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1. Introduction

In today’s dynamic manufacturing landscape, the effective management of production inventory is essential to meeting market
demands while maintaining operational efficiency. Production inventory management encompasses the strategic oversight of
raw materials, work-in-progress (WIP), and finished goods to ensure seamless production processes without incurring
unnecessary delays or excessive costs. However, two critical factors—machine failures and inventory shortages—can
significantly disrupt this process. These challenges not only hinder production continuity but also have cascading effects
throughout the supply chain, potentially resulting in revenue loss and diminished market share. Machine failures are an
inherent risk in any manufacturing environment, arising from equipment wear and tear, operational stress, or unexpected
technical malfunctions. When a machine fails, production is interrupted until the equipment is repaired, leading to downtime
that may result in immediate inventory shortages—particularly when the failed machine is responsible for the production of
essential components. The duration of this downtime, largely determined by the time required for repairs, is a key factor in
assessing the extent of disruption to the production schedule and inventory levels. Prolonged repair times can cause significant
production backlogs, supply chain interruptions, and an inability to meet customer demand within expected timeframes.
Inventory shortages, conversely, may stem from a variety of causes, including disruptions in the supply chain, inaccurate
demand forecasting, and, critically, machine failures. When equipment malfunctions occur, the production of goods is halted,
depleting both raw material stocks and inventories of finished products. If such shortages are not promptly addressed, they
can lead to stockouts, delivery delays, and reduced customer satisfaction—factors that can adversely affect a company’s
reputation and profitability. The interrelationship between machine failure, inventory shortages, and repair time is complex
yet crucial to understand. Repair time directly influences the duration of production downtime, which in turn affects inventory
levels. Even a brief machine failure can cause substantial production delays and inventory deficits, underlining the need for
robust maintenance strategies and inventory management practices to mitigate these risks.

To mitigate these risks, effective inventory management strategies must be implemented.
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The experts in inventory management usually propose models to deal with such unwanted situations Berg et al. (1994).
However, machine failures can be addressed through repairing the machine within a given period of time Chelbi and Ait-Kadi
(2004). There are many models developed to study the machine breakdown Liu and Cao (1999), Abboud (2001). A stochastic
machine breakdown with a random repair time has no significant impact on the total average cost as long as the demand is
stock dependent and satisfies the customer. Although, for a constant demand the machine failure does have an impact, which
can be avoided by not running the machine for a long time Sharma et al. (2023). Stochastic machine failure with random
repair time with shortages under constant is proposed by Poursoltan et al. (2020). Integrated production inventory model with
probabilistic rate machine failure to minimize the cost of maintenance and production is studied by Shoorkand et al. (2024).
Improving the operational efficiency for a sustainable production inventory model as well as minimizing the associated cost
under a predictable machine failure is proposed by Khedlekar et al. (2024). Rana and Singh (2025) analyzed the impact of
machine breakdown in a production inventory model under carbon emission to minimize the cost. The period between
machine failure and production of second phase of production when the in-hand stock is less than the total unit required can
rise two different scenarios;

Scenario I: Produced quantity is not sufficient and the manufacturer goes through shortage of product during the machine
repair time.

Scenario II: Produced quantity is not sufficient and the manufacturer arranges an alternative production unit to meet the
remaining demand with extra costing to retain the customer.

Machine breakdown and impact of downtime are studied in the literature of production inventory. However, there is no
research found in the literature of production inventory dealing with Scenario II and comparison of Scenario I and I, therefore,
there is a clear research gap in this area. In this paper an attempt has been made to develop a production inventory model with
machine failure and alternative source of production to overcome shortages. The novelty of this work is that it provides a
solution to the problem of shortage of in-hand stock due to prolonged machine downtime faced by the manufacturer. In
section 3, research problems are enumerated precisely for focused search of the solution to scenario I and II.

2. Literature Review

The management of production inventory, particularly in the context of machine failures and material shortages, has been
extensively studied due to its critical role in maintaining operational efficiency and meeting market demand. Further, in light
of sustainability the connection of machine failure and carbon emission is reported in the literature which are already discussed
in the introduction section. Economic production quantity (EPQ) models are the most important tool for the manufacturer,
production engineer and the practitioners of inventory modelling. The various researches on the inventory modelling connect
the burning issues like sustainability, carbon emission, machine breakdown and green investments. The literature review is
divided into four subsections exploring the research related to EPQ model, Sustainability, Carbon emission and Green
investments.

2.1 Literature on EPQ Model

In the manufacturing sector, the expectation of perfect production is far from reality, Chan et al. (2003) developed an imperfect
production inventory considering rework and reject situations. Setup cost and length of production has a significant impact
on the objective function is revealed by Darwish (2008) with varying setup cost. Incorporating backlogging is a common
practice for EOQ model, Pentico et al. (2009) introduce backlogging in EPQ model. Sarkar and Moon (2011), developed an
imperfect production with defective items following Weibull distribution under inflation. Reduction in emission and waste
can improve the supply chain of a manufacturer is studied by Glock et al. (2012) under the sustainable development. Newton-
Raphson method and variational calculus is used by Guchhait et al. (2013) to obtain the reliability of production and maximum
production. Rescheduling the production plan in respect of a disruption in the production line is proposed by Paul et al. (2015).
For more information on production inventory in supply chain management refer to the book Silver et al. (2016). EPQ model
with instantaneous replenishment policy developed by Biswas and Schultz (2021) under imperfect production system
considering rework and backorder policy and a two phase EPQ model with linear holding cost is proposed by Malumfashi et
al. (2021). EPQ model considering carbon emission and recycling Karim et al. (2022) encircled a comprehensive work in this
research area. The policy on multi-repayments to increase the sale of the product and to maximize the profit is proposed by
Paul et al. (2023). An approach towards sustainable production inventory with Weibull deterioration is formulated by Robiu
and Ali (2024) for perishable products under Maclaurin series approximation method. EPQ mode with time dependent
deterioration and Trapezoidal demand is examined by Suvetha et al. (2025) to exhibit the inverse relationship of between
demand and production. Sustainable production inventory model to touch the two pillars of sustainability is proposed by
Ceylan and Aydemir (2025). Worker fatigue estimation together with factors like inventory buildup and depletion in a labour-
intensive industry by Darwish (2025).
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2.2 Literature on Sustainability

AnEPQ model to discuss the interplaying between sustainability, demand, cost andprofit is proposed by Glock et al. (2012),
suggesting that profit rises with thedecrease in the level of sustainability. A sustainable strategy in EPQ modelunder a two
echelon multi-item supply chain is studied by Soleymanfar et al.(2022) with a return policy. Solid waste disposal and carbon
emission both arestudied is an EPQ model by Daryanto and Wee et al. (2018), the results suggestthat considering the emission
in the cost function reduces both the tax on theemission and the total cost. Sustainable measures of utilizing the rawmaterials
in the production of ethanol can increase the profit considering thecost involved in carbon emission, overtime and labour cost
is proposed byBhattacharjee and Sen (2021). Incorporating multiple shipments in a EPQ model,Fallahi et al. (2023) developed
a model considering imperfect production. Asustainable supply chain considering the reverse logistics to handle the
carbonemission is investigated by Handa et al. (2024) to minimize the total cost.Sustainability under imperfect production is
examined by Mukherjee et al.(2024) with a time dependent exponential demand function and carbon taxationpolicy. For more
work on sustainable EPQ models refer Jabar and Peltokorpi(2024). Further, a sustainable EPQ model with carbon taxation
policy in a circular economy to maximize profit is proposed by Jauhari et al. (2025).Carbon taxation policy with advertisement
and eco-friendly packaging tomaximize the profit is proposed by Rani et al. (2025). Utama et al. (2025) fora comprehensive
review containg sustainable production inventory and biometricanalysis of vendor-buyer inventory from two Echelon Supply
chains. Shah and Mittal(2025), published an edited volume on sustainable inventory management from anlndian perspective.
Kumar (2025) proposed a sustainable inventory modelconsidering preservation and linear holding cost under shortage and
completebacklogging for maximizing the profit.

2.3 Literature on Carbon Emission

Carbon emission is one of the major phenomena that need to be controlled especially by the production and inventory
managers and in this direction the global carbon emission monitoring report plays a vital role in making the carbon policies
for regulating the carbon footprint, Liu et al. (2022, 2023, 2024). Emission dependent demand in a sustainable inventory
model under different carbon policies is studied by Yadav et al. (2021). Associating the carbon taxing on an inventory model
with a power demand to maximize the profit is proposed by San-Jos¢ (2024). Reducing the carbon footprint from the
production system under a circular economy with an effective replenishment is analyzed by Sebatjane (2024). Carbon
reduction policy with a deteriorating product following Weibull distribution is examined by Palanivel et al. (2024). Emission
due to operational activities of inventory management and controlling the emission through green policies is studied in Lal et
al. (2025). Implementation of big data into Al regulated traffic dynamics is effectively regulating the carbon dioxide emission
in the transportation is examined by Lou et al. (2025).

2.4 Literature on Green Investments

Green investment is an effective measure to control the carbon emission in both the production and inventory management.
A lot of work has been done on production inventory considering the green investments to control the carbon tax. An analysis
on the impact of green investments on a sustainable production inventory model with a green level dependent demand under
carbon-cap to maximize the profit is studied by Barman et al. (2022). Green investment is studied under different from demand
function such as: price- and stock- dependent demand Shah et al (2022), constant demand Priyan et al (2022), stock dependent
demand Singh et al. (2023), price, freshness and green efforts dependent demand Katariya and Shukla (2024), price and
sustainability level dependent demand Keswani et al. (2025). Incorporation of green investment in a parallel production of
two items is examined by Bhattacharjee et al. (2025). Incorporation of green technology investments in the cost function can
reduce the carbon emission cost by 50% and simultaneously reduce the total cost by 9.457% is examined by Ceylan and
Aydemir (2025). Impact of green investments in a deteriorating substitutable product under price dependent demand is
proposed by Katariya (2025).

3. Research Problem

In the light of above discussion, the following research problems are formulated to address the machine failure in the context
of shortage in-hand stock and implementing alternative sources of production.

Research problem 1: To develop an EPQ model to maximize the profit when there is machine failure and the in-hand stock
gets exhausted during the downtime.

Research problem 2: To develop an EPQ model to maximize the profit when there is machine failure and the manufacturer
arranges an alternate source of production to compensate for the shortage of in-hand stock during the downtime.

Research problem 3: Analyze the result on delay in repair time and handling the prolonged downtime.
Notations

The following notations are adopted in the model:
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1)
2)
3)
4)
5)
6)
7)
8)
9)

H(t): Inventory level at any time t for case I

1(t): Inventory level at any time ¢t for case 11

0: Setup cost (USD)

h: Holding cost (USD/unit/unit time)

c: Deterioration cost (USD/unit/unit time)

c.: Carbon emission cost (USD/unit/unit time)

a: Fixed production cost (USD/unit/unit time)

v: Labour cost (USD/unit time)

s: Tool die cost (USD/unit production/unit/unit time)

10) A: Fixed production cost in alternative production (USD/unit/unit time)
11) V: Labour cost (USD/unit time)

12) S: Tool die cost (USD/unit production/unit/unit time)

13) c,: Shortage cost (USD/unit/ unit time)

14) E: Energy (USD/unit/unit time)

15) cer: Eco-friendly packaging cost (USD/unit/unit time)

16) 6: Rate of deterioration 8 € (0,1)

17) q: Demand to production g > 1

18) Q: In-hand stock (unit)

19) Q: Required units during the machine failure (unit)

20) Igp: Green investments in production (USD)

21) Igp: Green investments in holding (USD)

22) B: Fixed budget for green investments (USD)

23) P: Production rate (unit/unit time)

24) p: Production rate of alternative production (unit/unit time)
25) ts: Time of machine failure (unit time)

26) t,: Time for machine repair (unit time)

27) tg: Time of shortage (unit time)

28) ty,: Production period (unit time)

29) T: Planning horizon (unit time)

Assumptions

The following assumptions have been made to develop the model;

1)
2)

3)

4)

5)

6)

7)
8)

Lead time is zero.

The demand function is price reliant that is, D = r — spwhere, r > 0 is the demand scaling and s € (0,1)
is a price sensitivity.

The production rate P is variable in nature and P > D. Due to the consideration of sudden machine failure,
it is important to produce in surplus therefore, the production rate is defined as P = gD, whereq > 1is a
predefined production rate by demand.

The production cost is defined as o + E + gP where, «a is the fixed production cost, v is the labour cost and
g is the tool die cost.

Carbon emission cost is considered in both holding and production. The total emission in the holding is
defined as En = 0.5 X Total Inventory. The emission is controlled through investments in green policies.
Let the carbon tax be ¢, and I; be the green investment then the net carbon tax is ¢, (Ig) = c,e~ %9 where,
q € (0,1) is the sensitivity of green investment. In this paper, I, and I, denotes the green investments and
dn, qp € (0,1) denotes the sensitivity of green investment in holding and production respectively.

Energy consumption in the production of P unit/hour is defined as E = (j +§) P where j is the fixed

power consumption and K is the total power consumption in the production sector.
Deterioration is considered in the model with deterioration rate 6 € (0,1).
Planning horizon is infinite.

4. Model Formulation

The differential equation governing the production period [0, tf] is given by

4 0] = 1)D
a‘*‘ J=@-1)

subject to J/(0) = 0



N. Bhattacharjee / Decision Science Letters 15 (2026) 193

The inventory level at any time t € [0, tf] is given by;

- 1D
J(t) = %(1 —e7%)

Att=t;, Q =]J(tf)

LetQ= (D + HQ)(tr - tf) be the total quantity required to meet the customers demand in the market. There are three
possible cases under which alternative source of production is necessary to retain maintain the actual customer base.
If Q < @, then the production manager has a sufficient in-hand stock which is enough to meet the market demand with the
period of machine failure
If Q > Q, then the production manager has two options to choose, that is, waiting till the machine is repaired and bear the
shortage cost of losing customers or arrange alternative production source to meet the required quantity.
Case I: If the manager waits to start the second production cycle after the machine is completely repaired then the differential
equations governing the different situations are as follows;
The differential equation governing the diminishing of In-hand inventory for the period [tf, ts] is given by

dH,

+6H, =D
dt 1

subject to H, (tf) =Q

The inventory level at any time t € [tf, ts] is given by;
H,(t) = Qe 0(t=tr) — % (1 _ e—e(f—ff))
Att=t;, H(t;) =0
1 0Q
ts =tf +510g<1 +—)

D
Provided, D > 6Q

The differential equation governing the shortage period [tg, t,] is given by;

dt

subject to H,(ts) = 0
The inventory level at any time t € [t,, t,] is given by;
Hy(t) = D(t —t)

The differential equation governing the 2™ production cycle [tr, tp] is given by;
—+6H;=P—-D

dt
subject toH5(t,) = —H,(t,) = —D(t, — t5)

The inventory level at any time t € [tr, tp] is given by;
P—-D
Hy(t) = — (1—e79C ) — D(¢, — t;)e 0t

The differential equation governing the after-production cycle [tp, T] is given by;
W om, = —p

dt £
Subject to H,(T) =0

The inventory level at any time t € [tp, T] is given by
Hy(O) = 5 (779~ 1)
Att = t,, Hy(t,) = Hy(tp)
t, = %(T +qt, — t5)

The cost associated with the production inventory

Setup cost: SC = 0
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Holding cost:

HC = h[ftf](t) dt+ftsH1(t) dt+f "H, (6) dt+f "Hy(0) dt+f H, () dtl

f ts ty tp

P-D (1 — e‘atf) 1-— e_a(ts_tf) D 1-— e—B(ts—tf)
] (tf_ ) >+Q 7 —glts—tr———5—

t t T

HC=h

+——

0 0 +0 0

Deterioration cost:

DC =c [ftf](t) dt + J-tsHl(t) dt + fter(t) dt + ftpH3(t) dt + J-TH4(t) dtl
0 t

£ ts tr tp

P-D (1 - e_etf) 1 — e 0(ts=tf) D 1 — e~0(ts=ty)
0 (tf_ 6 >+Q 6 A A

DC = cO

+

0 0 0 0
Production cost:
v v
PC = (a+F+gP)Ptf + (a+F+gP>P(tp —t,)
Carbon emission cost in inventory:
tr ts ty tp T
CT = 0.5¢, f J(t) dt +f H,(t)dt +f H,(t) dt +J- H;(t) dt +f H,(t) dt
0 t

£ ts tr tp

P-D (1-e™) 1—e 90t p 1 — o—0(ts=ts)
6 (tf_ 0 )+Q 6 Te\BTY T T

CEH = 0.5c¢,

+

0 0 0 0

Carbon emission cost in production:
CEP =c,P(t; +T — t;)

Green Investments:
GI = Igp + Igp

Shortage cost:
STC = c, f H () dt
ts
stC =2 (6 62 - D
Energy cost: 2

EC =EP(tf +t, — t,)
Eco-Friendly Packaging Cost:
EPC = cofD(ty +t, — t,)
Total cost:
TC=SC+HC+DC+ CEH+ CEP—STC+EC+ Gl +EPC
Total revenue:
TR = pD(p)T
Profit:
Profit =TR—-TC
Objective Function

The objective function for Case I is given by;

Z,; = max Profit(p, Igp, Ign, tp, ts, P, Q,Q)
subject to

<T'
p S
Ipp + 1 < B

P-D ( 1- e—f’(tv—fr)> D(t, —t)(1—e &) p (e‘g(T_tP) -1
ty =t — - —(—

P—-D (tp -t - 1- e—e(tp—fr)> B D(tr — ts)(l — e_e(tp_tr)) N B(&

P—-D (tp t, — 1- e—e(tp—fr)> B D(tr — ts)(l — e_e(tp_tr)) N B(&

—T+tp>

~T4e,)

~T4e,)
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Independent decision variables
Selling price p

Green investment in production Iy,
Green investment in holding I,
Dependent decision variable
Production period t,,

Stock-out period ¢
In-hand Stock Q
Required units during the machine failure Q

Case II: If the manager arranges an alternative production to replenish the required quantities during the stock-out period
[t t,-]. The quantities required to meet the demand considering the deterioration is given by;

2
— D (tp — tS)
2(1-96)
Let p be the production rate of the alternative production source then to meet the market demand with zero loss of customer
the rate of production for the alternative source must be;
W D(t,—tg)

tp—ts 2(1-6)
Thus, the cost of production from the alternative source is given by;

tp—ts 1%
PCAzf (A+;+ Gp)pdt
0

p:

or,
PCA = (Ap +V + SpH)(t, — t5)
where, A is the fixed production cost, V' is the labour cost and S is the tool die cost of the alternative production unit.

The differential equation governing the diminishing of In-hand inventory for the period [tf, ts] is given by

d11+01 =-D
dt =

Subject to I (t7) = Q
The inventory level at any time t € [tf, ts] is given by;

h(©) = Q1) — 2 (1~ e~0(etr))

Att =t,, L;(t;) =0
1 6Q
ty = tf +510g<1 +F)
Provided, D > 6Q
The differential equation governing the 2™ production cycle [tr, tp] is given by;

dly +0I,=P-D
dt 3
Subject to I5(t,) =0

The inventory level at any time t € [tr, tp] is given by;
P-D
I3(f) = T(l — e‘e(f_tr))

The differential equation governing the after-production cycle [tp, T] is given by;

Subjectto I,(T) = 0
The inventory level at any time t € [tp, T] is given by

D
L) = E(eB(T—t) — 1)
Att =t I(t,) = L(t,)

(q—Dt,+T 6 ((q—Dt, + T\’
e ey
Provided,

q>@—-Dt, +T
The cost associated with the production inventory
Setup cost: SC = 0
Holding cost:
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t

HC = h[ f Ty de+ f L de + f "L dt + f "L dtl

f tr tp

P—-D (1 — e‘atf) 1-— e_a(ts_tf) D 1-— e—B(ts—tf)
] (tf_ 7 >+Q 7 —glts—tr———5—

P-D 1—e 0 t)\ D (e=0(=tp) —1

HC=h

0

Deterioration cost:

DC=c [ftf](t) dt + J-tsll(t) dt + ftplg(t) dt + fTI4(t) dt
0 t

f tr tp

P-D (1 — e_etf) 1 — e~ 9(ts=ty) D 1 — e~0(ts=ty)
0 (tf_ 6 >+Q 6 A A

P-D 1—e 9@-t)\ ple0-tr) _1
S A CL AR

DC = cO

0 0 0

Production cost:

v v
PC = (a+F+gP)Ptf+ (a+F+gP)P(tp —t)
Carbon emission cost in inventory:

t ts t T
CT = 0.5¢, U f](t) dt + f L(t)dt + J- p13(t) dt + J- I,(t) dt
0 t tp

f tr

P-D (1 - e_etf) 1 — e~ 0(ts=tf) D 1 — e—0(tsty)
6 (tf_ 0 )+Q 6 Te\BTY T T

P-D 1—e®t)\ p re=0(T-tp) _q
+ (tp—tr——>+—<——T+tp>

CEH = 0.5¢,

0 0 0 0

Carbon emission cost in production:

CEP =c,P(t; +T — t;)
Green Investments:
Gl = Igp + Iy
Energy cost:
EC =EP(tf +t, — t,)
Eco-Friendly Packaging Cost:
EPC = cofD(ty +t, — t,)
Total cost:
TC =SC+HC+DC+ CEH+ CEP+PC+PCA+EC+H+GI+EPC
Total revenue:
TR = pD(p)T
Profit:
Profit =TR—-TC

Objective Function

The objective function for Case I is given by;
Z,; = max Profit(p, Igp, Ign, tp, ts, p, Q, Q)
Subject to
< T
P=3
lyy +1lgn < B
Independent decision variables

Selling price p

Green investment in production Iy,
Green investment in holding I,
Dependent decision variable
Production period t,,

Stock-out period ¢

Alternative production rate p
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In-hand Stock Q
Required units during the machine failure Q

5. Solution Procedure

The objective function is highly nonlinear and has four independent variables so it is not possible to solve the model
analytically so a solution methodology is adopted from Manna et al. (2021). In this paper two variants of PSO, Weighted PSO
and Constriction-Factor PSO are applied to obtain the optimal value of the objective functions. The stability and convergence
of the solution is established by a characteristic curve. See Appendix IV for more details on solution methodology. The value
of the parameters of the algorithms are as follows;

Max Run =30

Iteration = 200

Acceleration factor ¢; = 2,c, = 2.4
K=1

PopSize = 100

Wyax = 0.9

Wymin = 0.4

6. Numerical Ilustration
In the lack of actual data, the hypothetical parametric values are considered

Setup Cost USD 5000, Holding Cost USD 2.5, Deterioration Cost USD 1.5, Carbon Emission Cost USD 2.5, Fixed Production
Cost USD 150, Labour Cost USD 1300, Tool Die Cost USD 0.008, Energy Cost USD 1.5, Eco-Friendly Packaging Cost USD
2.25, Shortage Cost USD 5.5, Demand Scaling 120 unit/unit time, Budget of Green Investment USD 500, Sensitivity of Green
Investment 0.05 (in Holding) and 0.08 (in Production), Ratio of Production to Demand 2, Deterioration 0.001, Time of
Machine Failure 5.5 hours, Time of Machine Repair 15.45 hours and Planning Horizon 20 hours.

Case I: With shortage (Shortage Cost c; = USD 5.5)

Table 1
Optimal Solution for Case |
Algorithm p Ign Iy, tg t Q Q Profit
CPSO 1010.83 175.34 54.1 10.96 19.96 103.75 189.25 53432.1
WPSO 1010.83 175.34 54.1 10.96 19.96 103.75 189.25 53432.1
Table 2
Statistical Analysis for Case I
Algorithm Mean Median Variance
CPSO 53432.1 53432.1 1.694 x 10718
WPSO 53432.1 53432.1 1.342 x 1072

PSO convergence characteristic
54 000

T
e CPSO
# #—# WPSO
52000 -

50000 o

45 000 -

46 000

Fitness function value

44 000

42 000

40 000 -

38000

T T T T T T
o 20 40 a0 80 100 120 140 160 180 200

Iteration

Fig. 1. Convergence Characteristic for Case I
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Case II: With alternative source of production

(A=USD 180,V =USD 1500,5S = USD 0.008)

Table 3
Optimal solution for Case II
Algorithm p Ign Iy, P tg t, Q Q Profit
CPSO 786.63 162.05 60.95 92.68 10.96 17.88 226.73 413.55 320232.09
WPSO 786.63 162.05 60.95 92.68 10.96 17.88 226.73 413.55 320232.09
Table 4
Statistical Analysis for Case I1
Algorithm Mean Median Variance
CPSO 320232.09 320232.09 3.388 x 102!
WPSO 320232.09 320232.09 1.389 x 10~1°

PS0 convergence characteristic

321000
CPSO
#—k——k WPS0

320 000 | 4

318000

318000 H

317000

Fitness function value

316 000 H

315000 —l

314000 T T T T T T T T T
a 20 40 60 80 100 120 140 160 180 200

Iteration

Fig. 2. Convergence characteristics for Case II

7. Sensitivity Analysis

To test the flexibility of the model, sensitivity analysis is performed for the cost parameters. The following changes are
made—20%, —10%, 10%, 20% in the parameters. See Table 5, 6, 7. 8 in Appendix I for the sensitivity analysis of parameters
of Case II.

8. Result and Discussion

As per the assumed value of the parameters, the optimal solution obtained are recorded in Table 1 and Table 3 for Case I and
I1, along with the statistical analysis in Table 2 and Table 4 respectively. The results suggest that incorporating the alternative
source of production when the in-hand stock diminishes is beneficial for the manufacturer. Some highlights that can be drawn
after comparing the results of Table 1 and Table 3 are enumerated below;

e Inclusion of alternative production units can continue the supply and distribution because of which profit
earned is more as compared to the production inventory model with shortage.

e Due to the continuous supply chain the selling price of the production inventory with alternative production
units is less than the production inventory model with shortage. Thus, incorporating alternative sources of
production can control the price rise of produced goods.

e In spite of the high cost of alternative production, the profit earned is more and the production period is
shorter than that of the production inventory with shortages.
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The proposed model empirically calculates the required optimal production rate of the alternative
production unit. As per the present data the production rate of the alternative production unit is 92.68 unit
per day.

It is evident from the green investments that the carbon emission in the original production inventory with
alternative production is less as compared to the same production inventory without alternative production.

The sensitivity analysis of the parameters of Case 11 is performed and the results obtained are interesting and widen the insights
for the proposed model.
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Sensitivity of Profit: The profit fluctuates with a change in all the parameters of the model. However, from
Fig. 3, demand scaling and price sensitivity are highly sensitive. An increase in demand scaling increases
the profit significantly. On the other hand, increase in the price sensitivity decreases the profit. Another
sensitive parameter is demand to production ratio, and increase in demand to production ratio decreases the
profit. Other parameters are mildly sensitive and among which the following parameters have a significant
impact on profit earned: Deterioration rate, Holding cost, Fixed production cost and Fixed production cost
in Alternative production.

Sensitivity of Selling Price: A significant fluctuation is observed in the selling price when some parameters
are changed in a certain range. From Fig. 4, it is clear that demand scaling, price sensitivity and demand to
production ratio are strong sensitive parameters. An increase in demand scaling and demand to production
ratio increases the selling price while increase in price sensitivity decreases the selling price. Other
parameters like holding cost, fixed production cost and fixed production cost of alternative production are
mildly sensitive parameters.

—e—Setup Cost —a—sewp cost
—=— Holding Cost —8— Holding Cost
Deterioration Cost s00 Deterioration cost
Carbon Emission Cost carbon emission cost
—s—Fixed Production Cost —s— Fied Proguction Cost
—e— Labour Cost —a— Labour Cost
——Tool Die Cost —+—Taol Die cast
——FPC-ALT ——Fpoalr

——LCALT —— oAt

—+—Demand Scaling —+—Demznd scaling
—m— Price Sensitivity

Igh

—m—price sensitivity

—k—sensituity of Igh

—ar— Sensiv
s sens tivicy of igp

—re—Sensit

Demand to Production 700 Demand to Proguction

TDCALT ToCALT

Energy Cost Energy Cost

- 650 Eco-Friendly cost
-10% 0% 10% 20% Eco-friendly Cost 20% 0% o 10% 20%

T i T - Dets ration Rat
PERCENTAGE CHANGE IN THE PARAMETER Deterioration Rate PERCENTAGE GHANGE IN PARAMETERS Sreraran e

Fig. 3. Sensitivity of Profit Fig. 4. Sensitivity of Selling Price

Sensitivity of Green Investment in Holding: An increase in carbon emission cost increases the green
investments in holding. Further, increase in deterioration rate, demand scaling, demand to production ratio
decreases the green investments. On the other hand, price sensitivity and sensitivity of green investments
decreases with the increase in green investments in holding. From Fig. 5, it is evident that demand to
production ratio and price sensitivity are highly sensitive parameters in the model.
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Sensitivity of Green Investment in Production: The most sensitive parameters for the perturbation of green
investments in production are carbon emission cost, demand scaling and sensitivity of green investments.
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Green investments increase significantly with the increase in carbon emission cost and demand scaling . On
the other hand, green investment decreases with the increased sensitivity of green investments. From Fig.
6, other parameters are mostly insensitive or mildly sensitive.

e  Sensitivity of Production Period: Demand to production ratio is the only parameter which affects the
production rate. From Fig. 7, it is clear that an increase in demand to production ratio decreases the
production period. Deterioration rate is mildly sensitive and increase in the deterioration increases the
production rate. All the other parameters have no effect on production period so they are all insensitive.

300

ST

180 /
160 L
PERCENTAGE CHANGE IN PARAMETER

Fig. 6. Sensitivity analysis of production period Fig. 5. Sensitivity Analysis of In-hand Stock

}

FRELLEH

PERCENTAGE CHANGE N THE PARAMETERS

o Sensitivity of In-hand Stock: From Fig. 8, it is evident that, increase in demand scaling and demand to
production ratio increase the in-hand stock significantly. Whereas, increase in price sensitivity decreases
the in-hand stock. The other parameters show a mild or no sensitivity when it comes to the perturbation of
in-hand stock.

o  Sensitivity of Required Unit During Machine Failure: Demand scaling, price sensitivity and demand to
production ratio are the most sensitive parameters. Increase in demand scaling increases the required unit
during the machine failure. On the other hand, increase in demand to production ratio and price sensitivity
decreases the required unit during machine failure. From Fig. 9, it is clear that other parameters are either
mildly sensitive or insensitive.
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Fig. 7. Sensitivity analysis of required unit during machine failure
9. Managerial Implication

In accordance with the above discussion, the following managerial insights are proposed with a business perspective.

1) Importance of Alternative Production Unit: A prior setting of alternative source of production is
beneficial for the manufacturer. Incorporating alternative production reduces the carbon emission in the
production house. Moreover, the undisrupted supply chain due to alternative sources of production causes
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less selling price as compared to the production unit with disrupted supply chain. Furthermore, the model
exactly predicts the optimal quantity required during the machine failure when the in-hand inventory gets
exhausted. Thus, a production manager can employ an alternative production unit to save the scenario when
in-hand inventory is exhausted during the period of machine failure.

2) Demand Control: Demand scaling plays a vital role in profit maximization of a manufacturing sector.
The manager should find suitable methods of scaling up the demand in order to maximize the profit.
However, scaling up the demand can escalate the selling price which is not good as per the competitive
market. Moreover, increasing the demand scaling increases the rate of production which consequently
increases the emission in both the production and holding for which corresponding green investments
increases. Furthermore, in-hand stock and required units during machine failure increases due to the same
reason. Thus, implementing suitable methods to improve the demand scaling can increase different cost but
at the same time profit earned by the manufacturer also increases which reflects that, implementing the
decision of scaling-up the demand by the production manager is an effective method.

3) Scaling the Production: Increasing the production rate is not a wise decision as per the results obtained
in the sensitivity analysis. Scaling-up the production increases the cost of production which ultimately
increases the overall production as a result the profit earned by the manufacturer decreases. Further, upsurge
of selling price can be observed with the increase in the rate of production which is not a feasible decision
for the manufacturer as increasing the selling price reduces the profit. Furthermore, emission increases in
both the production and holding due to scaling-up the production rate and it is evident from Figs. 5,6 that
green investments increase in both production and holding due to increases in production rate. However,
scaling the production reduces the production period and increases the in-hand inventory due to bulking the
production as a result the required unit during machine failure reduces. Thus, scaling-up the production has
its own pros and cons, the decision-making on production scaling depends on the choice of the production
manager as increasing the production rate reduces the profit earn and increases both the selling price and
emission. But at the same time, from the point of view of handling the machine failure, scaling-up the
production can reduce the production period and improve the in-hand inventory level to support the supply
chain during the machine failure.

4)  Impact of Delay in Repair Time: A delay in the repair time can reduce the profit significantly and
increase the production period and selling price as observed from Table 9, in Appendix II. A continuous
delay can bring loss for the manufacturer, as per the assumed parametric data, the manufacturer bears a loss
when the delay persists for more than 22 % of the assumed value of repair time (see Fig. 10). Thus, the
production manager should take appropriate steps to repair the machine breakdown as soon as possible to
reduce the expected loss.

5) Handling machine failure: 1t is important to handle the machine failure through different approaches
and one of them is increasing the span of planning horizon.From Table 10 in Appendix III, it is clear that
on increasing the length of planning horizon the profit earn can be improved significantly (see Fig. 11).
Moreover, the profit earned can be made equivalent with the actual profit earned by the manufacturer with
no delay in repairing if the planning horizon is adjusted accordingly (see Table 11, Appendix III). However,
increasing the planning horizon as per Table 7, increases the profit and reduces the selling price but a
significant increase in planning horizon will produce an infeasible solution which is impractical in nature.
Thus, in accordance with the results it is clear that the production manager can make decisions to increase
the span of planning horizon in a situation when there is a delay in machine repairing. Further conscious
increase in planning horizon with no delay in repair time is also beneficial for the production house. This is
an effective approach proposed by the model as a managerial insight to handle the loss due to delay in repair
time.

Impact of Delay in Repair Time on Profit Span of Planning Horizon to Turn Loss into Profit
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10. Contributions in the Field

The present research work dwells within the region of EPQ model which deals with the consequences of machine failure on
profit earned of a manufacturer. The major contributions of the proposed model are as follows;

e The model presents two scenarios where a machine failure is analyzed under shortage of in-hand inventory during
machine failure and management of an alternative source of production to overcome shortage during the machine
failure.

e The model allows the user to empirically calculate the total unit required from the alternative source when the in-hand
stock gets exhausted.

e [t analyzes the effect of carbon emission and impact of green investments, when there is machine failure.

e The model provides an approach to deal with the situation when machine repair time delays for a significant period.
An increase in the span of the planning horizon can reverse the situation and loss can be converted to profit.

These are few contributions made on the proposed model under the environment of machine failure. The results and analysis
discussed in this paper are new and not discussed earlier in the literature of EPQ model under machine failure so far the
author’s knowledge is concerned.

11. Conclusion

This is a single item production inventory model under the machine environment. The model is analyzed under two different
cases subject to the condition that, in-hand stock is less than required unit during machine failure. In the first case, shortage
is allowed when the in-hand inventory gets exhausted, the profit is maximized under optimal selling price, green investments,
shortage period, production period, in-hand stock and required unit during machine failure. In the second case, an alternative
production system is considered to overcome the shortages when the in-hand stock inventory is exhausted, the profit is
maximized under optimal selling price, green investments, shortage period, production rate of alternative production unit,
production period of own production unit, in-hand stock and required unit during machine failure. It has been established that,
despite of having high production cost in the alternative manufacturing facility in the second case, the profit earned is more
as compared to the first case. Further, the parameters of demand function and the scaling of production rate are the most
sensitive parameters in the model which has a significant impact on each decision variable and the objective function. In the
model two approaches are discussed, one to deal with the machine failure and other is to deal with the situation when repair
time is delayed due to some unavoidable circumstances. The objective function is maximized considering the costs such as
energy cost and eco-friendly packaging cost for both the cases and simultaneously addresses the two pillars of sustainability
that is, reducing emission through green investments and depolluting the environment with eco-friendly method of packaging,
and at the same time maintaining and growing the present economic development.

The methodology applied in solving the nonlinear objective function with three independent and four dependent variables is
adopted from Manna et al. (2021). Two variants of Particle Swarm Optimization (PSO) are applied to obtain the optimal
solution and the optimality is justified by PSO Convergence Characteristics and Taguchi L9 Design (For Pseudo-Algorithm
and Taguchi L9 design see Appendix IV). The solution is obtained in HP Laptop with processor AMD Ryzen 3 7320U with
Radeon Graphics with 2.40 GHz frequency and 8 GB RAM.

Limitations

The model has some limitations like every other model that can be extended by the researchers in the future. The following
limitations are highlighted below;

e  Machine failure is usually associated with tool die and so incorporating a linear tool die cost could better
explain the machine failure.

e  Machine reliability factor is another issue which is related to machine failure and it is not addressed in the
model.

e Reliable production in the environment of machine failure is not addressed in the paper.

Future Scope
The present work can be extended to enrich the literature of production inventory under the following questions;
e To develop an EPQ model with linear tool die cost and a discontinuous production system due to machine
failure.

e To develop an EPQ model considering the machine reliability in connection with the machine failure.
e To develop an EPQ model considering reliable production in the environment of machine failures
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Impact of Delay in Repair Time

Appendix IT
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Appendix III: Span of planning horizon

Table 10

Minimum span of planning horizon to convert loss into profit

r[T->Tx*1+71)] Profit
r=0.1% —4222.71
r=0.2% —3536.16
r=0.3% —2838.90
r=0.4% —2130.93
r=0.5% —-1412.33
r=0.6% —-683.10
r=0.7% 56.72
r=0.8% 807.08
r=0.9% 1567.98
r=1% 2339.37
Table 11
Span of planning horizon to equalize the profit with the profit of Case II
t. 17 TT 14 Iy Iy tg t, p Q Q Profit
23% 20.6% 819.89 152.55  60.46 10.97  21.79 152.83 20848  516.10  322331.08
24% 21.4% 822.16 152 60.41 1097  21.96 154.84  207.24  518.88  320569.08

25% 22.5% 82337 151.02  60.41 10.97  22.14 157.25  206.57  523.06  320985.84

Appendix I'V: Solution Methodology
I. Algorithm

The objective function is highly nonlinear and there are too many dependent and independent decision variables. Therefore,
it is not possible to solve the problem analytically as discussed in Section 6. In this part both the algorithms are discussed
elaborately along with the sensitivity analysis of parameters of the algorithms with respect to the maximum value of the
objective function.

Constriction Factor PSO (CPSO)

In this variant of particle swarm optimization algorithm, a constant is attached with the velocity of the particle which is defined
as;
K

r \/(Cl + )% —4(c; +¢3)

This constant is called Constriction Factor.
The velocity vector is defined,

v(i,j+1) = )([v(i,j) + Clrl(Pbest — x(i,j)) + o1 (Gbest — x(i,j))]
The update position of the particle is defined as;

x(Lj+ D) =x@,)+v@E,j+1)

Where, v(i, j) is velocity, x(i, j) is the present solution, Pbest is the present best solution, Gbest is the global best solution
at i*" iteration and j* position and K > 0 is the scaling factor.
The Pseudo-algorithm for Constriction-Factor PSO (CPSO)

Initialize the population of size N
Compute fitness of objective function for each particle

Obtain the constriction factor
K

A= vt

Initially set

Pbest = Gbest = Particle with maximum fitness
While n > Maxrun

While i < N

Fori=1:N

Forj=1:M
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v(i,j+ 1) = x[v(i,)) + e, (Pbest — x(i, ))) + c,12(Gbest — x(i, )]
x(,j+ 1) =x@)+v@ij+1)

End loop

End loop

Compute the fitness of objective function for each particle at j + 1
Obtain the maximum fitness and assign it to Pbest(i,j + 1)
i=i+1

End While

Update Gbest

n=n+1

End While

Weighted PSO (WPSO)
In this variant of particle swarm optimization algorithm, an inertial weight is attached with the previous velocity vector. The
inertial weight is defined as;
i

W = Wyax — Wnmax — Win) * N
Where, Wyyq, and Wy, is the maximum and minimum limit of weights, i*" iteration and N is the total iteration.
This is called Inertial Weight
The velocity vector is defined,

v(i,j + 1) = wv(i,j) + ¢,y (Pbest — x(i,))) + ¢, (Gbest — x(i, )

The update position of the particle is defined as;

x@j+ D) =x@)+v@Ej+1)
Where, v(i, j) is velocity, x(i, j) is the present solution, Pbest is the present best solution, Gbest is the global best solution
at i*" iteration and jt* position and w is the inertial weight.

The Pseudo-algorithm for Weighted PSO
Initialize the population of size N
Compute fitness of objective function for each particle
Obtain the inertial weight

i
W = Wyax — (WMax - WMin) * N
Initially set

Pbest = Gbest = Particle with maximum fitness
While n > Maxrun

Whilei < N
Fori=1:N
Forj=1:M

v(i,j+1) =wv(,j)+ clrl(Pbest - x(i,j)) + czrz(Gbest - x(i,j))
x(Wj+ 1) =x@)+v@Ej+1)

End loop

End loop

Compute the fitness of objective function for each particle at j + 1
Obtain the maximum fitness and assign it to Pbest(i,j + 1)
i=i+1

End While

Update Gbest

n=n+1

End While

1L Taguchi L9 Design

The analytical factors and levels for both the algorithms in Table 12, 14 are adopted Bhattacharjee and Sen (2022). Taguchi
L9 test is performed for Case II.
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Table 12

Analytical factors and levels for WPSO

Symbols Parameter Level 1 Level 2 Level 3
A Pop size 50 80 100
B (c1,¢3) 2.42 1.9,2.1 2224
C Wuyin» Warax) 0.5,0.9 0.6,0.8 0.4,0.9
Table 13
Taguchi L9 for WPSO
Run A B C Profit
1 1 3 1 320232.09
2 1 2 2 320232.09
3 1 1 3 320232.09
4 2 3 1 320232.09
5 2 2 2 320232.09
6 2 1 3 320232.09
7 3 3 1 320232.09
8 3 2 2 320232.09
9 3 1 3 320232.09
Table 14
Analytical factors and levels for CPSO
Symbols Parameter Level 1 Level 2 Level 3
A Pop size 50 80 100
B (c1,¢2) 242 1.9,2.1 22,24
C K 0.9 1.1 1.5
Table 15
Taguchi L9 for CPSO
Run A B C Profit
1 1 3 1 320232.09
2 1 2 2 319707.20
3 1 1 3 320137.42
4 2 3 1 320232.09
5 2 2 2 319824.86
6 2 1 3 320163.54
7 3 3 1 320232.09
8 3 2 2 319827.86
9 3 1 3 320218.45
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Taguchi L9 Design
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Run with Different Analytical Levels

Fig. 10. Taguchi L9 Design

From the Fig. 12, it is clear that, executing WPSO algorithm with different analytical levels provides the same and stable
result in all the run, However, in the case of CPSO it is clear from Table 15 that, the objective function attains its global
optimal solution when the value of K is 0.9 otherwise for K = 1.1 or 1.5 the solution does not attains its global optimum.
Thus, both the solution coincide when the value of K < 1. Furthermore, comparing the results of obtained in Table 13 and
Table 15 it can be conclude that within the provided range of each independent decision parameters the optimal solution
attains it global optima as the optimal value of the objective function does not exceed the value 320232.09 for any choice of
the level and coincides for both the algorithms provided, K < 1 for CPSO. To justify our arguments, the values of the
objective function is plotted against each independent variables and it is found that all the three graphs are concave as expected
from the results of Taguchi L9 design (see Figs. 13, 14, 15).
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Fig. 11. Concavity with respect to selling price
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Curve of Concavity
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Fig. 12. Concavity with respect to green investments in holding
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