model, finds that the crisp and fuzzy model saw a difference of 0.34% in total cost. Two numerical
examples illustrate this study, and a sensitivity analysis is performed using tables and graph.
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1. INTRODUCTION

Comprehensive strategies to manage and promote green activities through the reverse supply chain have been
developed and adopted by significant producers worldwide. Thus, the quality of the environment is not affected,
and carbon emissions are controlled. There has been an increased interest in reverse logistics (RL) over the
last few years. It has seen that all customers tend to buy products after looking at their warranty, guaranty,
returnable period.

Apart from this, to make a business successful, the retailer should also have a system to keep enough items,
not to face any problem when many goods are ordered for delivery. Customers’ demands can deliver at the
right time, maintaining a good impression in the market. In this regard, the role of more than one warehouse
is significant. The use of rented warehouses by the retailer has made the cost somewhat expensive, but it
maintains the market continuity in the supply chain process. Sarkar et al. [30] discussed a remanufacturing
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model in environmental impacts of transportation in this direction. Simultaneously, Saxena et al. [37] analyzed
a remanufacturing inventory model base for the primary and secondary markets. Jawla and Singh [12] examined
in reverse logistics model with the influence of inflation. After that, Ullah et al. [43] examined an optimal
remanufacturing system and reusable packaging capacity for single and multi-retailer closed-loop supply chain
models under stochastic demand and return rate. Singh et al. [36] introduced a remanufacturing model that
further introduces learning on costs. These costs decrease due to the previous cycle’s learning influence. Rani
et al. [25] found that consumers are becoming more mindful about protecting the environment and favor goods
produced with low carbon. Customers observe to pay much more for goods have with low-carbon emission
technology in some cases. Moreover, Sarkar et al. [32] model developed a model that reduces waste and controls
pollution to save the environment easily.

To the best of the authors’ knowledge, no reverse fuzzy logistics model has been developed considering two
warehouses. This study complements the research gap in two warehouses of a retailer considering carbon emis-
sions, inflation, and learning effect under a fuzzy reverse logistics model. Reverse logistics (RL) attempts to
maintain customer satisfaction, and another issue is the gathering of used products from customers, which is
related to the environment and supply chain management. Thus, RL helps build a green supply chain man-
agement with reusing products, which is also a part of waste management. According to the actual market
situation, an order cost and production cost are considered the fuzzy triangular number. The impact of inflation
and time value is also considered to make it more practical and suitable for the present environment. This study
aims to combine carbon emission and waste reduction items with two warehouses of a retailer within the fuzzy
reverse logistics management and minimize the total cost in a crisp and fuzzy environment with a learning
effect. The current paper is organized as follows: In Section 2, the literature review is presented in this section.
Section 3, notations and assumptions of that model are provided. Section 4 deals with the mathematical model
and procedure for the optimal solution. Section 5 is devoted to numerical analysis. Section 6 explains some
parameters’ sensitivity, and Section 7 describes the conclusions and future research directions.

2. LITERATURE REVIEW

Recently, some research has been conducted on this topic. According to Chouinard [5], RL operations are
related to collecting and recycling consumer products and the reuse of surplus items. New approaches and
information support services have been recommended for better monitoring and management of these operations.
Bernon and Cullen [3] established a structure for handling RL by following the three management methods
of integration, collaboration, and evaluation. Liao [18] developed a nonlinear programming model for an RL
network architecture. The RL concept for multi-echelon was considered. It maximized the overall value of items
returned for repair, remanufacturing, recycling, reuse, or incineration/landfill. Singh and Sharma [35] analyzed
an RL model considering logistics in an inflationary situation. They considered limited and variable production
and remanufacturing rates. Sarkar et al. [31] established a closed-loop supply chain (CLSM) model with a single
supplier, a single producer, and multiple retailers under budget and storage constraints. They reduced certain
losses by reworking an incentive modeling strategy at each level of a cycle period by identifying opportunities.
Sarkar [29] established a concept for making such a form of a multi-stage production system. During each
cycle, defective goods could be reworked while eliminating shortages; on the other hand, shortages could be
reworked in each process after the last cycle. Green service was investigated by Maric [22] as a technique
to promote agile and efficient supply chain management (SCM). They discussed drivers and obstacles faced
by computer and electronics business experts when deploying RL services. Simultaneously, they attempted to
reveal how electronics companies’ practitioners can accomplish supportable end-of-life item recovery using green
technology and RL services. Rani et al. [26] established an RL model with demand is directly dependent on
the credit period. Rani et al. [27] examined the electronics sector, which uses RL to acquire and refurbish
used products. Such goods are sold at a discounted price on the market. Safdar [33] proposed a multi-goal RL
strategy concept. The proposed concept aimed to create a trade-off between opposing interests. Saxena et al.
[38] established to examine two replenishment period methods concerning waste management. A model with
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incompatible primary and secondary business principles and sequential production/remanufacturing policies
was proposed.

Under the carbon cap-and-trade (CCT) policy, Dye and Yang [7] evaluated a standard model used to market
and default risk rates. Bai et al. [1] considered one producer and two rival retailers to study the effect of
carbon emission reduction on a supply chain for declining goods under a vendor-managed inventory. They
showed that the CCT policy and investment in green technology could reduce the carbon emissions produced
by manufacturing and inventory keeping in this scheme. Huang et al. [11] investigated the impact of climate
policies and green technology on the integrated inventory of a two-stage supply chain, taking into account
carbon emissions during the processing, transport, and storage processes of goods. Mishra et al. [23] analyzed
models with a sustainable EPQ carbon tax, no shortage cap, a partial backorder cap, and a full backorder cap
with and without investment in green technologies.

Fuzziness expresses the actual market situation well. Wee et al. [44] introduced new inverse weight fuzzy
nonlinear programming to formulate a fuzzy model. Thus, the benefits and returns on product investment under
fuzzy demand and cost constraints were maximized. Over a known-finite period, Roy et al. [28] studied a single-
product production-remanufacturing method. Two versions were independently formulated with constant and
fuzzy damaged production. When a faulty rate was imprecise, the reputation measure of a fuzzy case considering
fuzzy expectation could be obtained by the positive and negative inverse of the fuzzy objective function. Kumar
et al. [16] derived an approach in which randomness was calculated using a probabilistic assumption to scalarize
the fuzzy stochastic joint overall related cost (JTRC). Khan and Dev [13] proposed a model in a mixed fuzzy
random framework.

Considering the annual consumer demand to be a constant fuzzy random variable following a normal distri-
bution, an assortment of these two uncertainties (fuzziness and randomness) was achieved. Noh and Kim [24]
analyzed a situation under greenhouse gas pollution legislation between a single producer and several retailers
with minimal capital for many goods categories. In their study, they considered a company that manufactures
goods and ships them after inspections. Demand may either be defined or have some ambiguity for specific items
and can be better expressed using a fuzzy number. Tayyab et al. [39] implemented an incomplete multi-stage
production model, taking into account the flawed proportion of the manufacturing process and the unpredictable
market for commodities. To control the complexity of the demand results, the fuzzy theory was used, and the
center of gravity method was used to defuzzify the function. Tayyab et al. [40] presented an economic output
quantity model with unclear demand and process details in a multi-stage manufacturing process. The decom-
position rule and the fuzzy theory signed distance approach were applied to manage this production process’s
instability. Singh and Singh [34] discussed a joint framework with a seasonal trend demand rate of ramp form
for expiring goods with the retailer’s random lead time in a fuzzy system, considering the impact of inflation
and money’s time value.

Because of insufficient space, vast numbers of products should not be kept in an owned warehouse. To preserve
the extra or surplus quantity of items, other storage facilities are therefore necessary. The classical inventory
models studied by Chung et al. [6] typically assume that the usable warehouse has an infinite capacity. There
are also variables in many realistic cases, such as immediate price discounts that allow manufacturers to acquire
an inventory capability that exceeds their warehouse limit. In this scenario, retailers can rent other warehouses
for business needs. Liao et al. [19] stated that rented warehouse (RW) stocks could be shipped to an owned
warehouse (OW) wia a consistent pattern of release, but transport costs were overlooked. In an RW, the holding
expenditure exceeds that of an OW. It is assumed that the deterioration rate of an RW is equivalent to that of
an OW. Manna et al. [20] analyzed a retailer’s procurement of a manufacturer’s large number and low-quality
goods to market products to consumers from their finite capacity showrooms. The retailer employed a secondary
warehouse with an unlimited capacity to store the excess quantity of excellent quality goods on a rental basis.

Majumder et al. [21] evaluated two warehouse inventory (TWI) strategies with a wholesaler for a credit period
on a finite preparation horizon. Tiwari et al. [41] investigated a TWI model for declining goods with partial
backlogging and a stock-dependent demand. Yu [45] established an inventory model consisting of one retailer
and one seller with a two-warehouse ecosystem to manage a two-echelon system with deteriorating loss and
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TABLE 1. Author’s contribution (4/ — include, X — exclude).

Author (s) Model Two Learning Carbon Inflation  Fuzzy
warehouses  effect emissions environment
Jawla and Singh [12] SCM under RP X v X v X
Sarkar et al [30] SCM under RP X X v X X
Singh et al. [36] SCM under RP X v X X X
Sarkar et al. [32] SCM X X v X X
Rani et al. [25] SCM under RP X X v X v
Ullah et al. [43] SCM under RP X X X X X
This study SCM under RP 4/ v v v v

Notes. SCM means supply chain management, RP means remanufacturing process.

shortage back-ordering. The stock price of the rented warehouse decreased over time. Under the assumption
of shortages and partial backlogging underpayment delay, Chakrabarty et al. [4] examined TWI models for a
single declining product. Also, they integrated the impact of inflation and time demand on revenue. Marketers
typically want to find a store in a widespread marketing location. Thus, owing to inadequate space in a typical
marketplace, extra storerooms are required. The advance payment plan made up to n times before acquiring
the goods by equal installments was also considered. Khan et al. [14] developed a TWI model for aging goods
with an automated payment system using all these collaboration ideas. Ghiamia and Beullens [8] examined
stock-dependent demand in the case of declining goods for a retailer with TWI, where the retailer attempts to
achieve the optimum integrated procurement strategy by cooperation with a supplier. The advantages of both
the continuous resupply approach and the widely used approach have been established in the OW and RW
literature. Khan et al. [15] found that the deterioration of OWs began sooner than that of RWs, as the latter
still allowed for improved inventory storage and services.

Tsao and Sheen [42] reported that the revenue learning curve principle is considered in the cost of marketing.
They aimed to overcome retailers’ marketing and replenishment decisions with the revenue learning curve under
retailer competition and promotional activity. Zhang et al. [46] focused on the success of a supply chain in a single
maker-retailer setup. The unit manufacturing expense was found to be mutually influenced by the impact of the
learning cost. A supply chain of stochastic product returns was investigated by Giri and Glock [9], considering
worker expertise in understanding and forgetting created and checked returned products of a manufacturer.
A CLSC model was developed by Giri and Masanta [10], with two manufacturers, one manufacturer, and one
retailer. The consumer demand for the final product showed a linear dependency on the selling price and
quality, and the manufacturing procedure was based on the theme of learning. Kumar et al. [17] developed a
learning effect model for a green environment. Considering a two-level dual-channel supply chain, Batarfi et al.
[2] examined the impact of learning and forgetting on manufacturing processes. Some author’s contribution is
showed in Table 1.

This study has adopted strategies to reduce waste and carbon emissions to make the environment less
polluted. The manufacturer utilizes collected defective products inventory to remanufacturing process. This
study developed here is a fuzzy RL inventory model with two warehouses of a retailer. The developed model
was designed considering carbon emissions. A general flow of this model is depicted in Figure 1.

3. NOTATION USED AND ASSUMPTIONS MADE IN THE MODEL

The following notation is used in the model

€ Carbon emissions.
w Carbon emissions under the demand parameter.
7 Inflation rate.
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FIGURE 1. Process of the supply chain model.

Manufacturing parameters

Py; Production rate.

1 Deterioration rate.

a1,z Demand rate.

typs Maximum inventory level time.

topr Time when the inventory level is zero.

N Total number of manufacturing cycles in 7.

Vs Inventory level when 0 <t < tjy.

Vo Inventory level when tpy <t < topy.

Sy or (Spmc + S1/AX) Effective learning setup cost.
Pyic Production cost.

Hyic Holding cost.

Dy or (Dryvc + %) Effective learning deterioration cost.

Retailer’s parameters

Cp Demand rate.

o Deterioration rate.

M Highest storage capacity of OW.

t, Inventory level time when RW reaches zero.
to, Inventory level time of OW reaches zero.
Vi RW inventory level when 0 <t <t,.

Voro OW inventory level when 0 < ¢ < ¢,.

Varo OW inventory level when ¢, <t < to,.
O,¢ Ordering cost.
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P.c or (Prc + f—%() Effective learning purchasing cost.
H,,c Holding cost of RW.

H,.c Holding cost of OW.

D,¢ or (Dr,c + %) Effective learning deterioration cost.

Remanufacturing parameters

Pr Reproduction rate.

1 Deterioration rate.

a1, as Demand rate.

tr Maximum inventory level time.

T Total cycle time.

Vg Inventory level during the period 0 <t < tp.
Vor Inventory level during the period tp <t < T.
Src or (Stre + g—%() Effective learning setup cost.
Prc Production cost.

Hgrc Holding cost.

Dgc or (Dire + %) Effective learning deterioration cost.
Crc Collection cost.

p Returned rate.

Assumptions

(1) Products are returned at the rate p, which are then collected and transported back to the manufacturer. The
learning effect is applied to all the systems’ deterioration costs, and the manufacturing and remanufacturing
costs are set up.

) Order cost and production cost are considered as triangular fuzzy numbers.

) The time point of OW is double the time point of RW.
4) Lead time is negligible.

) Returned products are recovered at the rate o, while the waste products are recycled.

) OW has a finite capacity, whereas RW has an infinite capacity.

) The retailer stores the goods first in the owned warehouse and then in the rented warehouse and consumes
the goods first from the rented warehouse and then from the owned warehouse.

4. MATHEMATICAL MODEL

In this model, it is assumed that manufacturing and remanufacturing occur simultaneously. However, they
have different cycle times. One cycle consists of a single remanufacturing cycle and multiple manufacturing
cycles and is represented as T'. The remanufactured products have the same market and have the same quality
as those of the new products.

Manufacturing cycle

The production begins at time ¢ = 0 and continues till ¢5;. The production rate is given by Pjs. The inventory
level decreases owing to the demand a; +ast and deterioration py. At t = t), sufficient inventory is accumulated,
and production is stopped. The accumulated inventory continues to meet the demand top;. At this time, the
inventory becomes 0, and the production cycle begins again (see Fig. 2).

dV;

T;VI:PM—(CYl—'—aQt)—'LLlV]\/[, 0<t<ty (41)
with the boundary condition Vjs (0) = 0.

dV;

—2M = (a1 +ast) — puVanr, ta St<ton (4.2)

dt
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with the boundary condition Vaps (t2p7) = 0.
Then, the solutions of both equations are

6*H1t

Vi = 12 [{(PM — (a1 + agt)) p1 + agte!t — {(Pyy — ap) 1 + ()(2}] (4.3)
1
ekt
Vonr = 102 (2 — (a1 + ant) py) e + (a1 + agtans) 1 — ag) €172 (4.4)
1

Assuming that there exist N manufacturing cycles in one overall cycle, toy is given by ton = %

Retailer cycle

Each manufacturing and remanufacturing cycle consists of multiple retailer cycles. In RW, the stock decline
over the interval 0 < ¢ < ¢, and is related to the mutual impact of both the demand and deterioration ps and
the decline in the inventory level in OW due to deterioration po alone. In OW, the inventory level over the
interval ¢, <t < to, is related to the mutual impact of both demand and deterioration. Let this study assume
that the customer demand (Cp — we) is a carbon-dependent demand.

T (O —w) — Vi, 0<t<t (45)
Vir (O) =0

d‘/QTO

dt
‘/Zro (O) =M
dVso

at
‘/3ro (t2r) =0.

= *,UJ2V21‘05 0 <t<t, (46)

= —(Cp — we) — p2Vsso, tr <t <ty (4.7)

Then, the solutions for these equations are

Vi = 0D =99 ot [ty 1) (4.8)
2

Vro = M e 12! (4.9)

Viro = (Cp —we) ehat [—ehat 4 giatar] (4.10)
H2

Since equations (4.9) and (4.10) satisfy the continuous condition at ¢ = ¢,., we obtain

(CD - we)
M2

M = [—et2tr 4 et2tar] (4.11)

Assuming that one manufacturing cycle contains the retailer’s cycle, Z,., the cycle time is given by to, =
and to, = 2t,.

_r_
NZ,

Remanufacturing cycle

Product collection occurs throughout the cycle during manufacturing and remanufacturing. The used and
returned products are stored and returned to the manufacturer for remanufacturing. Considering the customer
demand as Cp, and p as the returned rate, the collected inventory at time ¢ is given by

Ve (t) = poCh. (4.12)

The manufacturer utilizes this collected inventory to remanufacture products while recycling waste. Reproduc-
tion begins at time ¢ = 0 and continues until tz. The inventory level reduces owing to the demand a; + ast and
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deterioration pi. At tg sufficient inventory is accumulated, and the production is stopped. The inventory level
continues to reduce owing to the deterioration p; and demand until time 7', when the inventory becomes 0.

dV;
ditR =Pr— (1 +agt) — Vg, 0<t<tp (4.13)
with the boundary condition Vg (0) = 0.
dV;
o= (mtagt) —mlVep, tp<t< T (4.14)

with the boundary condition Vag (T') = 0.
Then, the solutions of both equations are

e—#lt
Vi = N {(Pr — (a1 + agt)) gy + ag}e!’ — {(Pr — a1) pi1 + a2} (4.15)
1
e—;tlt
Var = 2 (o2 — (a1 + agt) p1) € + (a1 + aoT) py — ag) 7] . (4.16)
1

Manufacturing cost

Setup cost: Sumc-
Production cost:

t
P
PMC/ eiTtPM dt = Puc (1 - eiTt’”) M
0 T

Holding cost:

tm tam
Hyic [ / e W, (t)dt + / e " Vo (t) dt}
0 t

e~ tm(T+p1)

= Huc (=7 (Par — o) {(—1+ ') 7 — el (=1 ™) py } + ap {— (—1 + elmi) 72

T2 E (7 + )
1 _ et2mi (g + ag (—1 + o,

+ etmiyy, (7 (71 Jreftm) pi1 + Tt (7 +M1))}]+ — Hyic {e o (THp11) { (o111 2 ( 2mb))
K T+ p1

et (ranpn + s (=7 + (14 Th) 1)) } - emtan () {—et%ul (ot + 02 (=1 + tampma))

T+

T2

+

etz (ray iy + a (=7 + (1 + Ttam) 1)) H )
2

T

Deterioration cost:

tm tom
DMC [/ ule’”Vm (t) dt + / ,U167Tt‘/2m (t) dt:l
0 t

e~ tm (T+p1) "
[-7(Pv—a) pr { (=14 e )7 —etmi (=1+e™ )y} + ag {— (—1 + e'mi1) 72

=mDvue—H———
7203 (7 + p1)
1 B etzmbt (o + ag (=1 + tom
ety (= (=14 ™) gt o (7 + 1)) Y]+ 1 Daic {e b (7 111) { (o i1+ s ( 2mi1))
I T+
et (ragp +ag (=7 + (1+ Tty) 1)) ot () el (g + ag (=1 + tampnn))
72 T+

+

etz (ray g + an (=7 + (1 + Thom) 1)) }]
72 '
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Retailer cost

Ordering cost: O,¢.
Purchasing cost:
Prc (CD — we)

Pic[Vie (0) + M] = i

_ o2ty patar
[ e +e ] .

Holding cost:

tr tr tor
[HHC / e Wi (t) dt + Hyoc { / e " Waro (t) dt + / e " Vi (1) dt}]
0 0 t

r

_ Huc (Cp —we) (—1 +e 7 L1 e_“(”‘“)) L e (1 -~ e—tr(7+lt2)) (Cp — we) (

_eu2tr + 6H2t27‘)

2 T T + p2 T + p2 |22
N Hyoc (OD _ we) —e—Ttr — e~ Ttar N etari2 (e—tr(‘r-‘ruz) _ e—tzr(T-‘er)) .
2 T T+ 2

Deterioration cost:

t, tr tor
paDyc [ / e TV, () dt + / e T Voo (t) dt + / e T Vi (t) dt}
0 0 t

r

2 T T+ 2 T + 2 1)
Cp — we) e~ Ttr _ o= Tlar elariz (67t7'(7+ﬂ2) _ eftm-(‘rﬂtz))
x _eNZtr _i_eltztzr + ( _ + .
( ) U2 T T + U2

Remanufacturing cost

Setup cost: Sgrc.-
Production cost:

tr P
PRC/ e T Prdt = =2 (1 — e T'R) Pp.
0 T

Holding cost:

tr

tr T
HRC [/ B_TtVR (t) dt + / e_Tt‘/éR (t) dt‘|
0

eftR (TJFMI)

= HRgc [—7- (Pr —a1) 1 {(—1 + etR’“) T — etRi (—1 + eTtR) m} + ao{— (—1 + etR‘“) 72

1 B eTh (aqpuy +as (—1+T

+ etR”lpl (7 (71 JrertR) [+ Tt (,]_Jrul))}] + = Hge [e tr(T+p1) { (a1 1 2 ( 1))
Ky T+

e (Tagp +ag (=7 + (1 + 7tg) p1)) } + e Tlr+m) {_GTMI (arpn + oz (=1 +Tpa))

72 T+

. T (ranpy + ao (—7 + (1 + 7T) 1)) }] .

2

Deterioration cost:

tr T
Drc l/ pie” " Vg (t) dt +/ pie” " Vog (t) dt]
0

tr
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e—tr(T+p1)

= 1 Dre—
-

m —7(Pr — 1) 1 {(_1 —i—e“”“) T etrm (_1+em?,) m} + ay {_ (_1+et1m1) 2

eTh (aqpy +ag (—1+ Tuy))

1
e (= (<1 ) -+ vt -+ ) Y] + D [e—fww {
1

T+ /1,1
e (rayn +ag (=T + (1 + Ttg) p1)) 4o Tlrtm) et (ap + ag (=1 4+ Tw))
T2 T4
efm (ragpy + g (=7 + (1 +77) p11)) H
+ 5 -
-
Collection cost:
r CRrc
CRC/ e Ve (t) dt = —= (1 — e_TT) paCp.
0 T
Total cost:
e—tM(T'Hh)

N P,
TSc = T [SMC + Pyc (1—e77m) % + Hue = (=7 (Par — an) pn {(=1 4 €)1

13 (7 + pa)
— glmi (—1 + e”m) ,u1} + g {— (—1 + etm*“) 72 elmi (— (—1 + €Ttm) p1 + Tt (7 + :“1))}]
e [e—tm(rwl) {etz’”“l (011 + g (=1 +tompm)) e (rarps + ag (=7 + (14 Ttm) m))}

T T+ 2
4 otem () {et”"’“ (a1p + az (=1 +tomm)) | et (Tagp + as (=7 + (1 + Ttam) 1)) H

T+ 72
eftM(‘PHu)

D
+ p1 MC 5 (

gy [ (P { (1 ) 7 (Tt )

1
+ as {_ (_1 + etmm) 72 4 elmi gy, (_ (_1 + ertm) pi1 4 Tt (7 + Nl))}] + 2 11 Dwnc
1

y [eww {"‘ (011 + 02 (<1 + o)) €M1 (ronpn + s (=7 + (1+ Thy) 1)) }

T+ 2
4 e—tem(r i) el (g + ag (=1 + tampnn)) n el (tagpy + ag (=7 + (1 + Tlam) p11))
T+ 1 2
" NZ. [O o+ P.c (Cp — we) [,elmtr n 6H2t2r] n H,.c (Cp — we) (1 + e Ttr N 1— etr(T+H2))
T ' 75 2 T T + p2
4 HroC (1 _ e,tr(TjL#Z)) (CD - CUE) (—6”2” n 6#2t2r) T HroC (OD — we) (_ e*‘ftr _ 677t2r
T+ p2 H2 M2 T
N eterti2 (e_tr(T“ﬁu'Q) _ e—tgr(ﬂ-m)) WD [(CD — we) (_1 4Tt N 1 — etr(rﬂm))
T+ p2 Hate H2 T T+ p2
—Tty —Ttor
1 (1 _ e—tr(7+u2)) (Cp —we) (—etatr 4 ebator) 4 (Cp — we) (_e —e
T + H2 M2 2 T
eteriz (e tr(mHiz) _ g=tor(THi2)) 1 Pre e~ tr(T+m)
—|Src+ € (1= e ) Py + Hpg——s———
i T+ o } +T[RC+ o () P e o e

X [—T (Pr— 1) 1 {(—1 + etR’“) T — elri (—1 + eTtR) ,ul} + a9 {— (—1 + etR“l) + etri 72
el (aqpy 4 ag (=14 Tuq))
T+ [

1
X (= (=1+e™) pr+ Tt (T +m)) }] + EHRC {6_”‘(”’“) {
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S
N(x)

OY‘C — @, OrC OrC + @,

FIGURE 3. Triangular fuzzy number O,¢.

el (rayp + ap (-7 + (1 + 7tR) pa)) } 4o Trtm) {GT’“ (a1p +a (=14 Tp))

7—2 T+
eTH (Tanm + az (—7 + (1 +77T) 1)) e~ tr(rm)
Dreo————— | —7(Pp — -1 trRp1
’ 72 Hﬂ” RCTQM%(T—HM)[ 7(Pr =) { (=14 )
— P (L e R) i} g { = (<L) 7 Py (= (<1 €T A+ TER (T + ) }]
T
+ %HlDRQ |:€tR(T+/J«1) {6 M1 (alﬂl —+ Qo (*1 + T#l)) B etRH1 (TOlLul + as (QT + (1 + TtR) Nl)) }
K1 T+ p1 T
Tl { e (um +ag (Z14+ Tyn)) T (raapn + 0z (=7 + (1L +7T) i)
T+ M1 7'2
+ Cro (1—e"7) poCp]|. (4.17)
T
Fuzzy model

This study considered O¢, Pumc, Pre and w as triangular fuzzy numbers, that is, 6\:07 ]51\\4/0, ]§R/C, and w.
This study assumed that the parameters O,c, Puc, Prc, and @ may change within certain limits.
The membership order cost fuzzy number (see Fig. 3) can be defined as

7$7(O;?74’91) if Oc—p1<2<0¢

Na‘:c (x): w if OrC<Z<OrC+(p2
if otherwise,

and can be expressed as

Orc = (O — 91, Orc, Oro+ 2 ), where 0< ¢ <O and  @1p > 0.

Similarly, other fuzzy numbers can be expressed as

]51\;; = (Pmc — 3, Pmc, Pmc+@a ), where 0< g3 < Pyc and 304 >0
Prc = (Prc — @5, Pros Prc +¢s), where 0 <5 < Pre and  ps5¢06 >0



FUZZY REVERSE LOGISTICS INVENTORY MODEL 2297

w=(w—gr,w,w+es), where 0<pr<w and p7psg>0.

Using the signed distance method (SDM), this study obtains

— 1

O,c = O,c + Z(<P2 — 1)
— 1

Pyc = As + 1(%04 — ¢3)
— 1

Prc = Prc + Z(‘PG — ¢5)

1
WZW*'Z(%—@?)-

Hence, the defuzzification of the total profit using SDM is

TS, =

TSc1

1 ——o e~
7 [TSm +2TScs + Tch} (4.18)
N .\ Py e~ tm(T+p1) .

-7 [SMC + (Puc = es) (1 —e77") == +HMCm (=7 (Par =) { (=1 4 emi) 7

- et””’“ (—1 + eTtm) ul} + a9 {— (—1 + etm‘“) 72 4 efmbr gy, (— (—1 + e”m) p1 + Tl (T + p1) )}]

+ =5 Hie [ S { (oafsr + 0o (<14 tompun)) € (T + 05 (~7 + (14 7t )u1)>}
I T e
4 e—tem(rHa) {etz’"’“ (o1pm + 0z (=1 +tampm)) | emi (ragpn + ao (=7 + (1 + Ttam) 1)) H
T+ p1 T2
D e~ tu(rtny) —7(Prs — -1 tm 1 —etmm (1 Ttm
+ 1 Dne 2#1(7'4-#1)[ T(Py—aq) g { (=1 +em*)r—e (=1+e™ )}

1
+oag {— (=1 emm) 2 ety (= (=14 ™) py + 7t (7 + 1)) }] + 7+ Duc
1

x [etm(r+m) {"‘ (arp + s (“1 4 tomm)) e (raupm + s (—7 + (L+ 7t) m>>}

T+ i 72
4 e—tem(rHa) et (o + (=1 4 o)) N el (ra g + ag (=7 + (1 + Ttam) p11))
T+ 1 T2
—7t,
NZr |:(OrC _ @1) + PrC (CD — (w — 907) 6) |:_€)u'2t1r + eIJ’Zth] + Hl"rC (CD - (w - 4107) 6) <_1 +e
T 2 K2 T
+ 1-— e—tr(‘l'-‘r,ua)) + HroC (1 _ e—tr(T"l'IJ’Q)) (CD — (w — 4,07) 6) (_euﬁlr + eufztzr)
T+ W2 T+ 2 K2
Hro Cr — (w— e~ Ttr _ o—Ttar et2r,u2 e—tr(T-HQ) _ e—t2r(7'+,u2)
n c(Cp—(w=wr)e) [ n ( ) + iDic
125 T T+ 2
» [(CD —(w—w7)e€) (—1 e Tt L1 e‘t"‘(TJr“?)) L1 (1 B e—tr(7+#2)) (Cp — (w—pr)e)
2 T T+ W2 T+ W2 2
—Tty _ ,—Tta, torp —tr(T+p2) _ o—tor(THp2)
" (76#2tlr+6#2t2r)+(CDf(wfcm)e) e e~ Tt2 +e2/2(e H2) _ otz l2> ]
%) T T+ H2
1 (Prc — ©5) o e~ trR(T+p1) .
+=|Spc+—"—"—=(1—e ""R)Pr+ H 7—7'P—a —1+4eri)r
T[RC - ( ) R RC Qu (T+M1)[ ( R 1)M1{( )

et (<1 e i+ g {— (<14 ) 72 ety (= (<14 €7%) iy + 7t (7 + )}



2298

TSc2 =

S. KUMAR ET AL.

w L [etrta "M (aqpn 4 g (=1 4+ T)) e (taypu + ag (=7 + (1 +7tg) 1))
i e T+ H1 2

4 o Tlrtm) e (a4 ag (14 Tm)) n et (rayp + ag (=7 + (1 +77) 1))
T+ T2

e—tR("'-‘r/Ll)

+ MIDRci
72 ()

1
+oag {= (=1 +em) 72 fefmhipy (= (=14 ™)+ 7tr (T + m)) }] + F:UIDRC {e_tR(Tﬂ”)
1

[—T (Pr— 1) 1 {(—1 + etR‘“) T — etri (—1 + eTtR) ,ul}

. €T (i + g (—1 + Ty)) - err (tagpy + ag (=7 + (1 + Ttr) p1)) 4o~ T(r+m)
T+ T2

x _BT’“ (arpr + o (=1 4+Tpr)) + el (raqm + az (=74 (14 77T) i) +CRC
T+ U1 7?2

T

(1—e"7) paCD]

e~ tm(T+p1)

N P,
T [SMC +Puc (1—-e77) TM + Huc (=7 (Py —on) pa { (=1 + ) 7

7203 (T 4 )

_ ptmm (_1 + eftm) m} +a {_ (_1 + etmm) 72 4 etmb gy (_ (—1 + eTtm) 1+ Tty (T + M1))}]

+ L Hye [etmGHm) 2 (onpn + op (=1 4 tampn)) M (Tanpn + o (=7 + (L+ 7tm) )
i e z

o () [ € (qapn o (1t tompu)) €M (Tanps + o (=7 4 (14 Ttam) 1))
+ e m _ pury . + 7-2
1

e*tM(T+M1)

+ p1Dvic—
-

s [T (P ) { (<1 et et (1) )

o { (1 ) 78 o (= () ot 7 )]+ D
1
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T+ 1 72
—T7tr _ o=t (T+
NZ, |:O,.C i P.c (CD - we) [76#215“ i eﬂzt%} 4 H..c (CD — we) <1 +e n 1—e (T+p2) > n H.oc
T 2 2 T T + W2 T+ 2
" (1 B eftr(ﬂr#g)) (Cp — we) (—e“zt“ n 6#2%) n H,oc (Cp — we) (_ e—Ttr _ e—Ttor
2 2 T
etarba (p—tr(THp2) _ o—tor(T+u2) Cr —w 14 e Tt 1 — e tr(THp2)
n ( ) 4 paDic {( p — we) ( N >
T+ o 1) T T+ 2
—7t, _ ,—Ttop
+ 1 (1 _ e—tr(T+H2)) M (_elwtlr 4 euztzr) + (CD - we) (_e €
T+ W2 2 2 T
etariz (e—tT(Tﬂtz) _ e_tQT(T+H2)> 1 Pro e—tr(T+p1)
+ + —=|Spc+ —(1—e"”) P+ Hpc—s———
T+ i ] T[ rot = ( ) oot e )

X [—T (Pr— 1) {(—1 + etR‘“) T — elRi (—1 + eTtR) ul} + g {— (—1 + etR‘“) T2 4 elriiyy,
em™ (arp + ag (=1 + Ti))
T+

1
X (= (=1+e™) py +7tr (14 m)) }] + EHRC {e_t’%(”“l) {
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_mm oyt oo (T A+ Ttr) m) | L) e (am + az (-1+Ty))
72 T+

eTm (tagpy + oo (=7 + (1 +7T) 1)) e~ tr(T+p1)

B 3 ~ -
72 }:|+/1/1DRC 2“1(7——’_,“1)[ T(PR 041)#1{( 1+e'R 1)7_
— et (=14 ™) it o {— (—14 e P ey (= (1 + €7 ) py + Ttr (T + ) }
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T+ 1 T2
e~ tm (i) t t Tt
DS e (B~ () 7 () )

1
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e (ragp + ap (=7 + (L + 7tR) Ml))} 4o T(r+m) {_eT‘“ (arps + op (=14 Tpm))

T2 T+
Ty ( _ —tr(T+p1)
e M (raypm + ag (=7 + (1 +77) p1)) e ¢
D [ Pr — -1 RH1
+ - + RCT2M%(T+’U1)[ T (Pp—on) pa { (=1 + €))7

— elrm (—1 + eTtR') ul} + ag {— (—1 + etm“) 72 4 etriiyy, (— (—1 + eTtR) w1+ Ttr (7 + ,ul))}]
T
+ %MIDRC {e—tR(Tﬂu) {e M +ag (=1 +T))  emM (tanpn + ag (=7 + (1 +TtR)M1))}
1

T+ T2

4 e T(ra) et (g +ag (14 T)) i e (raqpn + g (=7 + (1 +7T) p))
T+ 1 T2

44 (g mr) pacD} .

Optimal solution procedure
This study mainly focuses on minimizing the total cost functions TS¢ and 'féTC which are given in equations
(4.17) and (4.18).
For a crisp model, from equation (4.17), we obtain
JTSe JTSc

Otm Otr

Determining the optimal values of ¢y, and t% is not easy; thus, the Mathematica software is used to determine
the optimal values.

The Hessian matrix,

8°TSc 8°TSc

2 2
. a2, OtmOtr 0°TS¢ 0°TS¢
He = det TS 2rse | > 0 and BT o >0
OtmOtr ot?, m R

satisfies the sufficient condition of the minimizing function.
Then, this study obtains the value of the total minimum-cost function from equation (4.17).
The fuzzy model is processed in a similar manner.

Algorithm

(1) First, this study considers the value of the total cost function top; = % , to, = %7 and to, = 2¢,. And

determine the total cost function as TS¢ (tm, tr)-
(2) Then, this study considers the necessary conditions
ty, and t%.
(3) The sufficient condition satisfies the Hessian matrix, as follows:

9TSc
Ot

=0 and % =0, and determine the values of

8°TSc 3°TSc

2 2
— at%n Oty Otr 8 TSC 8 TSC
Hc = det 2 TSe TS | 0 and 5 > 0, 50 > 0.
Oty Otr at, m R

(4) Then, this study obtains the values of tops, t,, and ta,..
(5) Finally, this study obtains the minimization value of the total cost function.
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TABLE 2. Optimal result of crisp and fuzzy environments.

Total cost tm tr

Crisp environment  7055.17 0.2249  0.9609
Fuzzy environment 7031.29 0.2252  0.9609

5. NUMERICAL EXAMPLE
In this section, the proposed model is demonstrated through an illustrative numerical example.

Crisp environment

Example 5.1. This study considers the parameters a; = 11, ag = 1, 3 = 21, N = 3, Spme = 45, Puc = 42,
Hye =21, Duye = 41, Py = 56, 7 = 0.5, O,¢c = 35, Prrc = 31, Hic = 51, Hyoc = 25, Dric = 26, Cp =71,
ZT = 8, Mo = 25, SLRC = 35, PRC = 45, PR = 15, HRC = 30, DLRC = 58, CRC = 31, p = 0.3, g = 0.1,
T=1,5=1,8=1,P=1,D,=1,Dy=2,D3=3 A=3, K =02,w=0.2, ¢ =0.3. This study uses

266051  21783.4 ;
21783.4 37.3628> > 5.795 x 10° > 0

and 328?230 > 266051 > 0, 325'0 > 37.3628 > 0, for the optimal result and obtain ¢,, = 0.2249, t,,, = 0.333,
‘m R

t, = 0.0208, to,. = 0.0416, tgr = 0.9609, with a total cost of 7055.17.

the Mathematica software to satisfy the minimization condition det (

Fuzzy environment

Example 5.2. This study considers the parameters o1 = 4, o = 3, 93 = 5, ¢4 = 3, p5 = 6,

s = 6, p7 = 0.02, pg — 0.02, and apply the Mathematica software to satisfy the minimization condition.
266088 21783.4 9 9*TSe 92TS¢ .

det 217834  37.3628 | = 5.795 x 10° > 0 and oz > 266 088 > 0, oz > 37.3628 > 0. This study

obtains the following result t,, = 0.2252, to,, = 0.333, t, = 0.0208, t3, = 0.0416, tz = 0.9609, and a total cost

of 7031.29.

The optimal result of crisp and fuzzy environment represented in Table 2.

6. SENSITIVITY ANALYSIS

In this section, this study discusses the percentage change in the demand rate, holding cost, the production
cost of manufacturing and remanufacturing, and demand rate and holding cost of the retailer, owing to which
an effective change was observed in the total cost.

Observations and managerial insights

The crisp environment results are presented in Tables 3 and 5, and Figures 4, 5, and 8, whereas the fuzzy
environment results are presented in Tables 4 and 6 and Figures 6, 7, and 9. These study’s observations and
managerial insights are as follows:

(i) From Figures 4 and 6, a reduction in the total cost was observed when there was a percentage change
(=20, —10, 0, +10, and +20%) in the first demand parameter «;. The percentage change (—20, —10,
0, 410, and +20%) in the second demand parameter as increased the total cost. The manager should
take care about the learning effect because using learning, the total cost can be reduced more than the
traditional model without learning.

(ii) From Figures 4 and 6, it can be observed that the total cost increases after a percentage change (—20,
—10, 0, 410, and +20%) in the holding cost parameters Hyc and Hgc.
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TABLE 3. Change in total cost due to percentage change in parameters in crisp environment.

7200

7150

7100

7050

7000

TOTAL COST

6950

6900

6850

-20%

Total cost

Parameters —20% —10% 0% +10% +20%

e %1 7107.28 7084.99 7055.17 7019.23 6978.21
a 7046.02 7050.60 7055.17 7059.73 7064.29
Hwyce 7048.84 7052.00 7055.17 7058.33 7061.50
Hyc 7058.34 7056.75 7055.17 7053.58 7052.00
H.oc 7144.20 7099.68 7055.17 7010.65 6966.14
Hrgc 7054.39 7054.78 7055.17 7055.56 7055.95
€ 7055.57 7055.37 7055.17 7054.97 7054.76
Cp 6565.14 6810.16 7055.17 7300.18 7545.19
P 6502.31 6782.1 7055.17  7322.18 7583.68
Pr 6818.28 6936.97 7055.17 7172.91 7290.24

-10%

0%

+10%
PERCENTAGE CHANGE IN PARAMETERS

+20%

—0— First demand parameter

Second demand parameter

=& Manufacturing holding cost

== Retailer's RW holding cost

== Retailer's OW holding cost

F1GURE 4. Change in total cost due to the percentage change in a1, as, Hyic, Hyyc and Hyoc
parameters in crisp environment.

(iii) From Figures 5 and 7, the total cost volume was observed to increase due to the percentage change (—20,
—10, 0, 410, and +20% ) in the production parameters Py, and Pg.
(iv) From Figures 4 and 6, a decrease in the total cost was observed when the percentage change (—20, —10,
0, +10, and +20%) in the holding cost parameters H,,¢ and Hyoc of RW and OW changed from negative

to positive.

(v) From Figures 5 and 7, an increase in the total cost was observed when there was a percentage change

(=20, —10, 0, +10, and +20%) in the demand parameter Cp.

(vi) From Figures 5 and 7, the total cost was observed to decrease with the percentage change (—20, —10, 0,
+10, and +20%) in the carbon emissions parameter e.

(vil) The total cost decreases for each new shipment and learning rate, as depicted in Figures 8 and 9.
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7600
7400
7200
7000
6800
6600
6400
6200
6000
5800

TOTAL COST
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-10%

0%

+10%

—— Remanufacturing holding cost

Carbon emission cost

—— Retailer's demand parameter

== manufacturing production rate

=i Remanufacturing production rate

+20%

PERCENTAGE CHANGE IN PARAMETERS

F1GURE 5. Change in total cost due to percentage change in Hgrc, €, Cp, Py and Pg parameters
in crisp environment.

TABLE 4. Change in total cost due to percentage change in parameters in fuzzy environment.

TOTAL COST

7150

7100

7050

7000

6950

6900

6850

Total cost

Parameters —20% —10% 0% +10% +20%

ay 7084.17 7061.47 7031.29 6995.021 6953.69
(e % 7022.16 7026.73 7031.29 7035.84 7040.38
Hue 7024.96  7028.13 7031.29 7034.45 7037.6

Hyc 7034.46  7032.87 7031.29 7029.7 7028.12
Hioc 7120.31 7075.8 7031.29 6986.77 6942.26
Hgc 7030.91  7030.9 7031.29 7031.67 7032.06
€ 7031.69 7031.49 7031.29 7031.08 7030.88
Cp 6541.26 6782.82 7031.29 7276.30 7521.31
Py 6681.37 6759.67 7031.29 7296.88 7575.39
Pr 6794.40 6913.09 7031.29 7149.03 7266.36

—— First demand parameter

—{li— Second demand parameter

-20%

PERCENTAGE CHANGE IN PARAMETERS

-10%

0%

+10%

Manufacturing holding cost

—>¢=Retailer's RW holding cost

== Retailer's OW holding cost

+20%

FIGURE 6. Change in total cost due to the percentage change in a1, as, Hve, Herc and Hyoc
parameters in fuzzy environment.
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7800
7600 —o— Remanufacturing holding
cost
7400
7200 Carbon emission cost
5
8 7000
= = Retailer's d d t
2 6800 etailer's demand parameter
o
= 6600
6400 == manufacturing production
rate
6200
6000 == Remanufacturing production
-20% -10% 0% +10% +20% rate
PERCENTAGE CHANGE IN PARAMETERS
FiGURE 7. Change in total cost due to the percentage change in Hgrc, €, Cp, Py and Pg
g p g g
parameters in fuzzy environment.
TABLE 5. Total cost reduction due to learning effect in crisp environment.
Effective total cost
No. of shipments A 0.2 0.4 0.6 0.8
2 7066.66 7047.56 7030.94 7016.47
3 7055.17 7026.34 7006.8 6989.5
4 7047.56  7016.47 6992.9 6975.04
5 7041.96 7008.16 6983.65 6965.9
7080
m0.2
7060
7040
— 7020 0.4
(%]
S 7000
=
i 6980 w06
= 6960
6940
6920 m0.8
6900
2 3 4 5

NO. OF SHIPMENTS

F1GURrE 8. Change in total cost due to learning effect in crisp environment.
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TABLE 6. Total cost reduction due to learning effect in fuzzy environment.

Effective total cost

No. of shipments A 0.2 0.4 0.6 0.8

2 7042.77 7023.68 7007.06 6992.59
3 7031.29 7004.46 6982.93 6965.64
4 7023.68 6992.59 6969.03 6951.17
5 7018.08 6984.29 6959.79 6942.03

7060 ®0.2
7040
7020 0.4
— 7000
(%]
S 6980 "0.6
|}
< 6960
©
6940 m0.8
6920
6900
6380
2 3 4 5

NO. OF SHIPMENTS

FI1GURE 9. Change in total cost due to learning effect in fuzzy environment.

7. CONCLUSIONS

In this model, two retailing warehouses were considered. Customers are considered to have a demand for
smart products. In the event of receiving defective products, the customers return the products, which then
undergo the remanufacturing process. This reverse supply chain model under inflation and the retailer’s two
warehouses are critical for the market. Moreover, the result of the reverse logistics model is significant in
today’s market. The learning effect influences the setup cost (i.e., the costs of labor, machines, change of tool,
etc.) and deterioration rate. A decrease in the total cost is observed due to the learning effect, as depicted in
Figures 8 and 9. The fuzzy theory’s SDM is used to manage this uncertainty in the ordering cost, production
cost, reproduction cost, and carbon emission demand parameter. The manufacturer establishes a competitive
partnership with mutually beneficial aims to cope with smart products and create a carbon emissions market.
Sensitivity analysis and graphical illustrations have been widely examined for a more significant validation of
the model. There are certain limitations to this proposed study, which essentially constitutes research on several
reverse logistics services and strategies in the electronics industry and some other industries, but not for all.
In production, remanufacturing, and return planning, this study can be a valuable contribution for decision-
makers. In the future, this study can be developed by considering various other factors such as trade credit,
volume flexibility, the effect of a machine breakdown, and investment in green technology to reduce carbon
emissions and deterioration.
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