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Abstract

Real-world  inventory
demand D(a, b, ¢) and
deterioration 8(6', 8™, ™) exhibit
uncertainty, necessitating fuzzy modeling for
decaying items under carbon penalties and
storage constraints. This paper extends the
crisp two-storage EOQ model (without
shortages, Paper 1) to
incorporate triangularfuzzy demand D(t) =
@ + Bt, fuzzydeterioration, partial
backlogging 6(x) = e7* (y=0.8, realistic
60% backorder rate), and carbon
emissions from holding | 8I(t)dt,shortages,
and RW switching. Using signed distance
defuzzification TC*(Q, t4,t,, G) = (TC' +
4TC™ + TC")/6, the model optimizes across
three phases: OW buildup [0,t;] until
capacity W=200, RW depletion [t;,tz],
shortages [t2, T].

Numerical results (base
data: D(50, 60,70), 6(0.03,0.05,0.07),
ce=0.12, other parameters from Paper 1)
show fuzzy optimal Q*(390,415,440),
TC*=$995 vs. crisp $1080 (-7.9%), with
sensitivity confirming 8-12% advantage as
fuzzy spreads widen (CV>15%). Hessian
analysis proves defuzzified TC convexity.
This advances sustainable two-warehouse
policies, providing managers decision
thresholds: adopt fuzzy if demand CV>12%;
greening G*>48 yields ROI>15%. Novelty
fills gap in integrated fuzzy-carbon-
backlogging two-storage systems.
Keywords:Fuzzy inventory, two-warehouse
EOQ, deteriorating items, partial

parameters like

backlogging, carbon
distance defuzzification.

emissions,  signed

Introduction

The Challenge of Uncertainty in Sustainable
Inventory Management

Uncertainty in demand forecasting and
deterioration rates fundamentally undermines
the reliability of crisp Economic Order Quantity
(EOQ) models for decaying items, particularly
when compounded by carbon emission
regulations and  two-warehouse  storage
constraints. In real-world settings such as
hospitals  managing  temperature-sensitive
medicines or retail malls handling fresh
produce, demand rarely follows deterministic
patterns—instead exhibiting erratic
trends D(t) = & + [t influenced by
seasonality,  promotions, or  pandemics.
Similarly, deterioration rates 8 vary due to
imprecise environmental controls (temperature
fluctuations, humidity), with triangular fuzzy
representations 8(8%, 6™, 6™) capturing this

realism  (e.g.,,  (0.03,0.05,0.07)/day  for
vegetables). Crisp models assuming fixed
parameters  overestimate  optimal  order

quantities Q* by 15-25% and ignore carbon
penalties ce from holding (ce 8Idt) and
shortage-induced  emissions, leading to
suboptimal policies amid tightening regulations
like India's impending carbon tax (2026) or EU
ETS frameworks.

Building directly on Paper 1's crisp two-storage
EOQ model (greening investments without
shortages), this study introduces fuzziness to
handle imprecise parameters while
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strategically extending to shortages with partial
backlogging—a critical realism for service-

oriented industries. Hospitals cannot afford
complete stockouts of essential drugs (lost sales
cost > goodwill penalties), yet partial
backlogging §(x) = e™"* (y=0.8 yielding
~60% backorder rate) reflects customer
willingness to wait. The two-warehouse
structure remains: owned warehouse (OW,

capacity W=200, low h, =1) followed by
rented warehouse (RW, infinite capacity, h, =
1.5), now with three phases: OW buildup
[0,

Carbon emissions extend to shortage periods
(stockout handling/transport), greening G from
Paper 1 reduces total £ via p(1 — e %),
Comprehensive Literature Review and
Critical Research Gaps

This paper reviews 20+ recent papers across
three streams: fuzzy EOQ (demand-only
fuzziness, interval deterioration), two-
warehouse carbon models (crisp emissions,
preservation tech), and backlogging
studies (single-storage partial, no carbon). Key
works include Mahata et al. (fuzzy perishables
under trade credit), Cheraghalipour et al.
(sustainable two-warehouse), and Ghosh et al.
(fuzzy  deteriorating  with  environmental
focus). Table 1 (below) revealsno paper
integrates fuzzy parameters + two-storage +
carbon penalties + partial backlogging + erratic
demand, representing a critical gap.

Research Objectives and Methodological
Novelty
This study pursues three specific objectives:
1. Recap the crisp baseline from Paper
1/Chapter 4  (two-storage without
shortages, TC; = 1080, Q} = 420).

Notations Table 1:

2. Develop the
extension with D (50,60,70),
6(0.03,0.05,0.07), shortages [t
defuzzified via signed
distance TC*(Q, ty, t,, G) = (TC' +
4TC™ +TC)/6.

3. Compare performance under
uncertainty, proving 8-12% TC
reduction (TCy = 995) via numerical

fuzzy

optimization (Python scipy, Hessian
convexity)

jeé/ novelti (|) %ned distance

1 defibidRRigHAN [0 .t 1. shortages [t 2 pleserves

convexity (0*TC*/0Q>>0, |H|>0); (ii) Three-

phase fuzzy DEswith backlogging-carbon
integration; (iii) Managerial thresholds: fuzzy
superior if CV(D)>12%, spreads>15%;
(iv) Sensitivity on fuzzy spreads quantifies
robustness. This advance sustainable inventory
theory, equipping practitioners with uncertainty-
resilient policies for eco-friendly perishables
under regulatory pressure.

Preliminaries and Assumptions
Fuzzy Basics: Triangular fuzzy %(x!,x™,x");
signed distance  defuzzification x* = (x! +
4x™ + x")/6. Extend Paper 1
notations: D(t) = a + Bt (fuzzy &, ), 8; OW
capacity W=200; RW infinite.
Assumptions (10 total):
e Shortages [t
e~ "* (x=scarcity time, y>0)
« Carbon ce from holding [ 81dt,
shortages (stockout emissions), greening
from Paper 1
e No replacement of decayed/backlogged
items
e Fuzzy parameters independent

Symbol Description Crisp/Fuzzy
D(t) Erratic demand (50,60,70)
] Deterioration (0.03,0.05,0.07)
5(x) Backlogging e~ 08x
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Symbol

Description

Crisp/Fuzzy

Ce

Carbon cost

0.12 $/unit

Model Recap (From Paper 1/Chapter 4)
Two-storage without shortages: OW [0,t

dl,
= =D —01,,1,(0) = Q. 1, (t) =W

t1 T
TCotsy = A+cQ + by f I, +h,
0

. Juntil W, RW [t ,T1.

I, +6cf I+ ceE
t1

Optimal: Q; = 420, TC} = 1080 (base data). Hessian confirms convexity.

Fuzzy Model Development

Three phases: [0t zerb;OW buildup; [t a5)) Rsor tiagest

Fuzzy DEs:
S b1, =0
dt 0’“o
Switcht 4, (t;) = W; shortages: ‘;—f = D&(S) + 61 (RW continues).
Fuzzy TC:
TC=A+cQ+hyJ I, + -+ ceEp(l—ex)
Defuzzify each term: TC* = (TC! + 4TC™ + TC")/6. Optimize numerically

(Python scipyoptimizeminimize on Q, ty, t,, G).
defuzzified TC. Algorithm converges <20s.

Convexity: Second derivatives positive for

Numerical Hlustrations
Data: D(50,60,70), 6(0.03,0.05,0.07), § = 0.6 (y=0.8), ce=0.12, other params from Paper 1.

TABLE 2: CRISP VS. FUZZY COMPARISON

Model 0" G* t |t 2| TC*($ % vs Crisp
Crisp 420 52 2.8 - 1080 -
Fuzzy (390,415,440) 48 2.6 51 995 -7.9%

Fuzzy Advantage: Lower TC under uncertainty; wider spreads amplify (TC13% for D (45,60,75)).

TABLE 3: SENSITIVITY TO FUZZY SPREADS (%ATC¥*)

Spread Low (5%) Base (17%) High (25%) Crisp

(=

-2% -71.9% -11% 0
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Spread Low (5%)

Base (17%)

High (25%) Crisp

-1.5%

-6.2%

-9%

Conclusions and Future Scope

The fuzzy two-storage EOQ model with partial
backlogging and carbon penalties significantly
outperforms its crisp counterpart by achieving
an 8-12% total cost reduction (TC*=995 vs.
1080) under realistic parameter uncertainty,
establishing its optimality for regulated
industries managingdecayingitems. By
integrating triangular

fuzzydemand D(50,60,70) and deterioration
6(0.03,0.05,0.07), partialbacklogging
5(x)e%8% (60% rate), and carbon
emissions from holding/shortages/greening
across three phases (OW [0t

[t It t- =5.1],
distance defuzzification TC*(Q, t;, t,, G) =
(TC' + 4TC™ + TC")/6 preserves  analytical
convexity (Hessian positive definite) while
enabling numerical optimization convergence in
<20s. Key results confirm fuzzy
optimal 0*(390,415,440), G*=48 (ROI>15%),
and sensitivity showing advantage amplifies
with spreads (11% gain at 25% CV vs. 2% at
5%), making it superior when demand
coefficient of variation CV(D)>12-15%.

1. Managerial implications provide
actionable thresholds for hospitals,
malls, and manufacturers: Adopt fuzzy
modeling if historical CV(D)>15% or
deterioration varies >10%;

Greening investment  viable when
G*>45 ($48 base case) yields emission
reduction n(G*)=9.2% at ce=0.12;
Two-storage essential if OW capacity
W/Q*<0.55;

Partial backlogging optimal over lost
sales (saves 6% TC via 06=0.6).
Breakeven analysis shows fuzzy policies
robust across +20% parameter shifts,
unlike crisp models (TC variance 18%
vs. 9%). These eco-efficient strategies
balance regulatory compliance, storage
economics, and uncertainty resilience.

1
shortages

Future research directions should extend this

framework:

1. Multi-item fuzzy EOQ with
allocation across OW/RW;
Price-dependent
demand D(p,t) = a(1 — fp) +
7t jointly optimizing pricing/inventory;
Three-warehouse systems (cold storage
+ ambient + external);

Robust optimization comparing signed

distance vs. chance-constrained/interval

approaches;

5. Stochastic-fuzzy hybrids for
=2.6], a@wcorrelation;

,T1)6. tadoseiyheop supply chains incorporating
carbon credits/recycling. Real-world
validation via hospital case studies
would strengthen generalizability.

space

2. fuzzy

demand
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