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Abstract

Objectives: To present a sustainable fuzzy inventory model that can mitigate
emissions and optimize the total cost of inventory processes. Methods: To
manage uncertainty, this study considers the cost parameters as heptagonal
fuzzy numbers and then applies the sub-interval average method to optimize
the total inventory cost. Findings: From the numerical example solution
results, it is clear that the study arrives at a reduced total inventory cost value
in the sub-interval average method. Novelty: This sustainable fuzzy inventory
model adds environmental engineering services costs to mitigate hazardous
carbon emissions and pollutants in inventory operations.
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1 Introduction

Sustainable development focuses on economic growth and environmental
safety ). However, greater production often results in emissions from storage and dis-
tribution >*. Although carbon policies push for pollution control, they are not enough
to achieve lasting environmental progress “>). Looking at recent research investigations,
Kristiyani et al. @in 2019, suggest that proper inventory maintenance is vital to opti-
mize available resources and limit environmental pollution. And Chen et al.” in 2024,
suggest that inventory management together with environmentally friendly procedures
can minimize inefficiencies and toxic pollutants. Adoption of sustainable practices
in companies can reduce emissions and contaminants, which not only contributes to
long-term sustainability ®*) but ensures the balance of economic and environmental
benefits !>!), Furthermore, it enhances the company’s image and attracts environmen-
tally conscious customers !>!%), Consequently, these efficient strategies support quality
inventory decisions and global environmental targets (!*!*). However, many industries
struggle to minimize emissions due to outdated practices. Specialized expertise can
improve inventory management and foster sustainable methods to reduce
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environmental impacts.

1.1. Research Gap

No researchers have previously included environmental engineering services costs in sustainable fuzzy inventory models.
This study intends to fill this gap by including environmental engineering services costs to help companies reduce carbon
emissions and enhance sustainability practices in inventory management. Environmental engineering services focus on
providing expertise to develop pollution reduction plans, which consist of the identification of high-emission activities,
examining inefficiencies in inventory operations, and implementing targeted approaches such as process optimization, cleaner
technologies, and energy-saving strategies. They also provide detection systems to monitor emission levels, create compliance
reports, educate employees on sustainable practices, and incorporate renewable energy sources for long-term environmental
advantages.

The article is presented as follows: Section 2 covers the methodology. Section 3 provides results and discussion. Finally,
Section 4 makes a conclusion of the study.

2 Methodology

This article expands on Kristiyani et al. © inventory model by including environmental engineering services costs ) to mitigate
hazardous industrial emissions. To manage uncertainty, we consider the cost parameters as heptagonal fuzzy numbers, and then
we apply the sub-interval average method !V to optimize the total inventory cost. This method ensures a simple formula and
solution process, making it easy to understand without the need for complex computational processes.

2.1 Definitions

2.1.1 Heptagonal Fuzzy number

A Fuzzy number K H= (k hy Ky Bhy kg Eng kng k., ) is a heptagonal fuzzy number, and the definition of its membership
function is,
%%,f‘?rkhl <m < ko

0.5, forkps <m<kps

—kh.
5+3 ((zszkhf)’ Jorkpg <m <k,
_ Kkhs—
Ly g (m)= %"’%(kh:_;:;)aforkh4<m<kh5

0.5, for ks <m < kyg

1 (Khy;—m)
jma Jorkpe <m <k,

0, otherwise

Example: Suppose the fuzzy number is said to be K g = (1,2,3,4,5,6,7), then we get membership values as follows,
hy, (1) =0, pg (2) =0.5, n, (3) =05 png, (4)=1, ng, (5) =05, pg (6)=0.5, pg (7) = 0. The graphical
representation of heptagonal fuzzy number is given below.

0.8
0.6
0.4

0.2

Fig 1. Graphical representation of heptagonal fuzzy number
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2.1.2 Arithmetic Operations of Heptagonal Fuzzy Number

Assumethat K gy, = (Kpa,» knay: Knay» Bray Bna,» Brag bra, ) 0K ge = (kngo kg, kngy B Bngos Fngor b, )
be two heptagonal fuzzy numbers. The arithmetic operations for two heptagonal fuzzy numbers are provided below,

Kyp+Kpyp= (khdl+khflvkhd2+khf2akhd3+khf3»khd4+khf4vkhd5+khf5vkhd6+khf6akhd7+khf7>
Kyp—Kpp= (khdl_khflvkhdz_khf27khd3_khf3vkhd4_khf47khd5_khf57khd6_khf67khd7_khf7)

KypxKpyp= (khdlkhfla knha,kng, Ena,kn gy Ena, kg Era kg Eragkn g, khd7khf7)

Kup _ (khdl kna, kna, kna, Fna;, Fnag k’hd7>
Kpp  \Fung, Fngy Kng, Fagy Fng, By Fng,
Example: if K ;1 = (4,6,10,8,12,7,11)and K ;; » = (2,2,5,4,3,7, 1) be two heptagonal fuzzy numbers, then

Kyup+Kpyp=(04+2 642, 10+5, 844, 1243, 7+7, 114+1) = (6, 8,15,12,15, 14, 12)
Kyp—Kyp=(4—2,6-210-58-4,12—3,7—7,11—1)= (2,4, 5,4, 9, 0, 10)
KypxKyp=1(4x2,6x2,10x5, 8x4, 12x3, 7x7, 11 x 1) = (8, 12, 50,32, 36, 49, 11)

K 4610 8 12 7 11
Kup _ ( 777777 ) —(2.3,2,2,4,1,11)
KHF

2.1.3 Sub-interval Average method for heptagonal fuzzy number ("

IfEH = (khl ko khy kK kg kh7) is supposed to be heptagonal fuzzy number, then the sub-interval average method
formula is given as,

’ _8(l<:h1+kh2+kh3+kh4+kh5+kh6+kh7)
Vuep — 56

2.2 Notations

Uy,— Number of goods requests for each period
S+ p— Cost for each item
A g — Cost of ordering for each cycle
C p— Cost of Storage for each period
K 5— Weight of the item
K1, ps— Basic costs for shipping items
M p; p— Variable costs for shipping items
L y— Mileage from the supplier
E i ps— Fuel consumption when the vehicle is empty
S rey— Additional fuel consumption per unit load of transportation
G po— Standard emissions from the power plant
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B x— Carbon emission tax

Pg s— Average carbon emissions per unit in storage

G - ;r— Cost of carbon emissions from vehicles

St p— Additional costs of carbon emissions from transportation of one item
H ;s s— Environmental engineering services costs

Q,"— Optimal order quantity

T'C;),— Total inventory cost

Q) ,— Kristiyani et.al© optimal order quantity

TC\,— Kristiyani et.al© total inventory cost

2.2.1 Fuzzy parameters

ﬁVT—Fuzzy Number of goods requests for each period

S+ — Fuzzy cost for each item

A g p—Fuzzy cost of ordering for each cycle

C p—Fuzzy cost of Storage for each period

K p—Fuzzy weight of the item

K 1, ps—Fuzzy Basic costs for shipping items

Z\:J ~ p—Fuzzy Variable costs for shipping items

L &y — Fuzzy Mileage from the supplier

G po— Fuzzy Standard emissions from the power plant

E ¢ x— Fuzzy Carbon emission tax

P s— Fuzzy Average carbon emissions per unit in storage

S ¢ y— Fuzzy Additional fuel consumption per unit load of transportation

S, g— Fuzzy Additional costs of carbon emissions from transportation of one item

E > ps— Fuzzy Fuel consumption when the vehicle is empty

G i — Fuzzy Cost of carbon emissions from vehicles

H ;s o— Fuzzy Environmental Engineering services Costs

TCr'Vj 1 —Fuzzy total inventory cost

az- Fuzzy optimal order quantity using the sub-interval average method

S (TCV’J k) —Fuzzy total inventory cost using the sub-interval average method

2.3 Assumptions

1.

Ordering and Purchasing expenses: Cost of ordering, cost for each item, and number of goods requested per period are
taken as uncertain due to the possibility of changes in market demand and customer needs.

Storage expenses: Storage cost per period is assumed to be uncertain due to the possibility of variations in warehouse
capacity and external cost factors.

. Transportation expenses: Base costs for shipping items, variable costs for shipping items, mileage from the supplier,

weight of the item, additional fuel consumption per unit load of transportation, and fuel consumption for empty vehicles
are taken as uncertain because there may be changes in product packaging, vehicle efficiency, and fuel rates.

Emissions expenses: Average carbon emissions per unit in storage, the cost of carbon emissions from vehicles, additional
costs of carbon emissions from the transportation of one item, standard emissions from the power plant, and carbon
emission tax are considered uncertain because there may be fluctuations in energy usage, transportation conditions, and
regulatory policy changes.

Engineering services expenses: Environmental engineering services costs are considered uncertain due to the possibility
of fluctuations in service rates, project demands, and regulatory requirements.

Real life Application: In the pharmaceutical sector, the cost of storage can vary, especially when specific temperature
control is required for certain medications and vaccines. Similarly, transportation expenses can change based on the
need for refrigerated shipping, such as for insulin or blood plasma. Emissions may vary based on the energy required
for refrigerated storage units and the fuel consumed by refrigerated trucks during transport. Costs for environmental
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engineering services can also change, particularly when specialized storage is required for expired drugs and the
management of hazardous emission control.

2.4 Mathematical Model

In this section, we provide an overview of Kristiyani et.al© inventory model, followed by an explanation of our proposed
sustainable fuzzy inventory model. The model developed by Kristiyani et.al© serves as the base reference, and we expand it by
including environmental engineering services cost and a fuzzy solution approach.

2.4.1 Kristiyani et al® inventory model

In the Kristiyani et.al ® model, the total inventory cost is calculated with the sum of purchasing expenses, ordering expenses,

storage expenses, and transportation expenses. Carbon emission is considered in storage and transportation areas.
Purchasing expenses: This is determined by the cost for each item and the number of goods requested per period,

(SrexUyr)

Ordering expenses: These costs are related to placing an order and the number of goods requested per period,%
q

Storage expenses: These are the expenses associated with maintaining storage facilities, including the average carbon
emissions generated within the storage environment,

(QyxCpg xSrp) n (QyxPosxGrexBox)
2 2

Transportation expenses: This is the total expenses for shipping goods, which include fuel consumption, item weight, mileage
from the supplier, and carbon emissions from transport vehicles, given as,

UVT

Qq

Kristiyani et al.® model, total inventory cost is given below,

(Agp xUyr) (Qq xCpg X Stp) (Qq X PosxGyo Bex)

UVT{ KLM+(2XLGYXEFMXMND)+(LGYXSKUXKTEXQqXMND) }

+7
Q, L +2xLgyxGpg)+(Lay xSppxQy)

By differentiating the Equation (4.1) with respect to Kristiyani et al. model, optimal order quantity,

0 _\/2XUVT[<ABF+KLM)+<2XLGYXEFMXMND)+(2XLGYXGFK)]
a

{Kpym+@2xXLoy XxEpy xMyp)+ (Lagy X Sgu X KrpxQux Myp)+ (2% Loy X Gpg)+ (Lay XSpp X Q) }

TCb =

4.2
[(CPGXSTB)+(PQS><GHCXBCX)] 42

2.4.2 Our model: Sustainable fuzzy inventory model

In Kristiyani et al.() model, emissions from storage and transportation were included in the overall inventory processes. In
our model, we expanded it by adding the cost of environmental engineering services to mitigate carbon emissions. Moreover,
we apply the sub-interval average method to handle the uncertainties in the cost parameters. In this model, total inventory
cost can be calculated with the sum of purchasing expenses, ordering expenses, storage expenses, transportation expenses, and
environmental engineering services expenses.

Environmental engineering services expenses: This is related to the costs for professional services for designing and executing

sustainable practices, pollution prevention measures, and eco-friendly infrastructure solutions, expressed as, M
q

The total inventory cost is given below,

(App xUyr) N (QyxCpg x Stp) N (Qqx PosxGrexBox) ]

(St xUyr)+

Q, 2 2
TC,, = +UVT{ Kpp+@2xLay X Epy x Myp)+ (Lay X Sgu X Kpp x Qg x Myp) (4.3)
! Q, | +(2x Ly xGrg)+(Lay xSLpxQq)

n (Hyrs xUyr)
L Q4 J
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By differentiating the Equation (4.3) with respect to equating to zero, we can get theoptimal order quantity,

Q.= 2xUyp[(App+Kppm+Hys)+(2XLagy X Epyy X Myp)+ (2% Ly X Gpk)] (4.4)
! [(Cpe *xSrp)+(PosxGre X Box)]

Fuzzy solution approach
Now, we consider the cost parameters as fuzzy, Then the fuzzy total inventory cost is

[ (§TB XﬁVT>+ (1‘IBF>< ﬁVT) n (Qq Xépc XgTB) n (Qq XINDQS XéHC’ XBCX) |
Q, 2 2
5 M XLM+<2XEGYXEFMXMND)+(EGYX§KUX[~(TEXQ<1XMND>
T =1 + Q~q { 4:(2><ZGYxéFK)+<ZGYx§LBqu) (45)
+<HMSXUVT)
L Qq i

Now, the cost parameters are expressed as heptagonal fuzzy numbers,

§TB = {Stbl7stb278tb378tb415tb57stb675tb7}
Apr= {“bf] ’abfz’abfs7abf4’abfs’abfs7abf7}
,U/VT = {uvtl’uvtg7uvt37uvt47uvt5>uvt67uvt7}
gLM = {klml7klmz’klmS’klm47klms’klmﬁﬁklm7}
ZGY = {lgyl ’lgyz’lgyg’lgy4’lgy5’lgys’lgy7}
MND = {mndl7mnd27mnd37mnd47mnd57mnd67mnd7}

fﬁQS = {pqsl’pqSQ’pQS3’pqs4’pqs57pq86’pq87}
ch = {9h01 7gh02’ghcsvghc4vghc5vghcsaghc7}
[?TE = {ktel’ktez’kte3?kte4’kt657kt567kte7}
ECX = {bcml’bcmz’bcxs’bcm47bczs’bcma’bcm7}

Cpg = {Cpgl 1Cpg,:CpgsrCpgsr Cpgsr Cras Crgs }
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§KU = {Skul?Sku27Sku3’Sku4ﬂsku5’5ku6?sku7}
§LB = {slblﬂSlb27Slb37Slb47slb5ﬂ8lb678lb7}
EFM = {efml7efm2aefmS7efm4a€fm5>efm676fm7}
G(FK = {gfklagfk2»gfk3,gfk4agfk579fk6agfk7}

Hirs = {Pmo, Py Pamsys Pams o Brmsr Brams s Brms }

msyr''msyri'msyr'msgr'msgr'ms,
By substituting these heptagonal fuzzy cost parameters in equation Equation (4.5), we get Equation 4.6 which is given below,

7C, =
(S . V’)+ (ah/‘ xu,, ) . (Qq XCpp XSy, ) . (Qq X Py, X 8o, X by ) . u,

= 9, 2 2 9,

{km, +(2xlﬂ‘ xeg, xm,,d‘)+(lm X Sg, xk,q quxm,,d,)+(2xlm Xg/k,)+(lgy, X8 qu)}+

(ahf: XUy, ) . (Qq XCpp XSy, ) . (Qq X Pag, X &he, xbu!)

u,,
9, 2 2 "o,
(P x20,)

(5,@ xu,, ) +

{k,m: +(2><le Xej, XM, )*(lw: XS, Xk,‘,z xQ, xmml’)+(2x1w: xg,kl)+(lg}: XSy, qu)}+

9
(s . )+(”h/‘ x"m)+(Qq X Cpg, ”m)+(Qq"pq:. * &he, Xbm)Jr“i
b, XUy, Q., ) P Qq
{k,m +(2xlm xe,, xmnd\)-ﬁ-(lw\ %8y, xk, X0, xm,, )+(2xlm ><g,k\)+(lgh x5, qu)}+ (h'"“qu"‘)
a1
(s xu )+(ahﬂ X"\lw)+(Q4 X Cra XSW)* (qupm X8, Xb"n)+ui
5y Xty 0, 2 > 0,
{klm +(2x1m xe;, xm,, )-*—(lgh XSy, xk,l‘ xQ,xm,, )-*—(2)(19l Xgy, )+(ng‘ xS, qu)}+(hm‘;uw‘)
q

6 a )+(amxu.,s)+(gqxc,,gsxs,b5)+(Q<,xp%xgmxt>d>)+ul
thy vt Qq 2 2 Qq

{klm +(2x1§y( xeg, X”'m()*(lx‘j X Sy, xk“_‘ qu XM, )+(2><Iij Xgp )+(l”( XSy, qu)}+

+

(o) 8) (@x6x) (05 00)
o : fu ), =

{k,me +(2)‘Im xeg, X'ﬂm)‘r(’m X8, %k, qume)-ﬁ-(lem xg/kr)+(lg\‘xs,beQq)}+

(g x0) (€% x50) (0% X80 x0)
9, 2 2 2,

(s, 10, )+

{k,w +(2><Ig‘, Xep, XM, )+(lg‘, xSy, %k, X0, xmm,,)+(2xlw Xgp )+(Ig‘, XSy, qu)}+

S(kh1+kh2+kh3+kh4+kh5+kh6+kh7)

By applying the sub-interval average method formula [2.1.3], T3, = in Equation 4.6,

We get the fuzzy total inventory cost using the sub-interval average method, which is given below
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s(rc,)=
ool 8) (@56 x0) (0 x5 ),
ho 0, 2 2 0,
fh (250 e e ) x k, 50, )20, x50 (1 5 )+ )
A
AN LA NIRRT S oA
N A 0, 2 2 9,
{k,m: +(2x1y, x e, xmy )+ (1, x5, <k, x 0, xm, )+ (2x1, xg, )+ (I, x5, %0, )}+ (h"’QX )
A
(50 51 )+(am xu‘h)‘*(qucW‘ xsm)+(qup% xg,. xbm)+,l
| [ 2 2 9,
i+ (21, x5 (I, x50, Xy %05, V4 (200, x4 (1 %5 %0, )} + (hm,qu\,‘)
3
(:m v, )+ (ath xu,, ) . (Qq Xc,, X5, ) . (Qq X Py, X &1, Xb, ) Lt
s o, 2 2 0,
56 (hm xu, )
{k,m +(2xlm xej, "”’m)*‘(’p. xs,, %k, x0Q, xm,m)+(2x1m‘ xg/,.)+(lm xs,, qu)}+ .Q -
A
(: u )+ (a% xum)+(Qq xe,, xxm)) +(Qq X Py, X 8, xbug) +E‘.“.
. mo 0, 2 2 Q,
f o (2xh e ol 50, o5 w0l ) U0
A
(50 x4 )+(% xug) (Qxcpxsn) (Q%Py X8k xb) ue,
. ™ He 0, 2 2 0,
(ki (251, X0, xm,, )+ (I, %53, %k, ¥ 0, xmy, )+ (2%, x5 )+ (1, X5 qu)}+(h”“'Qx"" )
A
(50 510 )+ (ay, xu,,) . (0,xe,, xs,) . (2, %Py, 81 xb.,) u,,
. 0, 2 2 9,
{k,m_ +(2x1, x ey xmyy )+ (I, x5, Xk ¥ 0, xmy, )+ (251, xgg )+ (Lo, 50, xQu)}+ (h"‘QX""‘)
A

S )

Now, we differentiate the Equation 4.7 with respect to @, and equating to zero,

(a,,flxu .)+(“hf XU, )+(ah]’ Xu, )
(ab/4 qu‘)+( bfs xu, ) ( ) (abf Xy )
(um Xklrn.)+(“w: xky, )+(u"' ki, )+(u"‘ xk, )] I (Cp-\‘| xsfq)
+(” ki, )+(“ ki, ) (“ Xk""v) +(cpjz xs‘bz)
() e (o )+ ] e
sy 7 Othy
(hm-n vl;) ( "'5) ( m ) ( u"’v) +("‘pa xs‘b‘)
(u ><l ,xm, xe/m) ( xlgyz xmndlxeﬁnl)+ +(cpS5xs,bs)
+2 (u ><l Xm‘l Xe/ ) (uvh XIEN XM, Xej”") +(CP-‘« xs"’s)
+(uw5 xlx)'s XMy, Xep )+(u"s xlm X Mg, xeﬁ"‘)+ +(cp:7 Xsm)
(s, XLy X, xe ) (P %81 b,
(uw. ><[gy. *&pm )+(u": le Xg/*l)+ Py * &, b‘)‘z
2t 28 V05l %80, (0 Xl 80 || | | 4(i, g b,
+(uwﬁ xl,, xgm)+(uw7 xl,, Xg,;,) + +

o 2

(4.8)
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(e
'*'((h,,.‘ xu, (h xu, ) (h s, xu".)+(hm‘ xu”l)-ﬁ-(hm xum)+(hm xu”h)-ﬁ-(hm Xu,, ))
2[(“‘4. xl&,v XM,y xe/m,)+(u": ><ISjl Xm,,, xe,,,,1)+(uw‘ xl&“ xm,,; XZ/,,,‘)+(“M xl&u XM, Xe,, )J

[S)

+(uw‘ xlg, xm,, Xf/,..\)+(’lwh xlg, X, xe,mm)+(uw_ ><IR\7 XM, xe/m‘)

: (uwl xl, xg, ) + (u“: xl, xg, ) +(um xlgh X8y ) + (um X lg“ Xgp, )+ (u"j xlgh xg/k)
+(uw Xlxu. x&p, )+(u”‘ xlgh xgﬂ_)

((C XS,N)'F(C XA‘V)+(CPHXS”):)+(C XS, )+(C XS, )+(C XS, )+(CP X35, ))
[(pq X gy, X by ) (p%xgmlxbu:)Jr(p X 8, ) (pq X 8, X by, J
(pq X8, ) (pqrAXgh,AxbL-\ )+(pq X &, )

(4.9)

Equation (4.9) is the fuzzy optimal order quantity using the sub-interval average method.

3 Results and Discussion

3.1 Numerical example

A numerical example is given to illustrate the application of this proposed research work. The parameter data values are mainly
adopted and modified from the studies of Katariya et al. ® and Kristiyani et al. © inventory models. However, this methodology
has not yet been tested with data from any specific industry or sector. Future empirical validation could involve applying the
methodology to data from industries such as the electronics, pharmaceuticals, or textiles sectors.

3.1.1 Data values

Agp = $500/run, Uy, = 10,000 unit/period, S5 = $30/unit, Cpe = $0.8/period, Ly = 200km Kpp =
0.03 ton/ unit, K 5, = $90/ delivery, Myp = $0.78/L, G gye = 0.0006 ton CO, / kWhS iy = 0.75 L/ Truck load,
Pgyg = 2.56 kWh / unit/ period, Box = $ 150/ ton COq, Epps = 45 L/ kmG g = $0.06265/ km, S g = $1.2115 %

107° / unit / km, H ;5 = $ 600 / unit

3.1.2 Heptagonal fuzzy data values
Now, we consider all the parameter data values as uncertain, and they are represented as heptagonal fuzzy numbers.

ABF = (493,495,498,500,501,502,503), Uy, = (10,000, 10,000, 10,000, 10,000, 10,000, 10,000, 10,000)

G e = (0.0003, 0.0004, 0.0005, 0.0006, 0.0007, 0.0008, 0.0009), Sy = (0.69, 0.71,0.73, 0.75, 0.76, 0.77, 0.78) Py s =
(2.53, 2.54, 2.55, 2.56, 2.57, 2.58, 2.59)

ECX = (147, 148, 149, 150, 151, 152, 153), Cpz = (0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 1.0)

Ky 0 = (84, 86,88,90,91,92,93), My = (0.73, 0.75,0.77, 078, 0.79, 0.80, 0.81)

H s = (594, 596,598, 600, 601, 602, 603), E s = (40, 41,43, 45, 46, 47, 48)

Ly = (194, 196, 198, 200, 201, 202, 203), K755 = (0.01, 0.015, 0.02, 0.03, 0.04, 0.05, 0.06)

GFK (0.06255, 0.06257, 0.06262, 0.06265, 0.06266, 0.06267, 0.06268)

S 1. 2111><10 51.2112x107°,1.2113x107°,1.2114x10°°
LB ( 1.2115x10-5 1. 2116x10-5 1. 2117x10-5 )

3.2 Solution
Solution results from Kristiyani et al.(® model and our proposed inventory model are provided below,
3.2.1 Kristiyani et al(®) inventory model solution

By substituting the data values of (3.1.1) in Equations (4.1) and (4.2) , we get
Kristiyani et al.(® optimal order quantity Q , = 3477.99 units and Kristiyani et al.© total inventory cost T'C}, = $ 419,259.57
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3.2.2 Our inventory model solution
1. By substituting the data values of (3.1.1) in equations (4.3) and (4.4), we get
Optimal order quantity Q ;" = 3548.47 units and Total inventory cost TC';;, = $ 424173.60
2. By substituting the heptagonal fuzzy data values of (3.1.2) in Equations (4.7) and (4.9), we get,

Fuzzy total inventory cost using the sub-interval average method, S (TC’\'; k) = $415648.71 and

Fuzzy optimal order quantity using the sub-interval average method, @fl = 3533.81 units

3.3 Comparative Analysis

Based on the above numerical example solution results, we observe that in our inventory model, the total inventory cost value
isTC;), = $424173.60 and fuzzy total inventory cost using the sub-interval average method is S (T 5’3 k) = $415648.71. So,
we can clearly say that the total inventory cost value is reduced in the fuzzy solution approach.

Furthermore, the results of our proposed inventory model are compared with Kristiyani et al.® inventory model. In that,
we can say that Kristiyani et al.® total inventory cost value is TC}, = $ 419,259.57and our model fuzzy total inventory cost
using the sub-interval average method is (Tg’j k) = $415648.71. From this, we can say that our model achieves 0.86% cost
savings compared to the Kristiyani et al.® model.

Therefore, by using the sub-interval average method, we can optimize the total inventory cost, which is beneficial for
enhancing financial profitability in inventory management. The table of comparative analysis is displayed below.

Table 1. Comparative Analysis Table

Models Order quantity value  Total cost Value ~ Cost savings  Percentage of cost savings
Kristiyani et al. © Model ~ 3477.99 419,259.57 — —
Our model (Fuzzy) 3533.81 415648.71 $3610.86 0.86

3.4 Sensitivity Analysis

In this section, sensitivity analyses for parameters such as fuzzy ordering costs A g i, fuzzy average carbon emissions per unit
in storage P, g, fuzzy cost of carbon emissions from vehicles G r i, fuzzy environmental engineering services costsH 5/ 5, and

the fuzzy optimal order quantity Q. 4are calculated with -40%, -20%, and +20%, +40% changes in fuzzy optimal order quantity
and fuzzy total inventory cost. Table 2 shows the sensitivity analysis results.

Table 2. Sensitivity Analysis table

Parameters Changes Fuzzy optimal order quantity Fuzzy total inventory cost
(Fuzzy Ordering cost) +40% 3557.38 416682.41
+20% 3545.61 416166.77
0 3533.81 415648.71
-20% 3521.96 415127.79
-40% 3510.08 414536.37
(Fuzzy Average carbon emis-  +40% 3527.08 415676.39
sion in storage) +20% 3530.44 415661.92
0 3533.81 415648.71
-20% 3537.29 415635.48
-40% 3540.68 415351.41
(Fuzzy cost of carbon emission  +40% 3534.99 415700.27
from vehicle) +20% 3534.40 415674.49
0 3533.81 415648.71
-20% 3533.22 415622.89
-40% 3532.63 415597.12
(Fuzzy environmental engi- +40% 3562.07 416885.42
neering services cost) +20% 3547.97 416521.55
0 3533.81 415648.71
-20% 3519.59 415023.41
-40% 3505.31 414394.31

Continued on next page
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Table 2 continued
(Fuzzy order quantity) +40% 4947.33 420599.63
+20% 4240.57 416216.23
0 3533.81 415648.71
-20% 2827.05 417662.99
-40% 2120.29 427335.60

Some of the key observations and managerial insights from the sensitivity analysis results are listed below.

1. An increase in fuzzy ordering costs increases total cost, therefore specific focus on the reduction of ordering expenses
can result in substantial financial savings.

2. As fuzzy average carbon emissions per unit in storage increases and fuzzy total inventory cost reduces.Thissuggests that
lowering emissionsfrom storage can result in costsavingsorder quantity optimization.

3. As the fuzzy cost of carbon emissions from vehicles decreases, total cost decrease. So, concentration on making small
modifications to vehicle operations and fuel efficiency to optimize costs.

4. A decrease in fuzzy environmental engineering services costs reduces total cost. Therefore, thorough cost-benefit
evaluation is important when including environmental services.

5. As the fuzzy optimal order quantity costs experience fluctuations, initially decreasing and then rising beyond a
certain point. small changes in order quantity may significantly affect financial management. Soconcentrate onoptimize
inventory. The relationship between cost, which is shown below.

428000
426000
424000
422000
420000
418000
416000

414000
2000 3500 5000

Fuzzy total inventory cost

Fuzzy optimal order quantity

Fig 2. Convexity of the fuzzy optimum total inventory cost

4 Conclusion

Industries are facing enormous challenges in lowering carbon emissions due to their energy-intensive inventory processes. For
this reason, this study included environmental engineering services costs to achieve emission reduction in inventory operations.
Additionally, it applied the sub-interval average method to optimize the total cost of the inventory processes. Thus, this study
contributes to economic efficiency and environmental responsibility in industrial inventory management. Moreover, this article
only addresses direct emissions from inventory operations and does not consider the implications of indirect emissions from
both upstream and downstream supply chain activities. Future research studies can be expanded with this model by including
the indirect environmental impacts across the entire supply chain processes from sourcing to distribution networks with
emission intensity analysis to provide a more comprehensive sustainability framework.
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