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Abstract

In the present model we have developed multi-echelon supply chain model for deteriorating items with exponential

time dependent demand and non-instantaneous deterioration. Preservation technology was implemented to control

the deterioration of the manufacturer items which provide extra protection items. Entire study carried out under the

impact of inflation. In the present study we consider the two suppliers involved in the supply chain for supplying raw

materials to the manufacturer. The manufacturer produces a random proportion of deteriorating items which are

reworked after daily production. Items sold out in lot to other markets after completing the rework process. Retailer

sells finished items in various markets according to seasons. Numerical examples with optimal solution present the

validity of the model. Finally, sensitivity analysis and graphical representation have been shown for the analysis.
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Introduction

A Multi-Echelon System is a hierarchical inventory
management structure that consists of multiple levels
or echelons of inventory system. Every echelon shows
a different stage in the supply chain, such as
production, distribution, warehousing, and retail.
There are some important keywords of MES which are
such as- (a) Multiple Echelons: MES consists of
multiple levels of inventory control, representing a
different stage in the supply chain. (b) Inventory
Management: Each echelon manages its own
inventory, including inventory levels, replenishment,
and control. (c) Coordination and Optimization: MES
aims to coordinate and optimize inventory
management across all echelons to minimize costs,
reduce stock outs, and improve customer service.
Multi-echelon system play a significant role in the
inventory system and its provides the various benefits
which are as- (a) Reduced Inventory Costs: MES helps
minimize inventory costs by optimizing inventory
levels and reducing waste. (b) Improved Inventory
Management: MES enables better inventory
management through coordinated control and
optimization. (c) Reduced Stock outs: MES helps
reduce stock outs by ensuring that inventory is
available when needed. (d) Improved Customer
Service: MES enables better customer service by
providing accurate and timely inventory information.

1.1 Relation between deterioration and multi-
echelon system

Multi-echelon systems and deterioration of items are
closely related. As items move through various
echelons of the supply chain, they are exposed to
various environmental factors that can accelerate
deterioration. To minimize the deterioration of the
items in multi-echelon such as- (a) Proper Handling
and Transportation: Ensure careful handling and
transportation of items between echelons. (b) Suitable
Storage Conditions: Maintain optimal storage
conditions at each echelon. (c) Regular Inventory
Turnover: Monitor and control inventory turnover
rates across echelons. (d) Impassive Quality Control:
Implement robust quality control measures at each
echelon. For the multi-echelon system and
deterioration various prominent researchers have
done the work in such manners.

1.2 Two-echelon supply chain and deterioration
related review work

Adak and Mahapatra [1] developed two-layer supply
chain models for manufacturers, retailers and
probabilistic deteriorating items in the fuzzy
environment. They worked with time and reliability
dependent demand. Barman and Das [2] optimized
the total cost for deteriorating items with bi-level
trade credit policy and demand function was
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dependent on the time and ramp type. Iraj et al. [3]
proposed two-echelon inventory model with the
expiration date of products. They considered fixing
production dependent demand function for
deteriorating items. Costa et al. [4] investigated two-
echelon supply chain problems inspired by real-word
They

manufacturing process. Further, deterioration and

production. focused on the unreliable
preservation technology related significant research
work done by various prominent researchers and
authors in the such as- deterioration means
vaporization, decay, waste etc. work as Bhawaria and
Rathore [5], Bhawaria and Rathore [6], Bhawaria et al.

[7], Rathore et al. [8], Utama et al. [9], Kaushik [10].

1.3 Three-echelon supply chain and deterioration
related review work

The Three-Echelon
hierarchical supply chain structure consisting of three
different
Manufacturer Echelon: This is the first echelon,

Supply Chain System is a

echelons which are works as- (a)
responsible for producing or supplying raw materials,
finished goods. (b) Wholesale Echelon: The second
echelon, which receives items from the manufacturer
and stores, distributes, and delivers them to the next
level. (c) End-Customer Echelon: The final echelon,
where products are sold directly to end-customers.
But there are some significant profits of this process
are given below as- (a) Improved supply chain
efficiency and effectiveness (b) Enhanced inventory
management and control (c) Better customer service
and satisfaction (d) Reduced total costs and improved
profitability. Further, for the three-echelon and
deteriorating items many researchers have done the
work such as- Mashud et al. [11] formulated three-
echelon supply chain model for deteriorating items
and they used green technology to control the
deterioration of the items. This entire research work
main aim was to reduce carbon emissions and control
the deterioration. Wang et al. [12] determined the
pricing policy and green efforts for the three-echelon
supply chain system. Mondal et al. [13] established
payment policy for three-echelon system. They
focused on the advertisement demand function and
multiple delivery policy. Navarro et al. [14], Pokorny
and Fiala [15] established three echelon supply chain
models for deteriorating items. They specially focused
on the constant deterioration and manufacturing

process.
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1.4 Four-echelon supply chain and deterioration
related review work

Four-Echelon Supply Chain System

The Four-Echelon supply chain system (SCS) is a
hierarchical supply chain structure consisting of four
different levels. (a) Manufacturer Echelon: This is the
first echelon, responsible for producing or supplying
raw materials, components, or finished goods. (b)
which
receives products from the manufacturer and stores,

Wholesaler Echelon: The second echelon,

distributes, and delivers them to the next level. (c)
Regional Distribution Center (RDC) Echelon: The third
which

distributor/wholesaler and stores, distributes, and

echelon, receives products from the
delivers them to the final level. (d) End-Customer
Echelon: The fourth and final echelon, where products
are sold directly to end-customers. Further, review
work done by prominent researchers which is given in

table-1.
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Assumptions and Notations

2.1 Notations
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t, Manufacturer production run-
time.
T Total cycle length.
n The number of selling seasons for
retailers.
m Positive no. m € [0, n].
Cum Holding cost/unit/unit time for
good quality items.
Cim Holding cost per unit per unit
time for deteriorating goods.
Cim Holding cost/unit/unit time for
reworked items.
Ty Rework cost/deteriorating items
of manufacturer.

Notations Description
Lis(t) Main supplier: inventory of raw
items at t.
Ls(t) Secondary supplier: inventory of
raw items at time t.
Iy, (t) Manufacturer:  inventory  of
finished items at time t.
Ig, () Retailers: inventory of good
quality items at time (Tx_1, Tx)-
P Replenishment rate of
manufacturer.
I1Cis Inventory cost for main supplier.
I1Cys Inventory cost for secondary
supplier.
Ty Deterioration rate of items.
PTC Preservation technology cost.

& Preservation technology cost

parameter.
R Whole order quantity (0Q) of
manufacturer to key supplier.
Aig Set up cost for first supplier.
Ass Set up cost for second supplier.
r Inflation rate

£ Random time.

Cins Holding cost per unit per unit
time at main supplier level.

Cous Holding cost per unit per unit
time at secondary supplier level.

U Demand parameter.

Py Deteriorating items
remanufacturing rate of
manufacturer.

D, Demand of odd dealer.

D¢y Demand of consumers.

tr Rework time of deteriorating

items.

2.2 Assumptions
Present model developed for single item.

Manufacturer production rate is fixed and is greater
than demand of odd dealer to neglect the shortages.

The rate of production of deteriorating products is
random and scrape products are not manufactured
during daily production.

Shortages are not allowed.

Reworked goods are trade to another market in a lot
after complete of remanufacture.

In the every production run, rework start just after the
end of regular manufacturing process and finished
products are not as good as the real quality.

The demand function is time dependent given as
D(t) = a+ be*t where a>0,b>0,u>0. and
equal for every market.

The holding cost of the items is parabolic function of
the time and represented by (f + gt®). Where f >
0,g > 0.

Retailers vend their items in different market with
different selling price.

After the random time main supplier can face
disruption due to lake of raw material in the market.
Then the other supplier, totally reliable but too much
expensive than main supplier is chosen for supply of
raw items.
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The deterioration rate of the items is fix and defined

as constant ratery = (8 —m(§)), wherem($) =
e ¢,

3. Mathematical Model Formulation

In this supply chain inventory model we consider two
suppliers, supplier one is manufacturer and second is
retailer in various market with new seasons. In the
initial stage the major supplier procure raw material
from other supplier and delivers at the fix rate to
producer. But first supplier can face supply disruption
problem after a random time (&) cause of
transportation and other things. Then the producer is
helpless to order the raw item from the second
supplier. Producer produces the products with fix rate
(P). In the manufacturing process deteriorating goods
are manufactured at the random rate Tgunit/unit
time. After the steady manufacturing of deteriorating
goods are reworked at the any cost. The governing
differential equations are follows for supplier,
manufacturer and retailer.

3.1. Mathematical model for supplier

Case3.1.1whene < t;

diis® _ _p 0<t<e (1)
dt

dlps(t)

Haslt) _ _ <t<
2 e<t<t (2)

Solution of equations (1) and (2) with boundary
conditions I;,(0) = R, I,;(¢) = R — P¢

I,;(t) =R — Pt, (3)
L(t) =R — Pt, (4)
The conditionl,s(t;) =0, t; = g. (5)

Cost calculation for supplier
Inventory cost for main supplier
ICy5 = Cis fog e Tt (Iys)dt (6)

ge

ICs=Cis[F(1—e™) = P - e + 2]
7)

Inventory cost for secondary supplier

1Cy5 = Cog f e () (f + gt)dt (8)

— RE ¢ —re -rt R —rty (2t1 _ 2
ICZS_CZS[T{e —e 1}+T e 1 T_r3

§)-en (E- o) e )
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o (o)) 2 (e (- ) -
e e (% - r% - 82)> +e3e77E — tf‘e‘”l}] (9)
Preservation Technology Cost
PTC = [,* e "t&dt (10)
PTC =i[1-e74] (11)

Now the total cost for main supplier is given below

TC;s = [setup cost + Inventory cost
+ Purchasing cost]

TCis = [A1s + RCis + 1G]

Now the total cost for secondary supplier is given
below

TC,s = [setup cost + Inventory cost
+ Purchasing cost + PTC]

TCZS = [Als + (R - PS)CZS + ICZS + PTC]
Case3.1.2whene > t;

alys(t) _ —p

L 0<t<t (12)

Solution of equation (12) with the boundary condition

isI;5(0) = R.

Lis(t) =R — Pt, (13)
R

Now [;4(t;) = Othent; = p (14)

Inventory cost for main supplier

IC35 = Cyps fotl e " Ls(t)dt (15)

s = ~Cs [ =0 2o ) )
(16)

The total cost for main supplier

TCS; = [Ays + RCys + IC55] (17)

And the total cost for second supplier is zero.

The total cost for main supplier

TCS; =[A1s + RCis +1Cis + (R — Pe)Cos + ICh5 +
PTC + R{sCys + 1C56] (18)

The total cost for secondary supplier
TCSl = [A25+(R_PS)C25+ICZS] (19)
3.2 Manufacturer Cost

The manufacturer’s good quality items inventory level
at the time can be represented by the following
differential equations.

126



Journal of Harbin Engineering University
ISSN: 1006-7043

d11$(f) =(1-19)P—(a+be") 0<t<t; (20)

dlzam(t) _ —(a+ be“t)

m t,<t<T (21)

Solution of the equation (20) and (21) with boundary
conditions-  1;,,(0) =0, [L,,(t;) =L,() and
L, (T) = 0.

Lim(8) = (1= 14)Pt — (at + ”‘;“t) +§ (22)
L@ =a(T—1t) + Z (eHT — eht) (23)

Now applying the condition I;,,(t;) = L, (t) we
have

1
T =—[(1-719)Pt] (24)
Inventory cost of good quality items

ICyy = Cun [J" e "l (O)(f + gt?)dt +
[L e L@ (f + gt?)dt] (25)

ICy = Cyy [fP {—e‘”l (%1 N riz) " L} n

r2

frea {22 (o +2) -2 1al ) -

r r2 r

Ay __ /b _ e ta@+w) L g _ -t
= Lo{1-enry 1 By ety 4

3,-1t 2,-rt
tye” "1 3 (tye” "1
+= { -

{gP—ga—rePg}{ — -

2 (e Tt eTTh 6 g tfe‘l(”_r)
z += e B
r\ r r r u u-r

2 (tletl(”_’”) et1(u—7”)) 2 } gb {t%e—rﬁ n
u-r u-r (u-1)2 (u-1)3

u
e

The manufacturers’ items level of deteriorating items

-r

at time t presented by the equations.

dl1a(t) _

1d 0 0<t<t, (27)
—dlf;i(t) = tng - P1 tl S t S T (28)
dzzdt(t) —p, t,<t<T (29)

Solution of equation (27) with condition I;,;(0) =
0, Ild(tl) = t1T9 and Ild(tl) = 0

I, (t) = Tyt o<t<t, (30)
Lg(t) = tyTe(t —t; +1) — Py (t — t;) (31)
I33(t) = Pi(t — t;) (32)

Rework time for deteriorating items t; = t;ﬁ (33)
1

Inventory cost for deteriorating items
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Icy = [C,’,M {fotl e Tty (f + gt¥de +
SR e (tyTg — PO + gEP)dt} +

Cit ([ e (PO(f + gt?)dt )|
(34)

2,-1t
Icy = [C/m {Te {§ (1—eTt1) — gtie” "t

r

2 et e—Tt1
—Jt.e Tl —
rz{l r

- %}}} + {(tot; — P) +

P.Cly g (e—rt1 _ e—r(t1+tR)) + %{tlze_”i _

e TEHR) (1) + t)2) + i—g{e‘”l(tl + %) -

e AR (b 4 £, + %)}} (35)
Total rework cost for deteriorating items

Re = tgtyTy (36)
Preservation technology cost

PTC = [[*""Re~"tdt (37)
PTC = —&[ertatn) — ]| (38)
Total cost

TC = [SC + PTC + PC + IC + RC] (39)
3.3 Retailer’s individual cost

“O = (@ +bett)y — (a+be e, ,

With I, (0) = 0 and I, (Tx-1) = Ig,_, (Tic-1)

T St <Tg K=123,..,(M - 1), (40)
dIRIZt_(t) = —(a + bet) ¢, with Iz, (Ty_1) =

Iy, (Ty—1), Ty—1 <t <T (412)
B _ (a4 betyg,,, with 1§, (T) = I, (1), T <
t < Ty, (42)
AlR, (t)

= —(a + bet)¢,, with Iy, (Ty) =

IgM(TM):IRn(Tn) =0,and IRK(TK—l) = IRK_l (Tx)
Ty  St<Tgy K=M+1,M+2,M+
3,..,n (43)

Solution of the above equations (40) to (43) with the
boundary conditions

I, () = (aTCK - be”TCK‘l) + Zlf:l((aTCK -
be”TCK—l)Ci — (aTcK — be"TCK—l)Ci_l)Ti_l K=

1,2,3,...,(M — 1) (44)
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Ig,,~(©) = (aTg, — be*Tcx1)

M
+ Z((aTCK - be”TCK‘l)C
i=1

- (aTCK - be#TCK_l)c. )Ti-1
-1

i

Ty <t<T (45)
IRM+(t) = (_aTcM + beMTC”) - Z?:M+1((aTCK -
be“TCK-l)Ci — (aTg, — be"TCI(-l)Ci_l)Tl-_1 T<t<
Ty (46)

I, () = (—aTCM + betTen)

n

B Z ((aTgy = bet"ex)

i=K+1 ’
TCr—
- (aTCK - be# Ck 1)C' )Ti—l
i-1

Teg-1 <t<Tg, K=M+1,M+2,.,n (47)
Now the condition I, " (M) = Ig,,” (M) = D, Ty,
Now the inventory calculation for the retailer

Inventory in the interval [Tx_;,Tx], where K =
1,2,3,..,(M — 1) s

Tk

IRK = f IRK(t)dt

Tk

IRK(t) = [(aTCK - be#TCK_l) + Z{il((aTCK -
be#TCK—l)Ci - (aTCK — be”TCK_l)Ci_l)Ti—ﬂ(TK -

Tx-1) (48)

Inventory in the interval [T,_1, T]

T
I GEN ROT
Tm-1
Iy () = [(aTg, — be!Texr) + T, (aTe, —
be#TcK—l)Ci — (aTCK _ beuTcK—l)Ci_l)Ti_l] (T -
Ty-1) (49)
Inventory in interval [ T, Ty] is

Tm

i@ = [ Iy " @0t

T
IRM+(t) = [(_aTcM + be#TC") - Z?=M+1((aTCK -
be“TCK—l)Ci — (aT¢, — be”TCK"l)Ci_l)Tiq] (Ty —T)
(50)

Inventory in the interval [Ty _;, Tx], where K = M +
1L,M+2,M+3,..,n
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Tk

Iy, () = fIRK(t)dt

Tg-1
Ig, () = [(_aTcM + be”TC”) - Z?=K+1((aTCK -
be”TCK-l)Ci — (aTCK — beHTCK_l)Ci_l)Ti—l] (Tx —
Tx-1) (51)

Inventory cost for retailer

M-1 n
[CRZCHR IZ IRK+IM +I&+ Z IRK]

K=1 K=M+1
C
ICr = R[Sy (a + beH) g, (T3 — T-y)]

(52)

Total cost

TC = [SC + PC + IC] (53)

Solution Process

To minimize the total cost we diff. TC (T, t1,€ ) with
respect to T, &, and ti. And for optimum values
necessary conditions are-
dTC(T,t, &) JdTC(T,t; ) dTC(T,t; §)

22 =, 22 =, 22 =0

aT 0¢ dat,

det (H;) >0, det(H,) > 0,det(H;) >0, Hessian
Matrix of the total cost is as follows.

[92(TC) 9%(TC) 9%(TC)]T
98z 9&at,  0&dT
92(TC) 03%(TC) 9%(TC)
ot 0¢ ot? ot 0T
d2(TC) 9%(TC) 02(TC)
| aT0¢  oTdt,  AT? |

4.1 Numerical Example

We have taken the appropriate values of the inventory
parameters in the suitable units which are given as-

C,s = 6568, f = 5600, R;s = 500, A, = 778,
=0.05,R = 679,€ = 3790, g
= 4500, P = 79900, Cy s
= 400, C,5 = 4598, C,5 = 6568.

Now the optimum values are-

T = 4.05199 x 1022, t, = 6.111 x 107,
& =18, TC = 794791.1541.
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4.2 Optimum solution:
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n T, x 102! D¢, x 102 ¢ t; x107 | Tx 10%1 TC
1 T, = 3.03465 D¢, = 4.86239 16.00 5.897 3.87481 797569.1823
2 T, = 2.09856 D, = 4.86239 16.89 5.972 2.74845 797121.1639
T, = 3.09959 D, = 4.94343
T, = 3.02567 D¢, = 4.86239 17.12 5.973 2.89464 797111.7621
3 T, = 3.07856 D¢, = 4.94343
T; = 3.09874 D, = 5.02447
T, = 3.04358 D¢, = 4.86239 18.00 6.111 4.05199 794791.1541
4 T, = 3.01231 D, = 4.94343
T; = 2.99564 D¢, = 5.02447
T, = 2.98453 D¢, = 5.10551
T, = 3.01122 D¢, = 4.86239 17.34 6.102 4.01732 794796.1423
T, = 2.93751 D¢, = 4.94343
5 Ty = 2.95467 D¢, = 5.02447
T, = 2.87347 D, = 5.10551
Ts = 2.98173 D¢, = 5.18655
T, = 2.88761 D¢, = 4.86239 16.96 6.012 4.03879 794796.8123
T, = 2.78465 D¢, = 4.94343
T; = 2.73628 D, = 5.02447
6 T, = 2.65172 D¢, = 5.10551
Ts = 2.87698 Dg = 5.18655
T, = 2.98763 D¢, = 5.26759

4.3 Graphical Presentation

Fig. 1 Graph between T &t; w.r.t. TC

300000
600000
400000
410% 1081
6.0 1041

2.0 1021

1.0 1022
1.2 1022

Fig. 2 Graph between T &¢ w.r.t. TC
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Conclusion

In the present research work we established multi-
echelon supply chain inventory model for
deteriorating items. Preservation technology applied
to control the deterioration of the items and it does
provide extra protection to items. During the
manufacturing time  deteriorating items are
manufactured at random rate and after manufacturing
they are remanufactured and sold in different
markets. But the retailer has fix demand of the items
and sells them in different markets with different
selling prices to get the maximum profit by the items.
And the entire system is affected by the rate of
inflation. Our numerical example we concluded that at
n=4 the total cost of the system is optimized. In the
future this model can be extended with different
demand functions like- selling price, stock dependent
demand, fuzzy triangular demand function. We
described the following limitations of this model which
are as- the stock out of condition in every stage of
chain system is degraded.

References

1. Adak, S., & Mahapatra, G. S. (2022). Two-echelon
imperfect  production supply chain  with
probabilistic deterioration rework and reliability
under  fuzziness.Journal of  Management
Analytics, 9(2), 287-311.

2. Barman, D., & Das, B. (2021). Two-echelon supply
chain inventory model with variable lead time and
ramp-type demand for deterioration item under
bi-level credit period. International Journal of
Inventory Research, 6(1), 14-46.

3. Iraj, M., Chobar, A. P., Peivandizadeh, A., &
Abolghasemian, M. (2024). Presenting a two-
echelon multi-objective supply chain model
considering the expiration date of products and
solving it by applying MODM. Sustainable
Manufacturing and Service Economics, 3, 100022.

4. Costa, A., Cannella, S., Corsini, R. R., Framinan, J.
M., & Fichera, S. (2022). Exploring a two-product
unreliable manufacturing system as a capacity
constraint for a two-echelon supply chain dynamic
problem. International Journal of Production
Research, 60(3), 1105-1133.

5. Bhawaria, S., & Rathore, H. (2022). Production
inventory model for deteriorating items with
hybrid-type demand and partially backlogged
shortages. In Mathematical Modeling,

Computational Intelligence Techniques and

Vol 46 No. 6
June 2025

Renewable Energy: Proceedings of the Second
International Conference, MMCITRE 2021 (pp.
229-240). Springer Singapore.

6. Bhawaria, S., & Rathore, H. (2023, lJune).
Economic production quantity model for
deteriorating items with trade-credit policy and
preservation technology under the effect of
inflation. In AIP Conference Proceedings (Vol.
2699, No. 1). AIP Publishing.

7. Bhawaria, S., Rathore, H., & Kumar, G. (2023). A
reverse logistic inventory model with stock and
selling price dependent demand under the impact
of inflation and learning for non-instantaneous
deteriorating products. International Journal of
Simulation and Process Modelling, 20(3), 172-181.

8. Rathore, H., Meedal, T., Bhawaria, S., & Sharma,
R. S. A. (2024). An optimal inventory policy with
ramp type demand rate and time varying holding
cost in two-warehousing
environment. Proceedings of the Indian National
Science Academy, 1-6.

9. Utama, D. M., Abdullah, F. F.,, Wangsa, I. D., &
Jauhari, W. A. (2025, March). The Vendor—Buyer
Inventory Model in Two Echelon Supply Chain: A
Systematic Literature Review and Bibliometric
Analysis. In Operations Research Forum (Vol. 6,
No. 1, pp. 1-47). Springer International Publishing.

10.Kaushik, J. (2025). An inventory model for
deteriorating items with ramp type demand
pattern: a stock-dependent approach. Cogent
Business & Management, 12(1), 2442547.

11.Mashud, A. H. M., Chakrabortty, R. K., Hussain, O.
K., & Choi, T. M. (2024). Reducing emissions from
production and distribution in three-echelon
supply chains. International Journal of Production
Economics, 271, 109181.

12.Wang, S., Liu, L., & Wen, J. (2024). Product pricing,
green effort decisions and coordination in a
dynamic three-echelon green supply
chain. Journal of Industrial and Management
Optimization, 20(9), 2906-2933.

13.Mondal, A. K., Pareek, S., & Sarkar, B. (2024).
Payment policy for a three-echelon supply chain
management under advertisement-driven
demand. RAIRO-Operations Research, 58(1), 45-
77.

14.Salas-Navarro, K., Florez, W. F., & Cardenas-
Barrdn, L. E. (2024). A vendor-managed inventory
model for a three-layer supply chain considering
exponential demand, imperfect system, and

130



Journal of Harbin Engineering University
ISSN: 1006-7043

remanufacturing. Annals of Operations
Research, 332(1), 329-371.

15.Pokorny, P., & Fiala, P. (2024). A Three-Echelon
Retailer-Led Closed Loop Supply Chain with
Substitutable Products Coordination: Real-World
Beverage Industry  Application. International
Journal of Supply and Operations
Management, 11(1), 54-82.

16.Sebatjane, M., & Adetunji, O. (2024). A four-
echelon supply chain inventory model for growing
items with imperfect quality and errors in quality
inspection. Annals of Operations Research, 335(1),
327-359.

17.Fallahi, A., Tehrani, Y., & Mokhtari, H. (2024).
Optimization of a coordinated sustainable multi-
vendor multi-livestock multi-rancher supply chain
for growing products. Scientia Iranica.

18.Correia, I., & Melo, T. (2024). A matheuristic for a
multi-period three-echelon network design
problem with temporary capacity
acquisition. Computers & Industrial
Engineering, 192, 110244.

19.Khalafi, S., Hafezalkotob, A.,, Mohammad Itabar,
D., & Sayadi, M. K. (2024). A game theoretic
approach for analyzing financial intervention
models in dairy green supply chains with
freshness-keeping effort. Environment,
Development and Sustainability, 26(7), 17131-
17156.

20.Saeedi, M., Parhazeh, S., Tavakkoli-Moghaddam,
R., & Khalili-Fard, A. (2024). Designing a two-stage
model for a sustainable closed-loop electric
vehicle battery supply chain network: A scenario-
based stochastic programming
approach. Computers & Industrial
Engineering, 190, 110036.

Vol 46 No. 6
June 2025

131



